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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
fluorophores 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 Iin 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.

- XV -



Abs.
AC
aq.
AR

BSA
bp

ca.
CAS ¢

Cl

€1 Noa.
em
cm-1
coT

DC
(dec)
dil.
DMF
DNSO
DODC
DOTC
DTTC

*C
w

Ea
EGME
Em
ET(30)
ETH

Ex

Glossary

absorptivity or Arrhenlus constant
absgrbance

alternating current

aqueous
analytlical reagent

path length In centimetres
bovine serum albumin
bolling polint

concentration {(mol/l) er
1ight

clrca (approximately)
Chemical Abstracts Number

speed of

LE 37575 S S e D]
Index Generlc Name
Index Number (Cl-xxxxx)

Colour
Colour
centimetre(s)
wavenumbers
cyclooctatetraens

direct current

decomposes (*C)

dllute

dimethyl formamlde
dimethylsulphoxide
3,3'-diethyloxadicarbocyanine
3,3'-dlethyloxatricarbocyanine
3,3'-dliethyloxathiatricarbocyanine

degrees Celsius
cont lnuous wave

activation energy

Z2-methoxyethano!: methyl celilusolve
fluorescence (emlaslon) maximum
Dimroth-Relchardt polarlity scale
Normalised pofarity scale
Excltation maximum

fluorescence Intensaity
Inlitlal fluorescence Intenaity

fourler 4ransform infra-red

gram
general purpose reagent

Planck's conatant (6.62x10-34 )g)
light

- Xvi

HITC

H20
HPLC
hr.

I gA
19G
g
1.R,
IR125

keal
kg
kd

LED
LoD

1y*
me

max.
mg
MHz
min.
ml

mo |l
mol wt

No

ND

ng
nmolar
nm
NMR

1,1',3,3,3'3'~hexamethyl indotr (-~
carbocyanine

water

high perfeormance chromatography
hour

concentrated sulphurilc acid
Hertz

insotubie

intenaity of tranamitted 1ight
intensity of Incident 11ght
Immunoglobutin A
immunogtobulin G
immunogiobul in M

Infra-red

Indocyanine Green
Joules

Kelvin
kilocalories
kllograms
klloJoules

litre
light emitting dlode
limlt of deatection

metre(a)
monomer or mofarity (mol dm—3)

monomer in the singlet excited
state

monomer In the triplet excited
state

max | mum

mitligram(s)
megaherz

minlmum or mlnute
millllitre(s)
rillimetrecad
mole

molecular welght

Avogadro constant 6.022x1023 moi-1
not determlined

nanogram(s)

nanomolar <(10-9 molar)
nancmetre(s)

nuclear magnetic resonance



PP
PC
PDA
Ph
pH
pH{R)
pH*

pmoiar
PMT
ppt.
pptd.

RF

rpm

10%
e

81
satd.
SLA
soln.
ss

3
LR
THF
TLC
™S

vl
vs
vas
viv

wiv
w/w

page,
polarisatlon
pages
personal computer

photo-diode array

phenyl or phosphorescence

pH in aqueous media

pH meter resding

pH Tn non-aqueous medlum (i.ea. 50X
{v/v) methano!/water)

plcomolar (10-12 molar)
photomultiplier

precipitate

precipltated

correlation coefflclent
gas constant (8.314 JK-tmol-1)

the by =&
particular compound relative to the
the

ratio of the distance

distance moved by solvent
front,

revolutlons per mlinute

quencher
quencher in singlet exclted state

quencher In triplet excited state

soluble (around 1X) or second(s)
first exclted singliet state
saturated

special laboratory reagent
scolution

alightly soluble (under 1%}

transmission or temperature (K)
dye stabllity half [ife

lowast triplet state
tetrahydrofuran

thin layer chromatography
tetramethylallane

ultra violet

firat vibrational level
very solyble (over 10%X)
very slightly acluble

volume for volume

weight far volume
weight for welght

- xXvii

g

g°/B

ul
um
umolar

of
t

of
¢p

o

photodecomposttlon
(absorbance)

decay constant
reference photodecomposition decay
conatant (absorbance)
photoatabll ity retio (absorbance)
photodecomposition decay conatant
{(fluorescence)

reference photodecomposition decay
constant (fluorescence)
photostabillity ratio (fluorescence)

correction factor to correct pH(R)
to pH* (e.g. 8=0.11 for 80X (v/v)
methanol/water mixture)

molar absorptivity (I mol-1 cm—1)
frequency (Hz)

wave length

microlitre(s) (10-3 ml}

micrometrea{s) (10-6 m

micromoiar ¢10-6 molar)

Iifetime (ns)
phosphorescence || fetIme (ma)

fluorescence

fluorescence quantum yleld
phosphorescence quantum yield

exclted state




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 (i.e. laser diodes and light emitting diodes), solid state detectors (i.e.

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

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

thesis:-

1.

Could the excellent sensitivity and setectivity of fluorimetric analysis in the
ultraviolet and visible region be extended and improved by working in the

near infrared region?

Could near infrared fluorimeters be constructed? !f so, could laser diodes
and silicon photodiodes compete for sensitivity with conventional
fluorescence instruments with xenon arc lamp light sources and

photomultiplier detectors?
How useful are the theoretical advantages of greatly reduced background
fluorescence, reduced scattering, and reduced probability of sample

decomposition?

What dyes and dye groups are fluorescent in the near infrared region and
what are their chemical, physical and photostability.

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

used as ion pair reagents?

Are there any commercially available near infrared fluorophores with reactive

groups that can be used for biochemical analysis?

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

reactive group? and hence be used as a fluorescent label for immunocassay.
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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 chapfer 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 iﬁstrument and a silicon avalanche photodiode 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 fluorescence.
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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, delaved fluorescence is the emission of a photon
from the singlet excited state resulting from two intersystem crossings, first from

the singlet to the ftriplet 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.



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 [TLC] (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 Iirradiate a
sampte, a number of phenomena may occur: Most 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 wusually feeble compared with Rayleigh scattering. All sclvents
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 Waveiength (nm}

313 366 405 436
water 350 418 469 511
acetonitrile 340 406 457 504
cyclohexane 344 409 458 499

chloroform 346 411 461 502



Rayleigh-Tyndall scatiering occurs at the same wavelength as excitation and is due
to elastic collisions. Rayleigh scattering is caused by soivent 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 10-1% 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 (v1 = 0) in the first excited

singlet electronic level, $1.

Fluorescence is the radiative transition from the lowest vibrational level of the
singlet excited state (Si1) to to the ground state (So) in about a nanosecond. The
emitied photon has lower energy than ynan/incident radiation and so has a longer

wavelength.

A  molecule in S1 may undergo intersystem crossing (ISC) to the lowest triplet
state (T4). The subsequent radiative transition from T to Se {(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 2 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

Flucrescence 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 iimited 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 ali compounds that absorb light fluoresce so there is less
interference and this makes sample preparation {ess 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 (Hemmilla, 1985).

The factors affecting fluorescence can be determined assuming a number of

assumptions. Equation 1.1 defines the fluorescence and concentration relationship.
F = df lo (1 - e-ebe) a.n

Where F is the fluorescence intensity, ¢+ is the fluorescence quantum efficiency
(Section 1.2.4), lo is incident power radiation, b is the path length of cuvette in
centimetres, c is the analyte concentration in mol dm-2 and & is molar absorptivity
in mol-1 cm-1 dm32*. 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 = (pr x lo x ebc) x modular factors (1.2)



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 ¢ (1.3)

K ts a constant that includes all the other terms. This js 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 (1) is the mean lifetime of the excited state and varies
from 1-20 nanoseconds for fluorescence (1¢) and 0.001-10 seconds for

phosphorescence (1p). The fluorescent lifetime is defined by the following.

~t/1¢
F = Foe (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 df 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.



1.2.4 Fluorescence quantum efficiency
The fluorescence quantum efficiency (¢¢) is the ratio ‘of the total energy

emitted per quantum of energy absorbed.

bt = 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 poflarisation (P) are defined by:

r = hh - 4 (1.6)
I + 21

P = o= 1] (1.7)
hh + 1

where /i and /i are the fluorescence intensities of the wvertically (n) and
horizontally (1) polarised emission, when the sample is excited with vertically
polarised light. Anisotropy and polarisation are both expressions for the same

phenomenon.



1.3 Conventional Fluorescence lnstrumentation

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
{PMT)]) and a data read-out device. The fiuorescence from the sample is collected

at right angles to the excitation light.

1.3.1 Fiiter 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 overiap 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 spectrofiuorimeters 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 vers‘atile 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 Iluminescent 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 Iigﬁt 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 Eimer (Beaconsfield, Buckinghamshire, UK) LS-2B Spectrofiuorimeter.
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1.4 Fluorescence Quenching

Flucrescence quer‘iching refers to any process which decreases the
fluorescence intensity of a given substance. Quenching may be either by a
photaphysical or  photochemical pathway. Photochemical reaction causes
photodegradation or photobleaching producing degradation products (see Chaptér
3.7). Photophysical gquenching 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 (EXClted 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
Mas—= 1Ms = 1(MM)e —_ M + M + hv 1.8)

The dimerisation of Rhodamine B and Rhodamine 6G is severe enough to prevent
fluorescence. Dimerisation increases with increasing dye concentration and
decreasing temperature. Dimers form due to the hydrophobicity of the dye
molecules. Dimerisation of rhodamines increase with the number and size of alkyl
5ubsfituents (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 (Q) as the quencher.

An exciplex (EXClted state comPLEX), 1(MQ)*, is formed by the association of one
excited ("M#*) and one ground state species (Q). 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
waveiength (Weiler, 1967).

hv Q
M — Me — 1(MQ) » 1.9

Eleciron transfer occurs between the quenched species (M) and the polar solvent
(the quencher: Q) that form the exciplex, '(MQ)*. For example, the fluorescence of
amine substituted aromatics in highly polar solvents (such as acetonitriled is
bathochromically shifted and quenched. The complete quenching of the exciplex is
caused by the complete dissociation of the exciplex into solvated radical ions, M-s~

and Q-+*, by complete electron transfer,
T(MQ)= —_— M- a- + Q-5+ (1.10)

in non-polar solvents electron transfer is incomplete so the exciplex relaxes by
fluorescence or radiationless 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 anlons decreases as follows.
- > SCN- > Br- > ClI- > ClO4-

The effect of the anion on fluorescence depends upon the concentration and
polarity of the solvent. For example Rhodamine 6G iodide and perchlorate In
ethanc! have identical fluorescence (Drexhage, 1973a,b), but the fluorescence of
Rhodamine 6G iodide is completely quenched in non-potar solvents (such as diethyl
ether). In polar solvents (e.g. ethanoD), 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. chioroform 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 (Q), which is
promoted to an excited state (Qs).

Me + Q ~— M + Qe+ .11

The acceptor may also be in an excited state:

a. Radiative energy transfer is the capture by the acceptor (°Q) of photons
emitted by the donor (Me), The acceptor is promoted to the excited state
(Q+) and the donor falls to the ground state (°M).

M — oM + hv (1.12
hv + Q — Qe (1.13

The rate of radiative energy ftransfer 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 wvessel.

b. Non-radiative energy ftransfer

Collisional 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 exclited
state molecule (M#*) and the quencher ('Q) forms the exciplex, (M—Q)e,
which then dissociates. Electron exchange from the molecule to the quencher
(3Q#*) and the fluorophore falls to the ground state (°M).

M + 1@ —m M—Q) — °M + 3Q (114

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

of many molecules by oxygen is diffusion-controlled.

tMe + 30 — 3Me + 30, (1.15)

- 13 -



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 (kst)

can be written as:
kst = kK'st + KalO2] (1.1

The quenching of the excited singlet state rate constant (k@) is about 2 x 10'°
sec-1. [Oz] is the oxygen concentration in mol dm-3, and kst is the rate of
intersystem crossing in the absence of oxygen. For example, 1,1.,3,3,3'3'-
hexamethylindotricarbo-cyanine (HITC: Figure 3.8 [XXIVD has a 104 greater
intersystem crossing constant in methano! than in dimethyisulphoxide (DMSO), both
being air equilibrated (Hirth et al., 1973).

Dissolved oxygen may also enhance non-radiative 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 dissclved oxygen increases (Hirth 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. Hirth et al. (1973)
stated that cyclooctatetraene (COT), a triplet quencher, added to a solution of
3,3'-dimethyloxatricarbocyanine iodide (DMOTC) in  methanol increased the
fluorescence intensity by a factor of twelve.

External heavy atom gquenching. Fluorescence is quenched by scivent molecules
containing heavy atom substituents, e.g. lodomethane or iodobenzene. These enhance

the rate of intersystem crossing.

Me + Q ~— 3Me + Q (1.17)
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1.5 Environmenta!l influence on fluorescence

Environmental factors can severely influence the fluorescence character of
molecules. A change in pH can ionise the fluorophore, commonly only cone 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
absorp;tion spectrum of the neutral molecule and the fluorescence spectrum of the
ionised molecule (e.qg. B-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 5X 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 coilisional interactions are reduced.

1.5.1 Solvatochromism

The modification in shape, position or intensity of both the absorption and
fluorescence bands by wvarying 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 sdlvent 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 specira. '

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
chemicai changes of the solute stemming from protonation, oxidation, complex
formation and so on. The most comprehensive empirical polarity scale is the
Dimroth-Reichardt Et1(30) scale and is derived from the n-on# transition energy of

Pyridium-N-phenoxide (Dye number 30 in the original paper hence the E1(30) scale).
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Figure 1.4: Shifts In absorbance maxima to tonger and shorter wavelength,
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HYPERCHROMIC and HYSOCHROMIC changes, respectively.
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Presently, there are over 204 solvents and mixed solvent systems determined by
this scale (Reichardt 1865, 1990) and 37 solvents are given in Table 1.2. E+(30)
has kilocalories per mole as units (non-Si units) and consequently should be
abandoned in the framework of S| units. Reichardt and Harbusch-Gornett (1983)
recommended the ErN scale as specified by equation 3.2 to be used instead of the
ET(30) polarity scale, The ErN values are calculated as follows using water and

fetramethylsilane (TMS) as the extreme reference solvents.

ETN Et(solvent) - ET(TMS) (1.18)

Er(water) - ET(TMS)

Er(solvent) - 30.7 (1.19
32.4

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 vaiue 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 EtN values
being based on their specific solvent/solute interactions: (i) protic hydrogen-bonding
solvents (ETN 0.5...1.0); (i) dipolar non hydrogen-bonding soivents (EyN 0.3...0.9)
and (iii) 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 guantitative measures than by empirical

scales.

- 17 -



Table 1.2: Solvent polarity scales at 25 *C arranged in order of decreasing
polarity: Dimroth-Reichardt Ev(30), and ETN (Reichardt, 1990).

Solvent Et(30 ErN
(kcal mol-1)

water 63.1 1.000
phenol 61.4 0.948
glycerol 57.0 0.812
ethylene glycol ’ 56.3 0.790
metharnol 55.4 0.762
formic acid 54.3 0.728
N.N-dimethylformamide 54.1 0.722
ethanol/water (80:20) 53.7 0.710
ethanol 51.9 0.654
acetic acid 51.7 0.648
propan-1-ol 50.7 0.617
benzy! alcohol 50.4 0.608
butan-1-ol 50.2 0.602
isobutyl alcohol 48.6 0.552
propan-2-ol 48.4 0.546
octan-1-ol 48.3 0.543
butan-2-ol 47 .1 0.506
acetonitrile 45.6 0.460
dimethylsulphoxide (DMSO) 451 0.444
t-butyl alcohol 43.3 0.389
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 38.1 0.228
tetrahydrofuran (THF) 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
tetramethylsilane (TMS) 30.7 0.000
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1.6 Near infrared fluorescence

Fluorescence and in particular fluorogenic labeiling is used to increase the
sensitivity of other methods, for example chromatography, immunoassay and so on.
in the visible region (300 to 600

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

The fluorophores currently used emit are

The absorption and emission bands lie in the spectral region where interference is
likely 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 guantum 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-Tyndall scattering at right angles to the direction
incident light beam is inversely proportional to the forth power of the wavelength.
Thus scattering of biue light f450 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 beitween 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 Scattering
Wavelength Wavelength
(nm) {nm)

200 215
280 310
300 335
350 398
480 575
650 838
700 923
750 1012
800 1105
850 1203
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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 anaiyte, 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 polymethines, azines and
phthalocyanines. Phycobiliproteins, large polyaromatic aromatic hydrocarbons (Rauhut
et al.,, 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 (T1) state. Thermal excitation to the triplet
state with its biradical unpaired electrons cause it to become highly reactive
towards any solvent molecules, dissclved oxygen, impurities or other dye molecules

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

ki = A x exp(-Ea/RT) . 1.20)
ty = In2 1.21
k1

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-1 mol-1) 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 aimost
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 (Summerfield and Miller, 1993).
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Robust semiconductor light sources, such as light emitting diodes (LEDs) and
laser diodes are inexpensive and very stabie. 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 diocde
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 wvarious
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, 19891 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 Winefordner, 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) PUS600 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 (Helima, 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-
44B (Beaconsfield, Buckinghamshire, UK) or a Perkin Elmer LS50 Spectrofluorimeter,
both were fitted with a Hamamaisu R928 PMT. The former had a temperature
controlled cuvette holder. Periodically the emission monochromator was checked
using a series one centimetre acry‘lic 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 cuveties (Hellma, Essex, UK). Other cuveites made of
acrylic (Sarstedt, Leicester, UK), polystyrene (Sarstedt, Leicester, UK) and glass
(Hellma, Essex, UK) of one centimetre were also used. The region of B80%

transmission for various materials used for making cuvettes.

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

Wavelength (nm)

Special Optical Glass 320 - 2400
Silica 220 - 2400
Far ultraviclet grade silica 185 - 2400
Polystyrene 400 - 1100
Acrylic 380 - 1100
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The reflective coated silica cuvette comprised of two adjacent sides coated
with a very thin aluminium layer {(approximately ten micrometers thick) and this was
iacquer coated for protection. Great care was taken taken not to ailow this cuvette
come into contact with aéid which would react with the aluminium. Gold splutter
coated acrylic cuvettes consisted of two adjacent sides spiutter coated with gold
and this was in turn coated with insulating tape.

Limits of detection (LOD) were determined on the Perkin Elmer (Beaconsfield,
Buckinghamshire, UK) MPF-44B Spectrofluorimeter at 25 *C in hplc methanol (BDH,
Poole). The fluorescence intensity of at least five solutions were measured. The
LOD 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.,
Brunel University, UK. Electron impact mass spectrometry was carried out by Mr
Greenfield, Chemistry Department, Loughborough University of Technology.

Infrared spectra were recorded wusing 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 all pH and pKa values

are jn aqueous medium.

2.1.4.1 pH* scale
Solvent molecuies are involved in acid-base equilibria as acceptors or donors,

s0 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 ROH2+ and
RO-, but their dissociation is less than water (pKmethanot = 16.7. pKathanot =
19.1 as compared to pKu = 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* wvalues are
consistent with the thermodynamic acid-base equilibria in the solvent system to

which they apply.

pH* = pKa* + log {basic form) 2.1
(acidic form)

However, pH® valués for different solvents cannot be compared with one another
or with pH wvalues 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 partialiy 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 pHe* attained when the pH meter was standardised using appropriate pHe
buffers. That is:-

pH* = PpHR) - & (2.2)

The quantity & is constant for a given solvent concentration, temperature and solute
concentration. The value for 50% (v/v) methanoi/water is 0.11 (Douheref, 1967).
A comparison with pH readings (pH(R) for the same concentrations these

buffers in partially aqueous buffers was investigated in partially agueous 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*.

pH pHR pHe* (pHe*-pH)
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 contalning 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% (w/v) 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 Derivatising agents

cyanuric chloride AR Aldrich
3-bromopropyi-1-ene (allyl bromide) AR Sigma
phosphorus oxychloride AR Aldrich
sulphonyl chloride AR Sigrna

2.2.2 Organic Compounds

acetic acid SLR 8DH
2-amino-2~(hydroxymethy)propane-1,3-diol

hydrochloric acid Tris] . AR Sigma
2-amino-2—(hydroxymethyl)propane-1,3-diol

hydrochloric acid [Tris] SLR Fisons
citric acid monohydrate AR Fisons
formic acid Analar BDH
urea SLR Fisons

2.2.3 Inorganic Compounds

ammonium hydroxide SLR Fisons
boric acid AR Fisons
hydrochioric acid SLR Fisons
20 volume hydrogen peroxide AR Fisons
magnesium sulphate GPR BDH
nitric acid SLR Fisons
potassium chloride Analar  8DH
potassium dihydrogen orthophosphate Analar BDH
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sodium azide

sodium chioride

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

Oxazines

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 (.D690)

Oxazine 720 (Oxazine 170)

Oxazine 725 (Oxazine 1, C| Basic Blue 3)
Oxazine 750

Polymethines
3,3'-diethyloxadicarbocyanine icdide (DODCI

3,3'-diethyloxatricarbocyanine iodide [DOTC]

3,3'-diethylithiatrcarbocyanine perchlorate [DTTC]

1,1',3,3,3'3'-hexamethylindotricarbocyanine
perchlorate [HITC]
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SLR
GFPR
SLR
SLR
AR

SLR
SLR
AR

SLR

SLR

99.9%

80%

90%

99%

99.9%

95%

99.9%

99.9%

99%

99%

99.9%

99.9%

99.9%

Fisons
Fisons
80H

Fisons
Fisons
Fisons
Fisons
Fisons
Fisons
Fisons

Fisons

KODAK

Sigma

Aldrich

KODAK

KODAK

Sigma

KODAK

KODAK
Lambda Physik

Exciton

KODAK
KODAK

KODAK

KODAK



IR125 lindocyanine 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 O)

Xanthenes
Fluorescein isothiocyanate [FITCI

Fluorescein sodium (Uranin)

Pyronine B

Rhodamine B (CI Basic Violet 10)
Rhodamine 6G (Cl| Basic Red 1)

Rhodamine 800 perchlorate (L0800)

Rose Bengal (Cl Solvent Red 141)
Sulphorhodamine 101 (Sulphorhcdamine 640)

' Texas Red

2.2.5 Proteins
«1-acid glycoprotein

bovine serum albumin ,essentially fatty acid
and globulin free

human IgA (lyophilised)

human 1gG (yophilised, essentially salt free)
bovine insulin
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99.9%

95%

99.9%

99%

84%

95%

70%

90%

98%

Grade A

KODAK
Sigma
KODAK
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Aldrich
Sigma
Boots
BDH
BDH

Fluka

Sigma

Sigma

Boots

BDH

8DH

Lambda Physik
KCDAK

KODAK

Molecular
Probes

Sigma

Sigma

Calbiochem-
Bahring

Sigma

Sigma



B-lactoglobulin from bovine milk

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

transferin human (siderophilin): substantially
iron free

anti-human transferin 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)

Catlonic surfactants
CTAB {(cetyltrimethyl ammonium bromide)

TDAB (tetradodecylammonium bromide)

Anionic surfactants
SDS (sodium dodecyl sulphate: sodium lauryl sulphate)
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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 Quadralene 3000 (Fisons,
Loughborough, UK). it shouid be note that Quadralene 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 cuvettes were emptied after use, rinsed repeatedly in the solvent,
then with acetone or ethanol and dried in a warm current of air. The outside
optica! surfaces were polished with clean lens tissue. To removed stubborn stains
the cuvettes were cleaned with with 0.5% v/v Quadralene 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 aliowed 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/b and x ml of 0.2 molar hydrochloric acid diluted to 100 m!
with polished water (Bates and Bower, -1955), '

pH at 25°C X (mb
1.00 67.0
1.50 20.7
2.00 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. (CgHaO7-Hz0) = 210.14
anhydrous disodium hydrogen phosphate Mol. Wt. (NazHPO4) = 141.98

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

disodium hydrogen phosphate (28.4 g/ mixed. (Mclivaine, 1921)

pH at 25°'C x (mD y (mlb
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 g9.15 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 KC!| per litre) and boric acid
(6.184g HsBO3 per litred 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 x (mi
8.00 3.9
9.00 20.8
10.00 43.7

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

sodium carbonate hexahydrate Mol. Wt. (Na2C0O3.10H20) = 286.2
sodium hydrogen carbonate Mol. Wt. (NaHCO3) = 84.0

x mt of 0.1 molar (28.62 g/ sodium carbonate solution and vy ml of 0.1 molar

(8.4 g/ of sodium hydrogen carbonate solution mixed together (Delory and King,
1945).

pH at 20°C pH at 37°C X (mb) y {mi
9.2 8.8 10 a0
9.9 9.7 50 50
10.3 10.1 70 30
10.8 10.6 90 10

- 35—



Table 2.7: 0.05 molar Phosphate buffer solutions (pH 11.0 fo 11.9x

anhydrous disodium hydrogen phosphate Mol.Wt. (NazHPO4) = 141.98
50 ml of 50 millimelar disodium hydrogen phosphate (7.10 g/I) 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 X {mi)
11.00 41
11.50 11.1

Table 2.8: Hydroxide-chloride buffer (12.0 to 13.0): 25 mi of 0.2 molar potassium
chloride (14.91 g/I) and x ml of 0.2 molar sodium hydroxide and then diluted to
100 mi with water (Bates and Bower, 1956).

pH at 25°C . x_(mD)
12.00 6.0
13.00 66.0

The following buffers were used in the work with proteins:

50 mM Phosphate Buffer Saline (FPBS) (pH 7.2}

2.9 g of disodium hydrogen phosphate (NazHPO4.12H20), 0.2 g potassium
dihydrogen phosphate (KH2PO4), 8.0 g sodium chioride and 0.2 g potassium chloride
were dissolved in 100 ml of polished water.

0 1 M Phosphate buffer saline (PBS) (pH 7.8)

2.9 g of hydrated disodium hydrogen phosphate (NazHPO4 12H20), 0.2 ¢
anhydrous potassium dihydrogen phosphate (KHzPQO4), 8.0 g sodium chioride and 0.2
g potassium chloride were dissolved in 100 m! of polished water.

0.1 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 (K2HPO4) and 93.8 ml of one molar
anhydrous potassium dihydrogen phosphate (KHzPO4) stock solution diluted to 1000

ml| with polished water.
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50 mM Tris Buffer Saline (pH 8.8)
3.94 g of 2-amino-2-(hydroxymethybDpropane—1,3-dicl hydrochloric acid (Tris]

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

0.1 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 mil 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 scaked in developing seolvent. The tanks were left to
equilibrate for about an hour. The plates used were either Merck fluorescent silica
gel 60 Fz2s4 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 Re¢ values
recorded.

2.3.4 Oxygen Flask

A 10 mg sample was weighed accurately onto a three square centimetres
piece of Whatman No.540 ashiless filter paper with a narrow three centimetres fuse.
The paper was folded to enciose 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 desiroy the hydrogen peroxide. Three drops of
Methyl Red (0.25 g per 100 mi of 90% ethano!) 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 mi of mercuric oxycyanide

was added and titrated with the liberated alkali with five millimolar sulphuric acid.
lon chromatography was also carried out on the combustion products, which

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

lon Chromatograph fitted with a Ceonductivity Detector.

2.3.5 Dye Purification

Soivent 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 104 w/v 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, £ (Table 2.5). Protein solutions were never heated above room

temperature and were always freshly prepared.

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

some proteins.

Protein Mol. Wit, € x 10* Reference

. (daltons) Imol-tcm-1
albumin, human 68000 3.6 Phelps & Putman, 1960
albumin, bovine 69000 3.96 Weber, 1961
albumin, egg 43500 Fasman, 1989
o1-acid glycoprotein 44100 39 Smith et al., 1950
B-lactogtobulin, bovine 35000 3.66 Gordon et al., 1961
igA, human 160000 Fasman, 1989
igD, human 184000 Fasman, 1989 .
1gG, human 156000 Schultze & Heremans, 1966
IgM, human 970000 Sober, 1970
insulin, bovine 5733 0.57 Glazer et al., 1961
ovomucoid 28800 1.19 Chatterbee et al., 1962
transferin, human 80000 9.23 Luk, 1971
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2.3.7 Protein Conjugation

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 tlight. 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.

(€280 X Cprotein) + (€280 X Cdye) = A280 2.3
(E640 X Cproteln) + (€640 X Cdye) = Agan 2.4

Where € is the molar absorptivity, ¢ in the concentration in moles per litre and A
is the absorptivity. In Equation 2.3, Azgo is the sum of the absorbance from the
protein and the dye at 280 nm, the latter is assumed to be wvery smail. In Equation
2.4, Agaso 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 Conjugate 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 2 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 iwice to ensure removal of the
contaminating microsociute. 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 (flucrescence and phosphorescencel, 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 fiuorophores 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 cn 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 probiem 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 (C! 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 (XiVD samples that
were analysed, three were Rhodamine B (Figure 3.4 [IX1) and one was Rhodamine
6G (Figure 3.4 [VIID.

3.1.1 Toxicology of dyes

ft 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) scresned 150 laser dyes and found that 28 were extremely toxic. The
cyanines and carbocyanines were the most toxic. Dimethyl sulphoxide (DMSO) 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 shouid not be underestimated.‘

The Ecological and Toxicological Association of the Dyestuff Manufacturing
Industry (ETAD) was founded in 1974, in order to minimise the possible damage
to man and environment from the production and application of dyes. ETAD has
identified and assess riske of dyes and their intermediates according to their
pdtential 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 animald showed that out of 4461 colorants tested,
only 44 had a LDso less than 250 +iligrams per kilograms and 3669 exhibited
practically no toxicily (i.e. 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 [Li] aiso known as Cl| Basic Blue 3: Cl 51004:
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Oxazine 1), a cationic phenoxazine dye, has a LBsg of 100 milligrams per
kitograms in rat and is toxic if swallowed (Aniiker et al., 1988). Pigments and vat
dyes have a very low acute toxicity due to their low solubility in water and in
lipids.

ETAD 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 ftest by the Fixed-
Dose Procedure, Fairhurst in 1989 gave a good outline of the classification and

interpretation toxicological data with specia! 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 solubility -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 mB 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.

i insoluble: no colour imparted to the solvent.

vSS very slightly soluble: some colour imparted to the soiution.
ss slightly soluble (under 1%): not all of the dye dissolved.

s soluble (around 1%)

vs very soluble (over 10X%): 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
protolytic 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 al., 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 pHe* as defined in Section 2.1.4.1. It should be noted that tﬁis
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is not a direct measure of pH as this is only correct in agueous medium (Bates,
1864 but it gives an indication of the influence of hydrogen ion concentration on
the fluorescence of the dyes. pKa wvalues 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 agqueous solvenis due to their low
solubility in water.

The fluorescence was measured on a Perkin Elmer (Beaconsfield,
Buckinghamshire, UK) MPF-448 Spectrofiuorimeter at 25 °C. The fluorescence
intensity was plotted against the pHe 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 suitabitity
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 m! 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, cyanines 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% w/v sodium hydroxide). The resulting solutions were re-
oxidised by exposure to air or by the addition 2% w/v potassium persulphate in
2% w/v 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 (g), fluorescence guantum efficiency (ds) and
fluorescence lifetime (1) are literature values from Birge and Bohwon (1986),
Brackmann (1986), and Haugmann (1989, 1992). The Ilimit of detection was
determined in methano! on a Perkin Elmer (Beaconsfield, Buckinghamshire, UK)

MPF-448 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 piotted against the EtN value (Tabie 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 aquecus solution of dye was cooled from 45
*C to 15 °C using a temperature regulating cuvette holder in a Perkin Elmer
(Beaconsfield, Buckinghamshire, UK) MPF-44B Spectroflucrimeter 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 fluoresceing (1), rhodamines [I11] and
pyronines [}, 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;
Schiafer, 1973; Steppel, 1982; Maeda, 1984; Brackmann, 1986; Raue, 1990a;
Schwander and Hendrix, 1988), as photosensitising dyes (Grossweiner, 1970;
Lamberts and MNeckers, 1984; Bellin and Ronayne, 1966) and as a source of
singlet oxygen (Golinick and Schenck, 1964; Gandin et al., 1983). In biotechnology,
they are widely used as probes, stains and immunoassay labels (Haugmann, 1989
and 1992).

Fluoresceins (Figure 3.1 [l 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 (VD and its derivatives (e.g.
Flucrescein isothiocyanate (FITC) [VID) form the foundation for the molecular probe
industry so important to medical diagnostics, which encompass i}"nmunoassay and
biological staining. Uranin (the sodium salt of Fluorescein [IVD 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 [VIID 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 [VD, which at absorbs at
600 nm in methanol (Haugmann, 1992).
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2 R =1

Fgure 3.1: General structural fomulae for the Xanthenes: fluoresceins (J). thodamines (i),
and pyronines (lil). Where X and Y ar either pimary, secondarty or tertiary amines.

Fgure 3.2: Ruorescelns; excitation and emission wavelengths in methanol.
Ex (nm} Em (nm)

IV Fuorescein 491 521
V  Naphthofluorescein 600 630
VI Fuorescein iscthiocyanate [FITC] 488 514
Vil Rose Bengal 564 581
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Rhodamines (Figure 3.1 [lI) 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 yieids a more strongly basic dye with

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

(X111 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 [VHID
and Rhodamine B [I1X]; 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 [HID) 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 [XVD absorbs at 527 nm, compared to the correspondirig
rhodamine, Rhodamine B (Figure 3.3 [IXD at 524 nm (Drexhage, 1973b).
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FAgure 3.3: Rhodamines: excitation and emission wavelength in methanol.
Ex (nm) Em (am)
Vill Rhodamine 6G [Rhodamine 580] 524 550
D¢ Rhodamine B [Rhodamine 610] 552 550

X  Rhodamine 110 496 512
X1 Rhodamine 800 660 700
21 Suiphchodamine 101 578 605
Xl Texas Red 580 606
-+
+
BN wnaz EtHMN : (] i NHEL
\ / . Me Me
v v

Figure 3.4: Pyronines: excitation and emission wavelngths in methanot
Ex {nm) Em {nm)
XV Pymonine B 552 562
%V FPymonine 20 ) 527 540
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3.3.1 Results
Table 3.1: The soiubility of the xanthenes in distilled water (pH~6), 96% ethanol,
diethyl ether, xylene, and dimethyl sulphoxide (DMSO). vs = very soluble (>10%

w/v), s = soluble (~1% w/v), ss = slightly soluble and i = insoluble.
Solubility

water ethanol ether xylene DMSO
Fluoresceins
Flucrescein {1V} 0.03%' 2.21%¢ 5 s
Fluorescein sodium [1V])2 50.03%3 7.2%2 i 55 10.0%1
FITC vl <0.01%7 2.0% s s
Rose Bengal [VII] 36.3%3 7.5%3 i i
Rhodamines
Rhodamine 6G {VIII] 5.4%3 5.0%1 i i
Rhodamine B [1X]) 1.2%3 1.5%3 S5 SS
Rhodamine 800 [XI] S5 s i i s
Sulphorhodamine 101 [XI1] 2.0x1 3.0%1 i i s
Pyronines :
Pyronine B [XIV] 2.0%1 0.7%1 55 55 Vs

1 Green (1990).
2 The sodium salt of fluorescein, also known as Uranin.
3 |illee (1969).

Table 3.2: pKa for the xanthenes.

pKai pKaz pKasa
Fluoresceins
Fluorescein {IV] 2.21 4.4 6.71
Naphthofluorescein [V] 7.992
Rose Bengal [Vil] 3.5%
Rhodamines
Rhodamine B [IX] 4.64(3.1%)
Rhodamine 800 [Xli] 11.03
Pyronines
Pyronine B 7.14

' pKa value: Lee et al. (1989), Bishop (1972) and Haugmann (1989, 1992
pKa value: Lee et al, (1989

pKae* value: buffered 50% methanol (Summerfield, unpublished).

pKae vajue: buffered 50X ethanol (Woislawski, 1953

pKa value: Andre and Molinari (1976)

Lo I
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Table 3.3: The chemical stability of fluoresceins (Fiuorescein [V] and Rose Bengal
[VHD and rhodamines (Rhodamine B [IX} and Rhodamine 800 (XD to acids and alkalis.

Fluorescein Rose Bengal
Abs./rm _ colour Abs. /res colour
conc. H2S04 yellow brown
M HCI 220 colourtess, on dilution deep pink
™ HCI 220 colourliess on dil. pink then yellow 220 colouriess, on dilution desp pink
pH 4 435 pink with green fluorescence 550 deep pink
Water 490 yellowish red with green fluorescence 550 deep pink
pH 10 430 yellowish red with green fiuorescence 550 deep pink
gH 11.5 550 deep pink
M NaCH dark yellow solution with dark green crimson rad precipitate
fluorescence
fhodemine B Rhodamine 800
Abs./rm_ colour Abs./rus colour
Conc. H2504 yallow-brown with green fluorescence 526 mauve, on dil. orange then blue
S HCH 462/495/526 oreange
pH 4 558 deep pink 605/668 turquolse
Water 555 deep pink 605/ 608 turquoise
pH 10 555 deep pink 605/668 turquoise
pH11.5 605/668 turquoise
M NeOH rose red precipjtate 395 pale yellow

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

The molar absorptivity (&), fluorescence quantum efficiency (df) and fluorescence

lifetime (t¢) are all literature values from Birge and Bohwon (1986), Brackmann
(1986) and Haugmann (1989, 1992).

Abs. & x 104 Em. br 1¢]
(m) IM-lem-1  (nm) (ns)
Fluoresceins
Fluorescein [IV} 491 6.6 521 4.5
Fluorescein sodium VD 488 8.6 514 0.81 4.5
Rose Bengal [VII] 549 7.76 590
Rhodamines
Rhodamine 6G (VI 524 19.9 550 0.23
Rhodamine B [IX] 552 1.00 576 0.70 3.0
Rhodamine 800 [XI] 685 700 0.90
Sulphorhodamine 101 [XIH 595 8.5 615 0.30
Pyronines
Pyronine B [XIV] 550 560

1 The sodium salt of fluorescein is
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Tabte 3.5: The spectroscopic properties of xanthenes in methanol. The molar
absorptivity (e), fluorescence quantum efficiency (¢¢) and fluorescence lifetime (1)
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. € x 104 Em. [ LOD
{nm) IM-1cm—1 (nnD (g/D
Fluoresceins
Fluorescein [1V] 491 530
Fiuorescein sodium [{V]? 498 6.39 518 0.90- 2.39x10-10
Rose Bengal [VII] 554 581
FRhodamines
Rhodamine 6G [VII] 528 10.4 553 0.95e
Rhodamine 800 [XI1 674 8.g5« 708 8.11x10-10
Rhodamine B [IX] 545 10.2 565 0.60
Sulphorhodamine 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 scivent, (diethyl ether or chioroform) and
a polar solvent (distilled water or methanol), on the absorbance wavelength of
various xanthenes. A positive Alabvs represents a bathochromic shift in polar

solvents and a negative AXabss represents a hypsochromic shift.

Aabs/nM Aabs/NM Alaps/nm
(nonpolar (polar
solvent) soivent)

Fluoresceins

Rose Bengal [Vii] 565 550 15

‘ : (ether) (water)

Rhodamines

Rhodamine 6G [VIII] 550 524 26
(CHCI3) {water)

Rhodamine B (IX] 562 552 10
(CHClI3> (water)

hodamine 110 [X] 5061 4981 8
(CHCIa) (MeQOH)

Rhodamine 800 {Xl] 672 685 -13
(ether) (water)

Sulphorhodamine 101 [X!{] 589 587 2
(ether) (water)

1 Zollinger, 1990,
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Figure 3.5: Influence of pH* on the fluorescence of Flucrescein [iV] and
Rose Bengal [VH] In 50% methanol.
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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,
Hose Bengal (Figure 3.2 [VHD, Rhodamine B8 (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, Fiuorescein
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 [XI) was drastically reduced above pHe 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 minera! 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 dithionite. 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 qﬁantum efficiency of Rhodamine B in ethanol as 40% at
room temperature which was Increased to almost 100X 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 flucresceins 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 Reynoids
and Drexhage (1975), who reported that the coupling of two alkyl groups to the
aromatic ring as in Rhodamine 101 and Sulphorhodamine 101 [XIN 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 infiuence of substituents in the 2,7-position in the xanthene ring on
the absorbance and fiuorescence wavelengths in methanol for a homologous series

of xanthenes.

Substituent Dye Abs. (nm) Fi. (nm)
hydroxyl OH Fluorescein [1V] 491 521
1° amine NH2 Rhodamine 110 [X] 496 512
2" amine NH-alkyl Rhodamine 6G [VIi{] 524 553
3° amine N(alkyD2 Rhodamine B 11X1 545 565
cyclised 3° amine Sulphorhodamine 101 [XII] 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) Fl. (nm)
carboxyphenyl| Rhodamine 101 5681 5831
sulphoxypheny!| Sulphorhodamine 101 [Xi] 578 605
trifluoromethyl ~CF3  Rhodamine 700 6431 6661
cyano -CN _ Rhodamine 800 [Xi] 674 708

1 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 [1X)), Rhodamine 800 [Xl] and Sulphorhodamine 101 [XIi{]
showed more solvent dependence than Rhodamine 110 [X) with primary amines and
Rhodamine 6G [VIill with secondary amines. The zwitterionic Rhodamine B [IX] 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 colouriess

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 Greviile Williams, they are important in the photographic
industry because of their abiiity to sensitise silver halide to longer wavelength
radiation. Polymethines have also been used as dyes for xerography (Jones, 1989),
lasers (Birge and Bohwon, 1986; Schidfer, 1973; Maeda, 1984; Brackmann, 1986;
Steppel 1982), for potential-sensitive measurements (Haugmann, 1989, 1992), as
photo-, thermo-, and piezochromic dyes (Maisuoka, 1990), in liquid crystal displays,
as infrared absorbing dyes for optical storage (Nakazumi, 1988; Emmelius et al.,
1889), 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, 197%a,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.)cyanines 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 polymethines (Figure 3.7) are called cyanines [XVI], styryls (hemicyanines)
[XVII} or streptocyanines [XV1ill respectively according to whether both, one or
none of the nitrogens are components of the ring. The cyanines where n is zero,
are non-fitorescent 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 vyield, benzoxazole (Figure 3.11 [IXXXIi{il} and
benzothiazole (Figure 3.11 [XXXVD have the highest. The carbocyanines such as
DTTC (Figure 3.8 IXXIDP and HITC [XXID have been determined in picomolar
amounts using a pulsed semiconductor f[aser fluorimeter, (Imasaka et al., 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 IXXUID has achieved some importance in the measurement of cardiac
output (Heseltine, Broocker & Eastman Kodak USP 2,895,855).
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Figure 3.7: Genenal structures for the polymethines.
n is the number of ethylene groups;
R is either a hydrogen atom, alkyl or anyl group:
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Fgure 3.8: Symmetiical polymethines: excitation and emission wavelengths in methanol.
Ex (nm) Em {(nm)

X4 DODC perchlorate 579 603
Xl DOTC dide 695 705
X1l DTTC perchlorate 755 788
XXV HITC perchlorate 739 7715
XV  IR125 (Indocyanine Green) 780 830
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Fgure 3.9: Hemicyanines (styiyl): excitation and emission wavelhgths in methanol
. Bx (nm) Em (hm)
XM Stywl7 565 704
SOVl Styyl 11 558 638
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Merocyanines [XIX] (Figure 3.7) are neutral polymethines and were first developed
as photographic sensitizers (Hamer, 1982; Broocker et al. 1965). Merocyanine 540
(Figure 3.10 [XVID bhas been used for recording the intra-ceflular 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).

Oxonols [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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. nmethanol £ (um) Em (nm)
VI Merocyanine 540 540 560
XXX a thiazofium squarylium 663 ND
X0C  a thiazolium croconium T ND
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3.4.1 Extending the wavelength of the polymethines )

1. The absorption and the corresponding fluorescence bénds are bathochromicaily
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 [XXXD, 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 [XXXVD give a
greater bathochromic shifts than acyclic termini.
b. unsaturated terminal groups (e.g. benzoxazole, Figure 3.11 [XXXII],
benzothiazole [XXXIIl) and indole [XXXiIV1 are more bathochromic than the
corresponding dyes with saturated terminal groups (e.g. thiazole [XXXII11 and
N-diethyl DXXXID.
c additional conjugation at the terminal groups can also cause a further
bathochromic shift (cf. indole (Figure 3.11 [IXXXIVD and benzoindole DXXXVIID.
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Figure 3.11: The influence of changing end groups and the number of ethylene groupe (n)
on the absorbance maxime of homologous sorles of symetrical carbocyanines in
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X006  N,N-dimethyl OV benzoindole
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X001t benzoxazole XXX  beta-naphthothlazole
XXX1v  Indole XL 2.quinoline

OV benxothlazole L1 4-quinoline

WO benzoseolenaxole
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3.4.2 Results
Table 3.9: The solubility of the polymethines in distilled water (pH~86), methanol,
diethyl ether, and dimethyl sulphoxide. (vs = very soluble (>10% w/v), s = soluble

(~1% w/v), ss = slightly soluble and i = insoiuble).
Solubility

water methanocl ether DMSO
symmetrical carbocyanines
DODC XX s vs i s
DOTC [XXH] s Vs i s
DTTC [XXI] &S 5 i 5
HITC [XXIV] $ s i s
IR125 [XXV] ] s i vs
asymmetfrical carbocyanines
Styryl 7 [XXVI] s ) i s
Styryl 11 [XXVil) s s i s
merocyanines
Merocyanine 540 DXXV1i(] 8 V5 i VS

Table 3.10: Approximate pKae® values for the carbocyanines in 50X methanol.

pKa:* pKaz*
Carbocyanines
DODC 2.0 10.1
DOTC 1.5 9.2
PTTC 1.8
IR125 3.1

Table 3.11: The chemical stability of symmetrical dicarbocyanine DODC [XXI] to
alkalis and acids.

Abs. (nm) colour
Cone. H2504 220 instantly discoloured exothermicatly, not as viclently as
DOTC
SM HCI 360/460 Instantly discoloured & a golden yeillow solution developed
1M HCI 345/460 Instantly discoloured
pH 4 576 deep pink
Water 577 deep pink
pH 10 577 deep plnk
pH 11.5 5890 violet
1M NaOH 435 pink msolution qulckly turned to orenge and then finally to

8 yellow solution,

- 67 -



Table 3.12: The chemical

to alkalis and acids.

stability of asymmetrical dicarbocyanine Styryl 7 [XXVH]

Abs. (nm) coiour
Conc. H2S04 220 instantly discoloured with some heat evolved
SM HCI 3507450 instantly discoloured & a golden yellow solution developed
1M HCI 34574607560 slowly dlscoloured
pH 4 560 deep pink
Water 580 deep pink
pH 10 560 deep plnk
pH 11.5 575 violet
1M NaOH 420 pink solution turned quickly orange and then finalily to =&

poie yeliow solutlon.

Table 3.13: The chemical stability of symmetrical tricarbocyanines DOTC [XXII},

DTTC [XXHH) and IR125 [XXV]

to alkalis and acids.

DOTC
Abs. (nm) colour
Conc. H2504 Iimmediate decomposed to leave a pale yellow sclution
5M HCI 360 calourleas then a pale pink colour develops (decomposed)
1M HClI 374 pale yellow on dilution blue colour returns.
pH 4 678 blue
Water 678 blue
pH 10 678 blus
pH 11.5 620/678 dark biue
1M NaOH 295/452 yellow (decomposed)
DTTC
Abs. (nm) colour -
Conc.. H2504 viclent reaction, decomposed to pale yellow solution
SM HC) 384 decomposed to a ya!llow solution
1M HCI 390 pale yellow green then yellow (decomposed slowly)
pH 4 B805/745 deep green blue
Water 650/750 turquoise
pH 10 605 turquoise
pH 11.5 615/740 greenlish blue
1M NaOH slowly turned purple from turquolse (decomposed)
IR125
Abs. (nm} colour
Conc. H2S04 decomposed vielently to a bright golden yellow solution
5M HCI 460 yellow that is slowly de-coloured
1™ HCI 460 yel low
pH 4 7057738 biack green
Water 788 dark green
pH 10 705/788 blue green
pH 12 700 turquolse
1M _NaOH 400/715 grass green, then siowly becomes more yellow
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Table 3.14: Absorption and emission wavelengths of polymethines in distilled water
(pH~6).

Abs. Em.
(nrm) (nm)
Symmetrical Carbocyanines
DODC XX 577 597
DOTC XXl 678 698
DTTC IXXIitN 750 770
HITC [XXtV] 732 753
IR125 [XXV] 788 810
Asymmetrical Carbocyanines
Styryl 7 [XXVI] 560 690
Styryl 11 DXXVII] 555 685
Merocyanines
Merocyanine [XXVili] 533 . 572

Table 3.15: Spectroscopic properties of polymethines in methanol. The molar
absorptivity (), fluorescence quantum efficiency (¢¢#) and fluorescence lifetime (1e)
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. € x 104 Em or T LOD
(nm)_ IM-1egm-1  (nm) (ns) g/
Symmetrical Carbocyanines
DODC [XXI] 579 24.0 603 0.44. 0.42e
DOTC [XXil 695 25.1e 705 0.49e¢ 1.15= 1.40x10-10
DTTC XXl 755 20.9= 788 5.10x10-10
HITC IXXiV] 739 242 775 0.502 1.28 2.56x10-10
IR125 [XXV] 780 ‘ 830 5.83x10-~10
Asymmelrical Carbocyanines
Styryl 7 [XXVI] 565 6.15 704
Styryl 11 IXXVIN 558 4.77e 638
Merocyanines
Merocyanine 540 540 560

e = gthanol: = = 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/nMm Aabs/nMm A Aabs/nm
(nonpolar {(polar
solvent) solvent)

Tricarbocyanines

DOTC IXXIH 705 695 10
(CHzCI2) (M2OH)

DTTC IXXIHN] 785 758 27
(CHCl3) (water)

HITC [XX1V] 757 740 17
{CHClI3) (MeQH)

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 (i.e. acetonitrile, ethanol, methanol etc.) but had low
solubility in hydrophobic solvents (such as diethyl ether and n-hexane). The
indolenines, HITC (Figure 3.8 [XXIVD) and IR125 [XXV)} and benzoxazoles (DOTC
[XX1] and DOTC (XX!I)) were more soluble than the benzothiazole (DTTC [XXIIID.
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, perchiorate etc.). Matsuoka (1990) stated that
the perchlorates were more soluble in non-polar solvents, such as methylene
chioride, 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 3.8 [XXID and Styryl 7 (Figure
3.9 IXXVID) to concentrated sulphuric acid than that of the tricarbocyanines (DOTC
[XX111, DTTC [XXIN] and IR125 [XXVD.

Polymethines were not de-coloured by neutral sodium dithionite but were de-
coloured by either alkaline sodium dithionite or boiling with gltacial 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 aé 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 absorptivities and fiucrescence quantum efficiency were best
in the following order; perchlorate, chloride and iodide as the anion. Styryl 11
[XXVH] and DTTC [XXIlI] 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 [XXIIN in

methanol to be reduced by less than 0.4X 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 [tVD was reduced by 1.2% per °C.

There was an 11% and 8% increase in fiuorescence intensity on the addition
of anhydrous sodium sulphite to a dilute solution of DOTC [XXIH and DTTC [XXHI]
in methano! respectively. This showed that the flucrescence intensity depended on
the concentration of dissolved oxygen in the solvent. Cyclooctatetraene (COT), a
tripiet quencher, increased both the fluorescence intensity and lifetime of DOTC
(Hirth et al., 1973).

The cyanines (e.g. DTTC [XXIIH], DOTC [XXIN and HITC {XXIVD) 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 [LIID 95
nm. The smali 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 [XXVIID 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 (Cinotta 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 ILI] was suggested as 2 near

infrared quantum counter by Demas et al. (198%), 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
(Schiafer, 1964). These dyes have been used for the dying of textiles made from
polypropylene. Nile Red [Figure 3.16; LI has been used as a polarity probe (Deye
and Berger, 19380), protein probe (Sacket and Wolff, 1987), as an intra-cellular
lipid stain (Greenspan et al., 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 heterocyciic ring with both a nitrogen and a suiphur
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 ([XLVII. Toluidine Blue [XXXV] 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 XL VII] 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 potentiali 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 thiazines
have been prepared and many ‘have been tested for biological activity. In addition,

some of them posses sighificant insecticidal and pesticidal properties.
Thiazones are produced as the oxidation products of the thiazines (Dean et al.,

1976). Methylene Violet (Figure 3.25) [LVIII] is a degradation product of Methylene
Blue [XLVII.
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Ex{nm) Em (nm)
Vil Cresyl Violet (Oxazine 9) 593 615
XX  Nie Blue A 627 660
L Oxazine 4 (LD690) 615 633
u Quazine 725 {Qxazine 1) 643 658
Ul  Oxazine 750 662 680
Ul NieRed 565 638
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figure 3.17: Thiazines and thiazones: excRation and emission wavelengths in methanol
£x (nm) Em (pm)
uv AzurA 628 653
LV AzurB 638 665
VIl Methylene Blue 653 680
LV Methylene Green 650 675
LVl Toluidine Bue 629 658

LVIIE Methylene Violet . 580 610
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3.5.1 Results

Table 3.17: The solubility of phenoxazines, phenoxazones and thiazines in distiiled

water (pH~6), 96X ethanol, diethyl

ether, xylene,

and dimethy!l sulphoxide. {vs

very soluble (>10% w/v), s = soluble (~1% w/v), ss slightly soluble and i =
insoluble.}
Solubility
water ethanol ether xylene DMSO
Phenoxazines
Cresyl Violet [XLVIII] 0.38%1 0.25%1 i i s
Nile Blue A [XLIX] 0.2%* 0.2%2 i i s
Oxazine 4 (L] 5 s i i s
Oxazine 725 [LI] S s i i s
Oxazine 750 [LII} s 5 i i =1
Phenoxazones
Nile Red (LI} 0.02%* 0.1%2 s S Vs
Thiazines
Azur A [LIV] 4.0%2 1.0%2 i vss
Azur B [LV] 4.15%1 0.68%1 i vsS
Methylene Blue [XLVII] 2.53 2.5%1 i i 8
Methylene Green [LVI] 1.5%1 0.12x1 i i 5
Methylene Violet [LVIII 0.06%2 0.4%2 s s
Toluidine Blue [LVII] 3.82%1 0.57%1 i i
1 LiHee, 1969
2 Green, 1990,
Table 3.18: pKa values for the azines.
pKaj pKaz2

phenoxazines

Brilliant Cresyl Biue [XLV] 9.91

Nite Blue A [XLIX] 1.67 9.7

phenoxazones

Nile Red [LIIN 1.0z

thiazines

Methylene Blue [XLVII] 3.81

Methylene Green [LVI) 9.71

Thionine [LV?7?] 11.23

Toluidine Blue [LVII] 10.81

t buffered 50% ethanol (Woislawski, 1953)

3 Deye 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
[XLViill, Oxazine 750 I[LI}] and Oxazine 4 (L) to acids and alkalis. (ND is not

determined.)

Nlle Blue A Cresyt Violet
Abs. (mn) colour Abs., {(nm) colour
Conc. H25C04 430/519 crange 432/508 orange
M HCI 430 green 332/415/470 golden vel low
pH 4 633 blue 588 vicolet with red fluorescence
Water 638 blue 588 violet with red fluorescence
pH 10 505 purple-red 480/588 deep crimson
pH 11.5 505 purple-red, brownish red ppt. 470 cr imson
1M _NaOH brownish-red ppt 470 golden orange
Oazlne 730 Oxazine 4
Abs. (rm) colour Abs. () colour
Conc. HZ504 522 plnk 432/510/580 olive green
SN HCI 518 plink 395/490/615/684 red orange
pH 4 674 turquoise ND ND
Water 674 turquolse 615 blue with red fluorescence
pH 10 N turquoise . 615 blue with red fluareacence
pH 11.5 540/670 pink 615 blue with red flugrescence
M _NaOH 510 pink 460 deep pink

Table 3.20: Chemical stability of Nile Red [LIll} (a2 phenoxazone) to acids and alkalis.

Nile Red

Abs. (vem) colour
Conc. H2504 491 golden yellow
Conc. HCI N yellow
5 HC) ' 595/637 blue green
pH 4 530 red
Water 580 red
pH 10 880 red
pH 11.5 585 purple
1M_NaCH 590 purple—-red
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Table 3.21: Chemical stability of four thiazines (Azur A ILIVI, Azur B [LV], Toluidine
Bilue {LVIII] and Methylene Blue [XLVIID to acids and alkalis.

Azure A Azure B

Abs. (nm) colour Abs. {(nm) colour
Conc. H2S04  437/705  green 655 yellow green
M HC! 712 bliue 657/728 blue green
pH 4 &25 blue €48 blue
Water 625 blue 648 biue
pH 10 625 blue 648 blue
pH 11.5 632 blue . 648 blue
1M _NaOH 530/665 purple solution with dull pink ppt 545 pink solution with violet ppt

Toluidine Blue Methylene Bliue

Abs. (rm)} colour Abs. (rs} colour
Conc. H2504 dark green on on diiution blue yeilow green
54 HCH blue
pH 4 blue 663 blue
Water -7 632 blue with red fluorescence 663 blue
pH 10 632 biue with red fluorescence
pH 11.5 632 blue with red fluorescence violet
1M NaOH ND pink solution with dufl violet ppt N') duf) plink ppt

Table 3.22: Spectroscopic properties of the phenoxazines, Nile Red and thiazines in
water. The molar absorptivity (e) and fluorescence lifetime (1¢) are literature wvalues
from Birge and Bohwon (1986) and Brackmann (1986).

Abs. e x 104 Em T
(nm) IM-1cm-1 {nm) (ns)

FPhenoxazines

Cresyl Violet [XLVIH] 590 628 2.32

Nile Blue A [XLIX] 635 3.98 670 0.38

Oxazine 4 L} 612 635

Oxazine 725 LI} 649 667

Oxazine 750 (LI 674 692

Phenoxazones

Nile Red [LI1I] 580 665

Thiazines

Azure A [LIV]) 625 645

- Azure B [LV] 637 670

Methylene Blue [XLVII] 663 5.01 682

Methylene Green [LVI] 655 678

Methylene Violet [LVill] 590 620

Toluidine Blue [LVI|] 632 674
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Table 3.23: Spectroscopic properties of the phenoxazines, Nile Red and thiazines in
water. The molar absorptivity <(g), fluorescence gquantum efficiency (bs) and
fluorescence lifetime (1¢) are literature values from Birge and Bohwon (1986) and

Brackmann (1986). LOD in methanol was calculated in the usual manner.

Abs. e = tO4 Em & T LOD
nm M- lem—1 nm ns g/l
Phenoxazines
Cresyl Violet 593 8.30 615 0.70 3.23
Nile Blue A 627 7.75 660 0.47 1.1917  7.0x10-11
Oxazine 4 615 10.3 633 1.13'  4.0x10-11
Oxazine 725 643 12.3 658 0.15e 1.02e
Oxazine 750 662 8.25e 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; ' Dutt et al. (1990)

Table 3.24: The influence of nonpolar solvent (n-hexane or diethy! ether) and polar

solvent (water) on the absorbance wavelength of various phenoxazines.

Aabs/nNm Anbs/nM A Aabs/nM
(nonpolar (polar
solvent) solvent)

Phenoxazines

Cresyl Violet [XLVIIH] 581 690 9
ether waler

Nile Blue [XLIX1 626 635 ' 9
CHClI3 water

Oxazine 4 [L] 610 615 5
ether water

Oxazine 725 [L!11 642 649 6
ether water

Oxazine 750 [LII 630 665 35
ether water

Phenoxazones

Nile Red [L1II] 485 580 a5
n-hexane water
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3.5.2 Discussion

Nile Blue A (Figure 3.15 [XLIXD formed solutions in water of colloidal nature
above 0.1 micromolar and exhibited dichroism. The filuorescence of Nile Blue A
[XLIX] in water was stable over time unlike Nile Red (LI

Nile Red I[LIII1 was soluble in most organic soivents. 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 IL1il]
was stable in strong acids and strong alkalis. Nile Red, which was discovered as
an impurity of Nile Bilue 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 [LIIH1 by beiling 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 [XLIXD formed the insoluble brownish-
red anhydro-base [LX] on addition of aqueous sodium hydroxide. Nile Blue did not
undergo alkaiine 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 [LIXD. 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 I[LII] 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 colouriess leuco form, for example Nile Blue A [XLIX] was reduced
to the colouriess leuco-compound (Figure 3.23 ILXIID. 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 [XLVII) 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 fiuorescence wavelengths in methanol for a homologous series

of xanthenes.

Substituent Dye Abs. (nm) Fl. (nm
hydroxyl  [OH] Methylene Violet [LVIII] 580 610
1" amine  [NH2] Azur A ILIV] 628 653
2° amine  [NH-alkyl] Azur B ILV] 638 665
3" _amine  [N(alkyl)z] Methylene Blue [XL.Vil] 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 abscorbance bands of Cresyl Violet IXLVIII], Nile Blue A
[XLIX] and Oxazine 750 ILIll 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 {LHI] (Figure 3.20) showed both the greatest solvatochromic shift and Stoke's
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shift of the dyes tested. Nile Red [Lilil] has been used as a polfarity probe in
super-critical fluid chromatography (Deye and Berger, 1988). The addition of water
to solutions of Nile Red dissolved in water miscible solvenis (i.e. acetone,
methanoi, ethanol and DMSQ) caused a bathochromic in absorption.

Methylene Blue underwent séquential alkaline hydrolytic demethylation in
aqueous solution (figure 3.24) to produce what is termed Polychrome Methylene
Blue, a commonly used biological stain (Dean et al.,, 1976). The products included
Azur A IXXX], Azur B [XXX!, Azur C [XXXII], Bernsthen Methylene Violet XXX}
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 40X vyield 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 (i) 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 [LXVIHD is one of the cldest 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=0) 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 nmarrow absorbance range of 570-645nm.

In addition to NH (indigo [ILXVIHD, N-alky! {LXIX], sulphur (thioindigo LXXD,
selenium (seleno-indigo ILXXID and oxygen (oxi-indigo [LXXHD can act as electron
donors. The unusually high melting point (300-390 °"C) and the poor solubility of
indigo can be explained in terms of its crystaliine structure; the X-ray diagram
(von Elier, 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 porphyrins 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 Chlorophyil a ILXXIII] 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 Quinonoid

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 LXXVD) and isoviolanthrone dyes are derived
-from symmetrical or asymmetrical condensations of two molecules of benzanthrone.
Violanthrone and its derivatives are fluorescent in the near infrared (Rauhut et al.,
1975). The indanthrones (e.g. LXXVH and LXXVII) are the most impc;rtant of the
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Figure 3.25: Indigo type dyes with absortbance wavelengths in chlorofom (Zolinger. 1880)
Abs. {nm)
XV Y=NH indigo (G3-73000) 610
AKX Y=N-Me N_N'-dimethytndigo 650
LD Y=S5 thioindigo (1 Vat Red 41) 543
DX Y=Se selenoindigo 567
podl Y=0 ad-indigo 413

Figure 3.26: Chiorophyll a peMe, LCAI] and Chiomophyll b p=CHO, LXOIV] excite at 600
nm and emit at 700 nm in water (Kronick and Grossman, 1983}
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Fgure 3.27: Victanthrones and indanthrones: absorbance wavelngths in toluene
(Okawara et al, 1988).

Abs. (nm)
XXV 16,17-diamino viclanthrone 640/700
LoVl Q-59825, G Vat Green 1, 16 17—dn'|ethatyvnb.nlhrone 636
DOV 6-methyfindanthrene, C-70000 720
LXxVill ClVat Blue 6, 1638825, 7.16-dichloroindanthrene 643/684
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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 wvery 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
[ILXXX!1] 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 vessei. 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 phthalecyanines are chemically very stable to light and heat.
The chemistry of the phthalocyanines was reviewed by Moser 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
3.2 LXXXIH to LXXXVIID, but some, such as Lead Phthalocyanine LXXXVi],
absorb at longer wavelengths than metal-free phthalocyanine {LXXXI. The addition
of a phenyl ring to the phthalocyanines to give the naphthacyanines (Figure 3.29
EXXXVI] 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-
chloranaphthalene and dichlorobenzene. Also most phthalocyanines are sotuble in
dimethylamine (DMA), dimethyl sulphoxide (DMSO), 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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3

Fgure 3.28: Lage conjugated hydrocarhons: excitation and emission wavelengths in benzene

(Rauhut et al, 1975),
Ex {nm) Em (nm)

LOIX  tetrabenzolde. hi op, stlpentacene 628 680
DOO( 7, 8, 15, 16-dibenzotemrylene 750 810

1 Abs. {nm)

N
DOCE  Porphine 529/619

NH H N\
T
N
\“‘
oo
, Abs. (nm)

N DOOat  M=Hp  Phihalocyanine 686
LOCAIE M=Co  Cobol Phthalocyanine 857
~ X POOGV M=Cu  Copper Phthalocyanine 658
DOV  M=Fe Iron Phthalocyanine 676
N N OOV M=Mg Magnesium Phthalocyanine 666
ool =Pb Lead Phthalbcyanine 688
POVl M=Zn  Zmnc Phihalocyanine 661

Abs. (nm)
DOOVIIL  M=H Naphthalocyanine 765
DOOAX  M=AKF)  Aluminium Naphthalocyanine "t
xC —Mg Magnesium Naphihalocyanine 720

Fgure 3.29: Porphine, phthalocyanines and naphthacyanines with absorbance wavelengths in
chloronaphthalene (Matsuoka, 1990).
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acetonitrile and methylene chloride, solvents that most other phthalocyanines do not
dissolve in at ali. 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 alkyt substituents. Wheeler
et al. (1984) synthesised Silicon Naphthacyanine whose solubility can be controlled
by the alkylsilyl substituents. Iron (1), aluminium (1) and cobalt phthalocyanine
also have ligands outside the phthalocyanine n-conjugated 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 wused 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 tﬁerapy 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 deveiopment of a series of equilibria in

solution.
2 D —_— D2
D + D2 _ D3
D+ + Dz =2 Da
or 2 D2 = D4 etc. (3.1

Where Dy, D2, D3 and Ds are the monomer, dimer, trimer and tetramer
respectively.

The formation of dye aggregates (D2, D3, D4 etc.) is shown by the
appearance of another absorbance band either lower or higher than that of the
monomer (D1). 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 Llenado et al. (1981, 1983) and more recently by Walters and
King (1991). The quantification of surfactants by ion pairing then to dyes was first
demonstrated by Longwell and Manence (1955), the Methylene Blue-anionic
surfactant complex was separated into chioroform 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 al.
(1988), de Vvalle et al. (1988) and Kawase and Yamanaka (1979) to name but a
few. Other cationic dyes that have been used include two other thiazines; Azur A
[L1V] (van Steveninck et al., 1966), Toluidine Blue [LVII] (McGuire et al., 1962) and
triphenylmethanes; Rosaniline (Cropton and Joy, 1963), Methyl Yellow (Fabre and
Kamenka, 1976.) Anionic dyes have been used to determine the concentration of
cationic surfactant, for example, the anionic monoazo dye Orange H (Kawase and
Yamanaka, 1979; Kanesato et al., 1987).
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Cyanines have been used to determine ionic surfactants, such as surfactanis
(Imasaka et al., 1984; Robertson et al., 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 (X1 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 [LIH] dissolved in methanol
from a pasteur pipette was added 1o 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
(LN using fluorescence. A drop from a pasteur pipette of a stock solution of Nile
Red [LIII} 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 surfactants 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 (poiyoxyethylene iauryl 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 Iéuryl sulphate (sodium dodecyl sulphate: SDS) and the
cationic surfactants, tetradodecylammonium bromide and cetyltrimethylammonium
bromide (CTAB). The concentration of the dye was kept approximately constant
because the amount of surfactant added was less than 1% of the total volume of
solvent. Either a ' fluorescence spectrum on a Perkin 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 exampl-es 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
potar 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 Resulls

Table 3.26: The absorption and emission wavelengths of monomer and dimer of
xanthenes (fluoresceins and rhodamines), c¢yanines 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)

monomer dimer

Abs. (nm) Em (nm) Abs. (hm) Em (nm)
Fluoresceins
Fluorescein {IV] 492 521 420 ND
Rose Bengal Vi) 549 5390 510/545 none
Rhodamines
Rhodamine 6G [VIII] 524 550 500 none
Rhodamine B [IX] 552 572 510 none
Rhodamine 800 [Xi] 685 700 605 ND
Cyanines
DTTC [XXIN 750 770 650 none
IR125 [XXV] 788 810 690 825
Phenoxazines
Cresyl Violet IXLVII] 590 628 570 ND
Nile Blue A IXLIX} 638 667 590 685
Oxazine 4 [L] 612 635 565 ND
Oxazine 750 [Lil} 674 692 610 705
Phenoxazones
Nile Red (LI} 8575 6651 520 6051
Thiazines
Azur B [LV] 644 670 600 ND
Methylene Blue [XLLVII] 663 682 570 ND
Methylene Green [LVI] 655 678 618 ND
Toluidine Blue [LVil] 632 674 595 ND

t value from the determination of Nile Red [LINI] in 100% aqueous solvent on the
Perkin Elmer MPF-44B Spectrofluorimeter. In less than 5% methanol the wavelength
on the Shimadzu RF-5001PC Spectrofluorimet'er was 637 nm and was similar to Nile
Red in 100% methanol. |
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Figure 3.30: The Infiluence of Triton X-100, a non-lonic surfactant, on the
absorbance apectira of Nlle Red {LIlI] in water.
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3.31: Repeat fluorescence spectra every 2 minutes of Nile Red [LI1l] added
in distilled water using the Shimadzu RF-5001PC Spectrofluorimeter.
Excitatlon at 550 nm with 10 nm slits. Dimer formation was shown by the
hysochromic shift In fluorescence from 637 nm to 605 nm.
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Figure 3.32: The Influence of Tritan X-100, a non-lonie surfactant, on the
ahsorbance spectra of Nile Blue A [XLIX] In distHled water.
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Figure 3.33: The Infiluence of Triton X-100, a non-lonic surfactant, on the
abaorbance spectra of Oxazine 750 [Lil] In distilled water.
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Figure 3.34: The Influence of adding increasing amounts of Triton X-100 (1,
2, 4,6, 10, 14, 18, and 22 drops) to the same concentration of Toluldine
Blue [LVII] in distilled water,
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Figure 3.35: The Infiuence of the percentage methanol on the absorbance
spectra of Nile Biue A [XLIX] in distllled water.
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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 fiuorescence 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 [VIIl, Rhodamine 6G (VIil] 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 ([XXlill and
IR125 [XXV] showed absorption at lower wavelength. In order for the IR125 to
form aggegates, higher concentrations of 1R125 IXXV] were used and this was
probably due to its longer alkyl chain on the N-alkyl substituent that inhibits
aggregation.

Nile Red I[LIII] was insoiuble 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 still
contained enough Nile Red I[LIil] 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 [L1il} in
order to eliminate scattering. Figure 3.31 shows the dynamic decay in fluorescence
of Nite Red [LIIH in water by the formation of aggregates. The severe reduction in
fluorescence of the Nile Red I[LIH] 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 ILIN] in water. The decay in fluorescence was accelerated by using
increasing concentrations of Nile Red [Lill). There was no reduction in absorbance
or fluorescence when more than 20X 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 molecues 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 soivents (i.e. methanol, ethanol, acetonitrile etc.). Branch chain long-alkyl
groups were used in the phthalocyanines {(see Section 3.6.5) to prevent ;(he
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-iayer of dye on
solid surfaces, especially glass. This layer once formed does not increase with
further exposure. This phenomenon, known as piating, can be wvery troublesome
when using these dyes. The leuco-form of azines, Nile Biue [XLIX] and Nile Red
LN} 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 ILHI] 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
teaching 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 (2 non-ionic surfactant) as this inhibited
aggregation and hence its dissolution. I[nsoluble cationic dyes caused the greatest
problem of piating.

Surfactants were shown to both disaggregate and inhibit the formation of dye

-104~



aggregates (Figures 3.32 to 3.34). The non-ionic surfactants f(e.g. Triton X-100)
and anionic surfactants (sodium lauryl sulphate) were more efficient in dissociating
the aggregates than the cationic surfactants (e.g. cetyitrimethylammonium 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 (i.e. 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 b= 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 lons aggregate to minimise
interfacial energy. The hydrophilic "heads" of the surfactant face the aqueous
solution, while the hydrophobic “tails project inwards. The micelle formation staris
at a narrow and characteristic surfactant concentration, termed the critical miceile
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 motecules (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 wused in the

quantification of surfactants.

Table 3.27: The molecular weight (Mol.Wt.), critical micelle concentrations (CMC)
and the aggregation number of surfactants (Dawson et al., 1989; von Wandruszka,
1992; Fasman, 1985).

Surfactants Mol. Wi, CMC CMC Aggregation
g/ (mM) Number

Non—-ionic surfactants

Brij 35 0.058 0.06 40

Tween 20 0.14

Tween 80 0.13

Triton X-100 625 0.16 0.25 140

Cationic surfactants
CTAB 364.5 0.33 0.92 60

Anjonic surfactants
SDS 288.4 2.3 8.2 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 so
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 indusiry has used
dimethyiformamide (DMF), 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% methanoi. 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 soivents illuminated by a broad band
light source (i.e. 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 conceniration, 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 neurclogical process of colour, i.e. compounds
absorbing light in the spectral region between 400 and 750 nanometres. From the
chemical point of view, dyes have ali 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 molecuiar 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 (D-D), or between an excited state and an oxidizing or reducing agent
(Norish Type 1; D-O 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 (3Sens#)
are included. The chemical reactions of singlets are less Iimportant 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 (kq) and,
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phosphorescence, the triplet state may react with the ground state dye to produce
a half oxidized dye radical and a half reduced dye radical (D-D). The reaction
mechanism depends on whether the solution is aerated or de-aerated. Type |
reactions produce primarily dye radicals and type [l do not produce dye radicals.
The latter is important in producing singlet oxygen. The light fading of dyes in air
is usuaiiy 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 {o 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 miliilitres was kept in the refrigerator {(about 4
*C). The change in colour and the absorbance spectra was recorded at varicus time
intervals for a couple of weeks. The fluorescence was measured when the originai

solution was diluted by one hundred fold.

2. Hlumination 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. IHlumination by xernon arc lamp - A dilute solution in methanol (approximately
0.1 micromolar) of the dye was Hluminated 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 watt Daylight Simulation Bulb or a 150
watt xenon arc lamp. The solvent used was methanol and the absorbance maxima.
The photochemical absorption decay constant (a) was compared with that of

Fluorescein (a’). The half life (tyx) in hours was estimated by equation .

Abs. Daylight Simulation Bulb Xenon Arc Lamp
in MeOH o/ tx a/a ty
nm hr.:min. hr.:min.
Fluoresceins
Fluorescein L[iV] 491 1.0 417: 1.0 9:
Rhodamines
Rhodamine B [IX) 545 3.4 1500: ND ND
Rhodamine 800 [Xi] 674 2.3 950: ND ND
Carbocyanines
DODC [XX1] 579 0.41 167: ND ND
DOTC [XXil] 695 0.01 4:20 0.46 4:15
DTTC XXl 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
DXXVEHIN 540 0.61 256:30 ND ND
Phenoxazines
Nile Blue A [XLIX] 627 12.5 5290: ND ND
Oxazine 750 [LL1] 662 7.7 3330: 1.4 132:
Phenoxazones
Nile Red [LIiil 550 20.0 9000: ND ND
Thiazines
Toluidine Blue
LV 629 4.8 2000 ND ND
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Figure 3.36: The primary processoes In photo-redox reactions of dyes (Kolzuml et al.,
1978). Where Re Is the reducing agent, Ox Is oxidising agent, and Sens is the dye.
The reaction mechanism D-D, D-O and D-R for the Interactions betwesan the exclted
dye and the ground state dye, oxidizing agent and the reducing agent respecively.
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Figure 3.37: Irraedlance of the 100 W Daylight Simulation tunsten light bulb
compared to a conventional 100 W tungsten light bulb and sunlight.
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3.8.3 Discussion

The absorption spectrum before irradiation showed the So-5: absorption band
in the red and the overlapping weaker absorption band to Sz and the higher excited
states in the blue and ultraviolet. After irradiation, the S¢-51 band became
narrower (reduced parent dye concentration) and a new absorption band of a
photoproduct on the blue side of the So-5S1 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

Ag.e-at 3.3

In A

In Ao - ot 3.4

The photodecomposition decay constant (absorption) [al was compared with that of
Fluorescein («*) to derive the photostability ratio (absorbance) [«'/al. The half life

(tx) in hours was estimated by the following equation.

ty = In 2 -{3.5)
&

The photodecomposition fluorescence decay. of dyes in methanol was
determined as follows:

F = Fo.e~Bt (3.6

In F

In Fo - pt 3.7

The photodecomposition decay constant (flucrescence) [B]l was compared with that of
Fluorescein (B7) to derive the photostability ratio (fluorescence) {§°/8). The half life

- of the dye was estimated by the following equation.
tx = in 2 (3.8
The photostability of Fluorescein [1V] 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 [1X] 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 soiution. This was aliso 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 [XXIi], it changed from biue 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, ali 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 couid 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 influehce the photostability. The
indotricarbocyanines (HITC [XXIV] and IR125 [XXV]D) were more stable than
oxatricarbocyanine (DOTC [XXIID) and thiatricarbocyanine (DTTC IXXIHD. This
refationship 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 [LHI] was more photochemically
stable than Rhodamine 6G [VIlil. At high concentrations (one micromolar or more)
the reduction in absorbance, in some cases, could be atiributed to plating. In dilute
solution they éhowed no significant degradation. The Colour Index (1971) reported
that Methylene Green [LVI] was the most fast basic green dye known. Methylene
Blue [XLVII]}, which was not tested, would be far less photo-stable as it has been

used to produce singlet oxygen for photochemical reactions.
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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
probtem with the phenoxazines and thiazines was their tendency to plate solid
surfaces. This couid be alleviated by a combination of the use of disaggregating
agents (such as surfactants or polar solvents) and the addition water solubifising
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
waveiength absorption is the cyano group.

The tricarbocyanines had the longest wavelength absorbance/fluorescence but
the worst chemical and photochemical stability. This suggested that the
tricarbocyanines as a fluorophore for a covalent |abel was difficult to produce by
derijvatisation. 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, i.e. Styryl 7 and Styryi 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 chromophores 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. lLengthening 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 3.71).

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 heteroatom 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 soiubility 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. MNeutral or anionic dyes have much reduced or no

plating characteristics.
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Chapter 4
4.1 Covalent Labels

Covalent fluorescent iabels have two components, a fluorophore (D in Figure
4.1 and a method of linking to a substrate (Q), 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 an_d 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 (Q in Figure 4.1) from the dye to the
substrate should be resistant to alkaline or acid hydroiysis. 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 labelHing 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 2 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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Fgure 4.1; Characteristic features of a reactive dye shown schematically.

Watersolubilising groups (W) are very important for reactive dyes used 10 covalently bind
to cellulose and proteins. One to four sulphonic acid groups are usually necessary. The
pH of the agqueous dyeing solution is important for the wet fastness. The maxdimum stabiliy
for Remazol Reactive Dyes {(-SO2-CH2-CH2-OSO3H)10 hydmolysis s at pH=5 compared
with pH=6 to 7 for all other dyes. On the acid and akaline side of this maximum the rate
of dyefibre bond hydrolysis increases by a factor of 10 per pH unit [Zoflinger 1987).

The chromogenic part of the dye (D) for the VNIR may be any of those discussed in
chapter 3.

The Bridge bnk {(Q) between the chromophore [D] and the reacilve group influences:

1. The reactivity of the reactive system. The dissociation of the imino bridge may reduce
the reactivity of the reactive groups by several orders of magnitude,

2. The seleclivity or degree of fiation.

3. The stabifty of the reactive dyeing. It is possible to spiit not only the dye-libre bond but
also the Enk between the dye and the reactive group.

Electrophibic reactive groups (RG).

Nucleophilic leaving group-{Q should form a stable ion or molecule after dissociation, for
example, the halbgens (. C& and Br- ions), and the sulphuric acid ester ol
B-hydmxyethylsulphones that forms a sulphate jon.
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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 [molar absorptivity x flucrescent quantum
efficiency is greater than 10000

Spectral or temperal resolution long Stokes' shift and/or long fluorescent
lifetime

Hydrophilic good solubility in reagents, especially

water. Low affinity to serum proteins or
solid-phase surfaces.

Negative net charge low non-specific binding to surfaces

Photostability long-term stability of reagents and the
avoiding of bleaching of the fluorophore.

Simple coupling : retained immunoreactivity of labeled
antibodies

Small size 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 flucrescent 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 phthalocyanines (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 labetled but iabelling
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 suiphonyl 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 investigaied needed by necessity to
be wvery 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 @ 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 abdut fifteen
minutes the product was extracted into 150 mi. of chioroform, washed four times
with 50 ml of water, and then dried over anhydrous sodium sulphate. The
chioroform soluble-soiution 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 [XXV1 and the product [XCI] were characterised by FT-IR (Figure 4.3
and 4.4), absorbance, fluorescence (Table 4.3: Figure 4.5 and 4.8), 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 soivent impurities of the product. Absorbance and fiuorescence
spectra of both IR125 [XXV] (Figure 4.5) and indocyanine Green sulphonyl chloride
[XCI] (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 suiphonyl 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 materia! 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 °*C, in order to slow down the rapid hydrolysis of sulphonyi chloride
groups. Indocyanine Green sulphonyl chloride IXCH was dissolved in anhydrous
écetonitrite and an aliquot of the solution added to the protein sclution.

0.5 mg of Indocyanine Green sulphonyl chloride EXC!] was conjugated with 1
mg/mi bovine IgG in pH 8.8 Tris saline buffer for at least 4 hours beiow 4 “C
and in the dark light.

10 ml of 1 mg/ml human transferine in pH B.8 phosphate buffer saiine was
incubated with 1 mg of Indocyanine Green sulphonyl chloride for at least 12 hours
at 4 *C and protected from light.

The desaiting and the removal of unbound Indocyanine Green sulphonyl
chloride [XCI]l from the protein was carried out by gel fiitration on Sephadex G-25
(PD-10 columns, Pharmacia). 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 1R125 [XXV] and Indocyanine Green sulphonyl chloride

[XCI). The theoretical values were calculated.

Theoretical Experimental
H C N O Na ) Cl S N Cl
IR125% IXXV]
Ca3Ha7N2Na0OgS2 61 666 36 124 30 83 - 9.2 50 -~

Indocyanine Green sulphonyl chloride? [XCI]
Ca3H4eN2NaOs5S,Cl1 58 65.1 3.5 10.1 29 8.1 4.5 9.1 _46 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 (R125 [XXV] and Indocyanine Green
sulphonyl chloride [XCil in anhydrous acetonitrile and the conjugated indocyanine

green with various proteins in varying buffers.

Ex Em

(nm) (nm)
IR125 [XXV] 7831 8151
Indocyanine Green sulphonyl chloride {XCl] 7781 8081
indocyanine Green-igG in pH 8.8 buffer 7942 8082
Indocyanine Green-lgG in pH 7.0 buffer3 none none
Indocyanine Green-transferine in pH 7.0 buffer 7904 8104

1 Anhydrous acetonitrile:

Z2 pH 8.8 Tris saline buffer

® pH 7.0 phosphate buffer after concentration using the microconcentrator.
4 pH 7.0 phosphate buffer
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Fgure 4.3: Drft FTHR absorbance spectra of IR125 DXXV] on the Nicclet DX Peaks at the
following wavenumbers: 3086 (m), 2976 {m). 2921 (m). 2866 (m). 2811 (w), 1522 (vs), 1485 (vs),
1458 (vs), 1405 {vs), 1352 {vs). 1298 (s), 1197 (vs), 1010 (vs), 841 (vs), 800 (vs), 835 (s), 798 {s).
760 (s). 733 (s). 695 (m) and 664 (vs).
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Figure 4.4: Drilt FY-IR absorbance spectra of Indocyanine Green sulphonyl chioride XCI) on
the Nicolet DX Peaks at the following wavenumbers: 3086 (w). 3003 (w), 2950 {(w). 2880 (w),
2370 (w), 2315 (w) 1625 (s), 1400 (vs), 1357 (s). 1277 (m), 1123 (vs). 1085 {vs), 1070 {vs).
1000 (s), 920 (s). 877 (s). 830 (m). 803 (m). T87 (w). 752 {w). 717 {w). 680 {(w) and 664 (m).
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Figure 4.5: Excitation and emlission spectra of a 0.1 micomolar
solutlon of IR125 [XXV] anhydrous acetonitrile.
{Ex 783 nm, Em 815 nm).

8
!

Fluorescence Intensity
-4
1

LA T ok o S B S B S S B AL A I RS B I B e e
600 @625 660 676 TO0 TI6 TS0 V76 800 825 B50 B7F 900

Wavelength

Flgure 4.6: Excitation and emisslon spectra of a 0.1 micomolar solution of
Indocyanine Green sulphonyl chloride [XCt] in anhydrous acetonltrile. {(Ex
778 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 Rfe 0.35 (IR125 [XXVD and a dark green spot at R¢ 0.0 (Indocyanine Green
sulphonyt chloride [XCID. The product formed IR125 IXXV] upon standing in solution
for about an hour as shown by the increased intensity of the spot at Rs 0.35.

Drift FT-IR (Figure 4.3 and 4.4) showed the absence of the characteristic O-
H stretches at 3500 cm-~! in IR125 [XXV] and the appearance of aromatic C-ClI
stretches at 800-600 cm-1. The strong absorbances at 1410-1375 cm-' and 1170-
1205 cm-1 indicated the presence of sulphony! chioride group.

Electron impact mass spectrometry gave no molecular ion. Indocyanine Green
sulphony! chloride {XCI] lost chloride and the conjugation bridge groups quickly
when heated to 100 “C. At 200 °C loss of sulphur dioxide from the aliphatic
carbon chain. At 300°C there was the characteristic breakdown pattern of the loss
of methyl radicals. There was a good correlation between the mass spectra of
IR125 [XXV] and the product [XCI], which showed that the fiuorophore was intact.

Anhydrous Indocyanine Green sulphonyl chloride [XCIl} 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 chioride
[XCI1 was photdecomposed comletely after a day.

The excitation and emission maximum of Indocyanine Green sulphonyl chloride
[XC1] 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 chioride IXCI]l as a reactive dye for proteins was
not pursued further due the wvery low light stability of the product. Storage of the
dye in solvents caused loss of activity and on exposure o light destruction of the

chromophore.
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4.3 Nile Blue allyi

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 [XXVL Also, it is thirty times less expensive. The
reactivity of the primary amine on Nile Blue A [XLiIX) 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 mi of
allyl bromide and 50 ml of toluene were refluxed for 6 hours. Whén 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 IXCIID.

The Nile Blue A [XLiX] and Nile Blue allyl [XCIl] 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 Niie Blue ally! [XCH] was not possible because of their
very low solubility in the wvarious 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 IXCH] with the
values corrected for 95% purity of the starting materiat. The theoretical wvalues

were calculated.

Theoretical Experimental Mol. Wi,
H C N Q Ci N Cl
Nile Blue A chloride
Cz0Hz20N30CI 57 67.9 119 45 10.0 12.1 9.8 - - 353.85
Nile Blue allyl

C23H24N30C]| 6.1 70.1 10.7 4.1 9.0 11.0 9.1 383,92

Table 4.5;: The absorbance and fluorescence maxima of Nile Blue A chloride [XLIX]
and Nile Blue allyl IXCIIL

Abs. Em. Solvent
(nm) (nm)
Nite Blue A chloride IXLIX] 622 658 methanol
619 650 chloroform
Nile Biue allyl [XCil] 627 662 methanol
625 658 chloroform
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Fgure 4.8: FT-IR transmission spectrum of Nile Blue aliyl P41} on the Perkin Eimer 1600 Series.
Peaks at the foflowing wavenumbers: 3131 (s). 2868 (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 705 (w).
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Fgur 4.9: FT-R transmission spectra of Nie Blue A D<XLIX] on the Perkin Eimer 1600 Series.
Peaks at the following wavenumbers: 2948 (vs), 2361 (m), 2343 (m). 1676 (w). 1641 (m), 1586
(vs). 1550 (s). 1500 (m), 1483 (m). 1424 (s). 1374 (m), 1351 (s). 1333 {vs). 1280 (s). 1258 (s),
1192 {m). 1171 (s). 1145 (s). 1128 (m), 1116 (s). 1074 {m), 1061 (m). 10117 (m), 343 (w), 858
{m), 817 {m}, 730 (m). 751 (w), 740 {w), and 706 (m).
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Fgure 4.10: FT4R transmission spectra of Nile Red [LIll] on the Perkin Elmer 1600 Series,
Peaks at the following wavenumbers: 3057 {w). 2965 (w), 2825 (w), 1622 {vs). 1584 {vs). 1558
{s). 1514 {m), 1493 (s). 1460 (m). 1445 {m). 14086 (s). 1378 (m). 1349 (s). 1310 {s). 1280 (m),
1276 (m), 1255 (s), 1201 (w), 1182 (m), 1182 (m). 1129 {w}. 1112 (s), 1078 (m). 1015 (m), 1600
(w). 880 {w), 850 {m). 776 (m). 746 (w). and 708 {w).
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Figure 4.11: Excltation and emission spectra of a 50 nanomolar
solution of Nile Blue A chleride [XLIX] In methanol.
(Ex. 622 nm, Em. 658 nm)
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Figure 4.12: Exclitation and emission spectra of a 50 nanomolar
solution of Nile Blue allyl [CXII] in methanol.
{Ex. 627 nm, Em. 662 nm)
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4.3.3 Discussion

The product [XCIlI] was identified by FT-IR by additional absorption at 943
and 1011 cm-1 caused by C-H deformations and 3131 cm-1 C-H stretching of the
ethylene group. TLC of the product [XCill showed the absence of contamination
from Nile Blue A [XLIX], the starting material and only a smail contamination from
Nile Red [LIIlL. The latter was identified by its R¢, red colour and FT-IR (Figure
4.10).

Nile Blue allyl EXCIl]l showed a slight bathochromic shift as would be expected
by transforming the primary amine of Nile Biue 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 IXCIll was successfuily 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 I[CIV]D) was selected. Dichloro-s-triazines [CIVI]
belong to the most widely used reactive group of the dye industry.

Monochloro-s-triazine (Figure 4.14 [XCVH]D and dichloro-s-triazine (Figure
4.15 [CIVD reactive dyes were the first reactive dyes for cellulose fibres. They
were commercially introduced in 1957 and 1956 respectively by the inventor
companies (mperial Chemical Industries (IC1) and CIBA). After the patent rights
expired, numerous other dyestuff manufacturers started to produce these dyes. This
reactive group can be subdivided into mano-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 chiloride (2,4,6-trichloro—s-triazine ICXD. The monochloro-s-triazine dyes
[XCVIl to CIl] 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 [XCIllD is
increased by higher temperature. The addition reaction (k1 in Figure 4.13) is the
rate determining step. The rate of reaction is increased by making the electrophillc

carbon-atom more positive.
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Table 4.6: Reactivity of N-heterocyclic reactive groups decrease on going down the
table.

Reactive group Commercial Name Structure
dichloro-s-triazine Procion MX Clv
2,3-dichloroquinoxaline Levafix E Ccv
monofluoro-s—triazine Cibacron F XCIX
monochloro-s-triazine Cibacron Pront C
monochloro-s-triazine Cibacron & Procion H XCVHi
2,4, 5-trichloropyrimidine Drimarene X & Z Cvli

Table 4.6 shows that the reactivity of reactive groups decreases on going down
the table. Dichloro-s—~triazines  [CIV] 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 (CiV] are more. reactive than
monochloro-s—triazines [XCVIl to CIlll 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—substrafe with increasing reactivity of the dye.
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Strongly electron-attracting leaving groups, such as quaternary ammonium
groups of pyridine, increase the reactivity of the dichloro-s~triazine {CIV] or
monochloro-s-triazine [XCVIl to CIl} 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 Controlis, 1946) and pyridine aiso
regulates the pH of the reaction mixture by neutralising the chioride 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 [CXID dyes produces a mixture of
CXIl, CXIV and CXV. Under the mild conditions of sodium hydrogen carbonate
almost entirely the mono-substituted product [CXH] is formed. CXIl has a larger
electron deficiency at 4-position caused by the chiorine substituent than the 2-
position bonded to the substrate, so that the main alkaline hydrolysis reaction is to
CXV. The di-substituted product [CXIV] is formed by the further reaction of the
mono-substituted [CXII1l. The hydrolysed product [CXV], formed by the hydrolysis of
CXil and CXlill, 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 [XCVH to CII), 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-posiion causing dye-substrate rupture at the
same time as hydrolysis. The mono-substituted [CXH] and di-substituted [CXIV] are
permanently activated through the heterocyclic ring, the reactivity being influenced
by the inductive effects of the substituents. CXIV is more stable than CXIl 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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Figure 4.16: Cyanunc chlonde [&], also known as 2,4,6-tichioro-1,3.54nazineand
trichloro-s-triazine, is soluble in most ornganic solvents and s insoluble in cold water. in
water above 10C it undemoes mpid hydmolysis {Smolin and Rapopont. 1967)
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Figure 4.17: Possible reactions of a dichkrostrazine dye [(V] in alkkaline medium with
RNH2 being a piotein or amino acid. The mono-substituted product [C41] is the main
product under mid conditions with the hydrolysed form [CV] produced siowly i the
conjugate s stored in aqueous media.
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4.4.1 Method

Nile Blue A anhydro base [LX] was prepared from Nile Blue A chioride
[XLIX). Nile Blue A chloride (1 ¢) was dissolved in 10 ml of acetonitrile and 75 mi
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 Nite Blue A anhydro base was dissclved in 80 mi of 50% (v/v)
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 mi 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/l 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, fiuorescence (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 millimotar Nile Blue S5 {CXVill 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 [CXVII] was carried out
by gel filiration on Sephadex G-25 (PD-10 columns, Pharmacia) and fellowed by
exhaustive dialysis with pH 7.2 PBS.

Two conjugations were carried out with Nile Biue A [XLiX) (the starting

material) and Nile Red ([Li{ll (the major contaminant of Nile Blue A) respectively.

-144-



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 S5 [XCVII1 was tested by dialysing 2 m! 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 [XL1X], Nile Blue anhydro base {LX], Nile Red [LII}], and Nile Blue 5S.

Theoretical Experimental Mol. Wt.
H C N O Cl N Cl
Nile Blue A chioride [XLIX]
C20H20N3QCi 5.7 67.9 11.9 4.5 10.0 12.1 9.8 353.85

Nile Biue A anhydro base [LX]
Cz2o0H19N30 6.0 757 13.2 50 - 12.5 - 317.39

Nile Bilue S5 [CXVIH]
C23H19NeOCl3 3.8 55,1 16.8 3.2 21.2 17.0  22.0 501.80

Cyanuric chloride {CX]

C3aNaCls - 19.5 228 - 57.7 21.2 58.1 184.85

1 MEDAC found by CHN analysis C=51.38X%: H=5.20%: N=15.6%: Cl=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 [XLIX]), Nite Red (LIII], Nile Blue alyl [XCIi]
and Nile Blue SS.

9:1 MeCN:water 6:8:1 CHCl3a:2-butanone:HCOCOH

Rf4 Rfz Rfs Rfg4 Rf1 Rf2 Rfs Rfa«
Nile Blue 0.51 0.1 0.52 0.951
Nile Red 0.91 0.95
Nile Blue allyl 0.56 0.9 0.60 0.951
Nile Blue SS 0.20 0.911 0.31 0.53 0.951

' Nile Red was formed by the heating of Nile Blue A [XLiX] 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 Conjugation protein dye/protein
molar buffer conc. moiar ratio
ratio {mg/mbi) (pH 7.2 PBS)
apo~transferin pH 9.21 2.0 - ND
1:1 apo-transferin pH 9.2 saline2 2.0 1.1:1
2:1 apo-transferin pH 9.2 saline? 2.0 1.5:1
3:1 apo-transferin pH 9.2 saline? 2.0 2.9:1
5:1 apo-transferin pH 9.2 saline? 2.0 3.5:1
10:1 apo-transferin pH 9.2 saline? 2.0 ND
1:1 human 1gG pH 10.33 1.0 ND
3 human IgG pH 10.33 1.0 ND
10:1 human 1gG pH 10.3% 1.0 ND
15:1 human 1gG pH 10.32 1.0 ND
2:1 human igA pH 9.2 saline? 1.0 ND
2:1 bovine insulin pH 9.2 saline? 1.0 1.6:1

1 pH 9.2 sodium carbonate-sodium bicarbonate buffer.
2 pH 9.2 sodium carbonate-sodium bicarbonate buffer saline.
3 pH 10.3 sodium c¢arbonate-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. (ND means not determined),

Ex. Em. Solvent
(nm) (hm
Nile Blue A chloride [XCIX] 622 658 methanol
625 660 10 methanol/water
Nile Blue SS [CXVI] 630 662 methanol
633 668 10X methanol/water
Nile Blue SS-human apo-transferin 640 665 pH 7.4 PBS
642 672 10% MeOH/pH 7.2 PBS
634 ND 50 % methanol
646 671 8 molar urea?l
Nile Blue SS-IgG 640 670 10% MeOH/pH 7.2 PBS
Nile Blue SS-IgA 645 662 pH 7.4 PBS
Nile Red-human apo-transferin none  none pH 7.2 PBS
Nile Blue A-human apo-transferin none _ none pH 7.2 PBS

1 After dialysis for 3 days in 8 molar urea in pH 7.2 PBS.
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Fgure 4.28: Nile Blue SS [WVIl] (the dichloro-strazine derivative o Nie Blue A DAIX]) was
synthesised by the dopwise addition of Nile Blue A PALDG in 50% acetonitrile to cyanuric
chloride dispersed cn ice with continuous stiming over two hours. A few millitres of
hydrochloric acid were added to stop the reaction. The product was isolated by saling out
and washed with hexane  dried.
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Figure 4.19: FT4R transmission spectrum of cyanuric chioride [CX] on the Perkin Elmer 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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Fgure 3.20: FT4R transmission spectium of Nile Blue A anhydro base (124 on the Perkin
Elmer 1600. Peaks at the {ollowing wavenumbers: 3226 (m), 2967 (m). 1636 (m). 1592 fvs),
1566 (m), 1551 (m). 1514 (s). 1493 (m). 1466 (m). 1406 (s). 1374 (m), 1352 (m). 1291 {w),
1267 (s) 1234 (s). 1187 (w), 1148 (w), 1124 (m}, 1105 {(m), 1078 {w). 1017 (w). 996 {w}, 815
(w). 879 {w). 858 (w), B17 (m), 801 (w), 780 (w). 768 {w). and 639 {w).
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Figure §.21: FT-R transmission spectrum of Nie Blue SS [XVIl] on the Perkin Elmer 1600.
Peaks at the following wavenumbers: 3443 (w), 2967 (s). 2776 (m), 2359 (w), 1771 (w), 1716
(s). 1681 {w), 1640 (m), 1587 (vs), 1550 (s). 1485 (m). 1426 (s}, 1407 (s). 1374 (m). 1351 (m),
1333 fvs), 1280 (s), 1257 (s). 1192 (m), 1171 (s), 1145 (m). 1116 (m). 1074 {m). 1062 (m), 1011
(m). 843 (w). 881 (w). 858 (m). 816 (m), 783 (m). 770 (m). 750 (m), 740 (m), and 706 (m}.
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Figure 4.23: Excltation and emiasion spectra of a 0.1 micromolar
solution of Nlle Blue SS§ [CXVil] In 10% methanol:water,
(Ex 633 nm, Em 665 nm).

120

wh
]

Fluorescence Intensity
3

60
40
20
Y e S TR R
560 676 800 625 660 875 700 726 760

Wavelength (nm)

Figure 4.24: Excitation and emission spectra of Nlle Blue
SS-human apo-transferin In 10% methanol:pH 7.2 PBS.
{Ex 640 nm, Em 670 am).
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4.4_3 Discussion

Nile Blue SS ICXVIl] was identified by the presence of strong absorbance at
2967 cm-1, 1761 cm-1 (see Figures 4.9 and 4.21).

TLC of the product [CXVII] showed the presence of Nile Red (LIl as a
minor contaminant, which was identified by FT-IR (Figure 4.8). All the starting
material had reacted.

Nile Blue 5SS [CXVII] 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 S5 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. Aiso, 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 S5 to
human 1gG was due to the use of too high a pH conjugation buffer that promoted
hydrolysis of the dichloro-s-triazine group rather than covalent reaction. The
conjugation with bovine insulin showed that conjugation of Nile Blue 5SS [CXVII] with
small proteins occurred.

Nile Red (LIII] and Nile Blue A [XLIX] were approximately 90% 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 8 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 {CXVIl] 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.

-151-



4.5 References

Banks C.K. (1944), J. Amer. Chem. Soc., 66, 1127-1131,

Banks C.K. and Contronlis J. (1946), J. Amer. Chem. Soc., 68, 944,

Davidson R.S. and Hilchenbach M.M. (1990), Photochem. Photobiol., 52(2), 431-438.

Peters R.H. (1963) Textile Chemistry: The Chemistry of Fibres, volume 1, Academic
Press

Peters R.H. (1967) Textile Chemistry: Impurities in Fibres and their Purification,
volume 2, Academic Press

Peters R.H. (1970) Textile Chemistry: Dyes and Dyeing, volume 3, Academic Press

Rattee 1.D. and Breuer MM. (1974), The Physical Chemistry of Dye Absarption,
Academic Press.

Rattee 1.D. (1978) In: Venkataraman K., (ed.), The Chemistry of Synthetic Dves,
Volume VI, p- 1-36.

Smolin E.M. and L. Rapoport (1967), S-triazines and derivatives, Chemistry of
Heterocyclic Compounds, Interscience, New York.

Venkateraman K., ed. (1972), The Chemistry of Synthetic Dyes, Volume VI (Reactive
Dyes), Academic Press.

Zollinger H. (1990), Colour Chemistry, VCH, 2nd edition. p.167.

-152-



Chapter 5
5.1 Fluorescent probes and immunoassay

Proteins are composed of amino acic;s covalently linked by amide bonds
between the a-carboxylic group of one amino acid and the «-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 smalter and larger proteins also occur. Polypeptides are classed

as having molecular weight under 5000 daitons.

Table 5.1: Naturally occurring amino acids.

Group

Amino_acid

Allphatic side-chains
Aliphatic side—chains with
secondary amine.

Hydroxy! 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

glycine (Gly), alanine (Ala), valine (Val),
leucine (Leu) and isoleucine (lle)

prolin (Pro)

serine (Ser) and threonine (Thr)

phenylalanine (Phe), tyrosine (Tyr) and
tryptophan (Try)

tysine (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 refationship 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.

Cuaternary 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 iscelectric point (IEP) 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 (V] 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 conjugated 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 protamines high proportion of arginine and lysine residues.

10-11 histones complexed with DNA

5-7 globulins e.g. serum globullns. 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. Solubie in
water.

Table 5.3: Complex proteins.

class notes

glycoproteins e.g. membrane glycoproteins have one or more sugar residues
attached to the serine, threonine, or asparagine side-chain of
the protein.

lipoproteins protein complex with fatty acids that occurs in many animal
cells.

nucleoproteins nucleic acids are non-covalently bonded to proteins.

chromaproteins 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.

phosphoproteins orthophosphoric acid linked to serine and threonine by ester
linkage occur in milk and egq volk.
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5.2 Fluorescent probes

Proteins form complexes predominately with anionic or neutral smail
molecules. The fluorescence character of the small molecules and that of the
protein may be altered upon formation of the complex. If neither the smail 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-tovalently bound
fluorescent labels have aiso been used to study dye-binding to macromolecules and
as probes for some feature of macromolecuiar 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 |R125 [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 labelied with IR125 [XXV], after gel chromatography (Sauda et al., 1986;
Imasaka et al., 1989). More recently, four different carbocyanines (DTDC, DTTC
XXIH], DODC XXl and DOTC [XXIID have been evaluated to determine their
binding to serum proteins (Wilberforce and Patonay, 1980).

In 1984, Tayior 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
biomolecular 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 technigue
is coupled with microscopy (Oseroff et al., 1986). Menzel et al. (1986} used
carbocyanines and merocyanines to study electrical damage in insulators by

attaching flucrogenic labels to damaged surfaces.
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5.2.1 Method

The near infrared dyes, Nile Red ILHI] and DTTC [XXIII], were investigated
as probes in conjunction with two proteins; bovine serum albumin (BSA) and bovine
a1-acid glycoprotein.

An aliquot of dye from a methano! stock solution was added to aqueous pH
7.2 PBS buffer solution containing 1.0 micromolar of bovine «i1-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 fina! solution was 0.3 micromolar. The protein was

never exposed to more than 1% v/v methanol.

5.2.2 Resulls

Table 5.4: A summary of the results of dye-protein binding studies of two near
infrared dyes (Nile Red [LIII1 and DTTC IXXH),) with the proteins bovine serum
albumin (BSA) and al-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
ay-acid glycoprotein 550 655 small enhancement
DTTC unbound 700 780 constant over time
bovine serum albumin 700 780 moderate enhancement
o1—-acld glycoprotein 700 780  very small enhancement
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Figure 5.1: Time dependent fluorescence at 780 nm on the IMUC-T000
Photodlode Array Detector of DTTC bound to bovine serum albumin In pH 7.2
PBS. BSA and DTTC concentration were 0.3 and 1.8 pyM respectively.
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Figure 5.2: Time dependent fiuorescence of Nlle Red bound to BSA In pH 7.2
PBS and excltation at 5486 nm on the IMUC-T000 Photodiode Array Detector.
BSA and Nile Red concentration were 0.3 and 2.0 micromolar respectively.
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Figure 5.3: The fluorescence decay with time of 0.3 micromolar
Nite Red [LUHI] bound and unbound to 1.0 micromolar
alpha-1-acidglycoprotein In pH 7.2 PBS buffer at 25 °C.
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5.2.3 Discussion

The Nile Hed-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 hydrophitic to a hydrophobic one (Sacket and Wolff, 1987).
This conclusion is supported Nile Red's [LI] 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 [LIII] 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
[LIN in aqueous buffer was due to dimerisation causing the dye to become
insoluble and hence precipitate out of solution as already described in Section 3.7.

DTTC XXl 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 [XXIlI] 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 IL1II] bound to ail-acid 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 smali amount
of Nile Red bound to the protein. In another experiment the excitation wavelength
was shown not to shift with or without the ail-acid glycoprotein,

DTTC IXXIIN and «1-acid 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 al-acid glycoprotein.

From the initial results, it can be seen that the binding of the near infrared
dyes (Nile Red (LII1] and DTTC IXXIID 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 sclentists (Sherry, 1892). The presence of
similar target motecules demands a highly selective analysis. The labile nature of
biological molecules and molecular interactions such as protein binding of smail
molecules present further problems. The high demand for such analysis, especially
in medicine, environmental and food science, means that the technigues must be
simple, robust, low 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: 1gG, IgM, IgE, IgA and IgD. The principie buman
antibody is immunogiobulin G (IgG), 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 1gG structure can be divided into three
fractions: two immunologically active antigen binding sites (Fabh-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 specificities while the
overall structure of all 1gG 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 develioped
by Palmer et al. (1992).

Polyclonal antibodies are produced by repeated injection intc an experimental
animal of antigen, or in the case 'of a small moiecule (called a hapten) a conjugate
with a polymeric carrier. The antibody molecules are recovered from the animal's
biood 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 immuncassays, especially from the commercial point
of wview, because of their unlimited supply, molecular homogeneity, and defined,
unchanged properties.

In a typical competitive binding immunoassay (Figure 5.4) a labelled antigen
(Age®) 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 (Age) and unlabelied 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 séparation' 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), WNon-isotopic immunoassays are normally less sensitive than
radioimmunoassays, 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, chemiluminescent groups or fluorescent groups.
Table 5.5 summarises the detection limits achieved by wvarlous 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 (ELISA) approach <{(Engvall and
Perimann, 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 commonty used enzyme immunoassay
is the homogeneous enzyme multiplied immunoassay technique (EMIT), this was the
first commercially available non-isotopic immunoassay method (Rubenstein et al.,
1972).
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‘Figure 5.4: Steps In a typlcal competitive binding immunoassay.
Y = antlbody; Ag* = labellad antigen; Ag = antigen.
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Table 5.5: Summary of the detection limits achieved by various non-radiocisotopic

labelling methods (Diamandis and Christopoulos, 1990) .

Method mol/|

Fluorophore labels 10-9 to 10-10
Luminol and isoluminol chemiluminescence 10-9 to 10-10
Enzyme labels 10-10 to 10-11
Acridinium ester chemiluminescence 10-11 to 10-12
Europium chelate time resolved fluorescence 10-12 to 10-13
Enzyme label with fluorogenic or chemiluminescent 10-12 o 10-13

5.3.1 Heterogeneous immunoassays

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 immunocassay. 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 immunoassays

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 smail 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 soiution, where background signals are very iow. The
absorption and emission bands of the coﬁamonly used fluorescent labels (Fluorescein
[Vl derivatives, Fluorescamine, Rhodamines B [IX1 derivatives} lie in the spectral
region where interference Is llkely from Intrinsic fluorophores such as proteins,
haemin, NADH, bilirubin and albumin bound bilirubin, drugs, etc. The practical
applicability of any flucrogenic labelling method depends on its molar absorptivity
and fluorescence dquantum 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 likellhood 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,
s0 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 rapidgly and
lose thelr orientation within about 5 nanoseconds, which js 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 (Uilman et al.,, 1976) homogeneous
immunoassay, an analogue of the analyte is labelled with one fluorophore (the
denorland the antibodies are labelled with another fluorophore (the acceptor). The
energy transfer quenches the fluorescence of the donor flucrophore and
subseguently enhance the fiuorescence 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 Methed

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:
Age) 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 Bilue 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 (Beaconsfield, Buckinghamshire,
UK)Y 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-transferin
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 55-human

apo-transferin conjugate would be a suitable labelled antigen for an immunoassay.
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Ag* In the supernatant has severely reduced fluorescence.

Figure 5.5: Schematic dlagram of the 2nd antlbody Immunoassay
Ab = antl-transferin antlbody ralsed in goat,
Ag* = Nile Blue SS8-human apo-transferin cortjugate.
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Figure 5.6: Fluorescence spectra of the Nlle Blue 8S labelled human

apo-transferin and antl-transferin complex before and after the addition of
anti-geat antibody.

- 168 -



5.4 Conclusion

Nile Red ILIII] 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 iarge molecuies are labelled, however it is
a problem if small molecules are labelled as was fourd by Palmer and Webster
(1992) when Nile Blue A [XLIX] was used to label a sulphonamide. However, Paimer
and Miller (18993) have shown that the small drug Theophyline can be labelled with
Nile Blue A [XLIX]l. This suggests that Nile Blue $S 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

foliowing equation:

F = 1oA) € b ¢ B¢ Tax(B,A) faet(B,N) 6.1

lo is the incident radiation at wavelength A, € is the motar absorptivity (dm3 mol-1
cm-3) of the solute with a molar concentration ¢ {mol dm-3) and with cuvette path
length b (cm). ¢r is the fluorescence gquantum efficiency of solute. fex(B, A} is the
throughput of excitation monochromator/filter at wavelength A and solid angle 6.
faet(8,0) is the detector responsivity at the specified wavelength A and solid angle
8.

Fluorimeters 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 photomuitipliers in this region. The exchanging of the photomuitiplier
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 fiiter fiuorimeter
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 Conventionai 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 a2 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 Is ionised and some of the absorbed energy is 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 fiuorimeters,
individual mercury lines appear at 253.7nm, 313nm, 365nm, 404.7nm, 407.8nm,
435.8nm, 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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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 maferials 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 subp!y is
required to start and operate them. Ignition occurs when a fast high voltage puise
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 limiled by the siow
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 180 to 750nm (Figure 6.2a) with
negligible line structure. From 800 to 2500nm the continuum deciines 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 popuiation
inversions are caused by optical pumping (continucus wave operations) or pulsed
electrical excitation. The intensity, spectral purity and both teﬁporal 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 Wavelength
{nm)
Solid State Lasers
Nd-YAG frequency doubled 532.4
Ruby (aluminium oxide doped with chromium) 694.3
Nd-glass (glass doped with neodymium) 1064.8
Nd-YAG (yttrium aluminium garnet doped
with neodymium) 1064.8
Gas Lasers
Neon (ion) - pulsed operation only 235.8, 3324
Nitrogen (N2) 337.1
Helium-cadmium (MHe-Cd) 325.0, 4416
Argon (ion) laser 457.9, 465.8, 472.7, 488.0
496.5, 501.7, 520.8
Krypton (ion) laser 468.0, 476.2, 482.5, 514.5
568.2, 647.1, 676.4
Argon-krypton (Ar-Kr) laser 457.9 to 676.4
Helium-neon (He-Ne) 632.8, 1153
Carbon dioxide (COz2) laser 10600
Light emitting diodes
Blue 455 to 470
Green 560 to 570
Yellow 580 to 590
Red 635 to 695
Near infrared 780 to 820
Infrared 930 to 950
Laser Diodes
GalnAsP/GalnP diode 635 to 690
GaAlAs/GaAs 700 to 900
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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 (LD) 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 jnction between p-type and
n-type semiconductors, the Fermi level on each side of the jnction 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 popuiation 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 lasing 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 gulded 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 giass 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 (i.e. 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 monochromators

Gratings 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 paraiiel 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 Qith 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 iight 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
efficlenéy and the blaze efficiency decreases rapidly the further away from it.
Grating spectrofluorimeters, like the Perkin Elmer LS50 and the Perkin Elmer MPF-
44B, 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 ethyiene glycol and are used to correct the spectral anomalies caused by
the monochromator and light source. The gquantum 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 monochromator, 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 that
has constant transmission over a wide wavelength range and decreases the light

intensity of strongiy fluorescing compounds.
An Interference filter consists of glass or silica coated with different thicknesses

of materials of vaiying 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 littie
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 90% throughput.
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6.4 Sample Area

Fluorimeters generally have standard rectangular cuvette holders of one
centimetre pathlength. The sample holder aliows reproducible cuvette location with
the optical faces of cuvettes perpendicular to the Ilight beam. Cuvettes are
fabricated from four highly polished pieces of glass or silica with a path of 1 cm
and 2-3 m! 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 disposabte 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.

Wavelength (nm)

glass 340 - 2400
silica 220 - 2400
ultraviolet grade silica 185 - 2400
polystyrene 400 - 1100
acrylic 390 - 1100

Reflective coated cuvettes have the window opposite the incident light and that
perpendicuiar 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 flucrescence of the material produces large blank values that

are much reduced in the near infrared.
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Flow cells are devices that alow semi-automatic filiing 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-controfled sample 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 cuvettes
were determined on the Perkin Eimer MPF-44B Spectrofluorimeter at 25 °C in HPLC
grade methanol (BDH, Poole). The fluorescence intensity was measured for at least
five different concentrations of dye. The LOD 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 Agx was the excitation wavelength used and
for some of the dyes was lower than the absorption wavelength maximum because

of very narrow stokes shift. Aem is the emission wavelength maximum.

AEx AEn Silica Reflective Acrylic
(nim) (rnm) cuvette coated cell cuvette
(g/ml) (g/ml) (g/mb)
Xanthenes
Fluorescein 4807 530.- . 2.39x10-10 4.92x10-10
Phenoxazones
Nile red 565 638~ 3.00x10-11
Phenoxazines
Oxazine 4 608 632 > 4.00x10-11
Nile blue A 622 660 7.00x10-11
Carbocyanines
DOTC iodide 665 7 7057 - 1.40x10-10 3.48x10-10  3.64x10-10
HITC iodide 7207 780 2.56x10-10 2.81x10-10
DTTC iedide 73C¢ 788" 5.10x10-1¢
iR125 770 830~ .  5.83x10-10  3.86x10-10
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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
waveiength. 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 LOD 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
XXHI1 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 ceoincide 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 difficuit 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 350mm. So
below and above the blazing wavelength the efficiency falls of severely. Beyond
650 nm this is significant. The red sensitive photomultiplier R928 has a sensitivity
from 185 to 900 nm, with maximum sensitivity at 400nm, which decreases beyond
700nm. Obviously a different instrument would vyield a change in the Ilimit 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 Photomuitiplier Tubes (PMT)

Photomuitipliers 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 eiectron reaching
the first dynode causes two or more electrons to be emitted. These electrons fiy
off to hit the second dynode (D2) thatl 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 R928 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-1 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 (S-2
to S-24). The R928 PMT is of the latter type.

6.5.2 Microchanne! 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 smail current flows through the material on the inner surface of the
tube generating 2 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 ijunction and current flows wunder 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.

-189-



PRIMARY

/ ELECTRON OLASS TUBE

|
l— -:/—"

=

.
1000 V

Figure 6.8: Schematic diagram of secondary electron amplification in a

microchannel. The primary electron at left is assumed to come from the
photocathode (Budde, 1983).

(A/%)

Responsivity

Figure 6.9:

photodiodes.

(Yeh, 1990)

jideal photodetector

1.0 | \/
P
s

V4 InGaks

° [| 11 i 1 | X i i | 1
0.6 0.7 o0& 0.9 1.0 1.3 1.2

Wavelength (pm)

Typical current responsivity of silicon, germanium, and InGaAs p-I-n
The responsivity of an ideal photodiode is shown as the dashed line.

-190-



Photodiode arrays (PDAs), plasma coupled devices (PCDs) and charge coupled
devices (CCD) consist of array of silicon detectors constructed as an integrated
circuit. Light causes a charge to accumuiate in the series of diodes that are
sequentiailly read and reset. The voltage is amplified and converted by an analog-
digital (A/D) converter into a series of digitized readings for computerised
processing. The time to scan these diodes is determined by clock pulses of an
externa! 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
ilumination, 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 (APD)

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 (Mcintyre, 1970). In the
wﬁvelength 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 the 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 V. The breakdown voitage Vir is dependent oﬁ
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 smali
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 mm2. Silicon and germanium photodiodes are the smallest and fastest

detectors with areas of approximately 0.008 mm2

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 voitage.

The responsivity for

photomultipliers and microchannei 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 Slze Spectral Temperature Blas Response
range responsivity range voltage time
nm mm2 A W-? “c v ns
Photoemisslve detectors:
Photomuitiplier tube .
S-1 400-1200 80-280 470-2000 -196-20 10%-5000 3.5-15
5-2 to 24 180-950 14-12000 102-3x1046 -20-50 750-6000 .5-15
Microchanna!l plate 300-900 120-500 100-104 - 600-1072? .3
Junction semiconductor detectors:
Slllcon photodiodes
unblased 250-1100 .85-800 .45-0.62 -50-100 zero 9-1500
blased 250-1100 .01-800 .45-0.6 -50-100 1-200 .030-200
APD 250-1100 .007-7 2-85 ~40~125 30-550 .08-2
Germanium photodiodesa
bliased 400-1900 .01-80 .6-2.5 -200-55 0-20 .5-200
APD 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. S-1 photomuitipliers 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 wvolts 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
nanaogram 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 f'econverted 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 2B0 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 miliiseconds (one second)
was used in all fluorescence intensity comparison studies and an integration time of
five hundred milliseconds was adopted for limit of detection (LOD) determination.
The IMUC-7000 was interfaced to an IBM-AT compatible personal computer. The
shortest repeat time for this Iinstrument 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 (Imatronic Ltd., Newbury). The laser
diode's peak wavelength measured by the IMUC-7000 was 677 mm. 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 (Beaconsfield, 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 [LIH], DOTC [XXI and

DTTC EXXH!1] in methano! 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 rm) (730 nm)
275 W xenon arc lamp: '
with filter 0.5 5.6 <0.01
without filter 10.0 28.3 1.7
50 W tungsten halogen lamp:
with filter
without filter 0.1 5.1 0.1
2 mW 670 nm laser diode
without filters - -100,0? -

Table 6.6: Limit of detection (ng/ml) comparison between diode array detection and

a conventional fluorimeter. The figure In brackets are the peak wavelengths of the

excitation filter, where used,

Nile Red DOTC DTTC
(546 nm) (660 nm) {730 nmd
Diode array spectrometer
(without filters)
275 W xenon arc lamp: 2.0 3.9 10.1
50 W tungsten halogen lamp: 4.0 9.0 11.5
2 mW 670 nm laser diode - 1.6 -
MPF-448 Spectrofiuorimeter
150 W xenon arc lamp 0.1 1.1 0.5
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6.6.3 Discussion

Comparison of the relative fluorescent intensities measured at 638 nm for
Nile Red ILHII 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
IXX11] and DTTC IXX111) 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 [LII using no excitation filters were
comparable for the two continuum light sources (Table 6.6). The conventional
fluorescence spectrometer offered lower background signai and a far more sensitive
detector in this region, resuiting in the LOD being significantly better at 0.1
nanogram per millilitre.

DOTC [XXH1 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 small (30 nm) Stokes' shift (Figure 6.12). The LOD 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 [XXilll detected by the diode array
system resulted in the LOD being twenty times poorer than on the conventional
spectroflucrimeter. This was due to the poor performance of the image intensifier
at the emission wavelength (788 nm) of DTTC IXXIH.

DTTC IXXiH1 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—fluorcphore 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 [LIll] from 663 nm
(buffer) to 615 nm (Nile Red-BSA complex) may be atiributed to a change from a
hydrophilic to a hydrophobic environment (Sacket and Wolff, 1887). Nile Red [LIIi}

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 fiuorescence spectrometry has excelient
potential as a trace analysis technique, with LODs comparabie 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 LODs. |t 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 potentiai 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 wvarious 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 puising unit. Laser
diodes are routinely pulsed in excess of a Gigaherz (one million Herz). 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 angies to the
laser diode. The fluorescence cuvette was filled 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 mm2. 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 [XXIIl 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 (XXill 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 proportionai 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-2, but at 2m the same power is % Wm-2.

The direction at which the incident beam is observed is aiso 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 fiux.

For example. 1.0 X 1W = 1 Wat 0

0.707 x 1w 0.707 W at 45°
0.5 x 1T 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 (fransmission} method is seldom used but has been used for the

determination of uranium with lithium fluoride-sodium carbonate,

The rotating cell method (Figure 6.16¢) 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 pathiength 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 fiuorescence radiation by the sample. The difference between
positions 1 and 3 (Figure 6.16¢c) 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 narrow
tempora! 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/mi of Fluoranthene (Richardson and
Ande, 1977} and 0.02 pg/ml (shibashi et al., 1979 or 1 picomolar (Bradiey 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 repiacing 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, deveioped for telecommunications and data
processing, has the advantage over conventional lasers of being cheaper, smaller
and has a long life (approximately 103 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 0°C (Kawata et al., 1986) and in
the vyellow spectral range (585 nm) at liquid nitrogen termperature (Hino et al.,
1986) was demonstrated. As yet no commercial laser dic;d‘es’ in these regions are

available and only in 1992 did Philips 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 (LiNbO3) non-
linear crystals grown and formed as waveguides. This frequency doubles the input
radiation and hence haives 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 LiNdO3
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 al,, 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 (imasaka and Ishibashi, 1990). In 1984, Imasaka and co-
workers detected some polymethines down to a concentration of & 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 al.,
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 |l laser, s0 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 probiems.
These are other good reasons for using 635-680 nm laser diodes.

Puising 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 eiaborate 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 smali, only
0.25 mm2 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 fight from a LED is more divergent than that of a laser diode
(see Figure 6.18). Coilimation 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 al.,, 1986). Imasaka and co-
workers in 1983 determined phosphate using a LED-based absorption measurements.
Smith et aI: 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/| 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 ILIII] down to less than 1 micromolar using a

photodiode as a detector.

6.8.4 Tungsten halogen lamps
For a 50 W tungsten halogen lamp, it has been shown that the photon fiux 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 fiuorimetry. 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%) compared to
conventicnal interference fiiters (about 10-20Am and 40X efficiency) means that the
tungsten halogen has simitar 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 seriousiy influence the other components and the fiuctuation of

intensity with a change in the current.

6.8.5 Photodiodes

Silicon photodiode 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 photodiodes can cope with fast changes in light levels and so lend
themselves to time-resolved fluorescence measurements and as detectors for high
preséure 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 (Summerfield and Miller, 1993).
Simply by dispersing the light using a2 monochromator grating over the photodiode

array.
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6.8.6 Calibration of near infrared fluorimeters

Calibration of the monochromators in the near

is a problem especially
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 spectrofiuorimeters (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
1.5-50, 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) (nm) (nmp
Acrylic blocks
Block 1: Anthracene and 290 322/336 323/334 317/332
Naphthalene 340 380/401/424 378/400/426 ND
Block 2: Ovalene 350 462/482/503 463/468/501  459/478/500
Block 3: Perylenel 396 ND ND ND
Block 4: 7,8 Benzo-
quinolinium 290  348/365/384 347/364/383 ND
Block 5: Coronene 340  427/438/445/ 4A26/437/445/
454/474/484 453/474/507 ND
Block 6: Rhodamine B 490 573 568 563
Block 7: Triphenylene 290  354/362/371 354/361/370 ND
Block 8: Tetraphenyi-
butadiene 360 420 422 ND
Dyes in methanol!
Cresyl Violet [XLVIH] 580 620 615 611
Nile Red LI 550 628e £610e 609e
Styryl 11 [XXVIHI] 560 626 ND 610
Nile Blue A [XLIX] 620 670 660 ND
DTTC [XXiN 730 785 780 ND
IR125 [XXV] 750 830 817 ND

1 this fluorescent block showed no fluorescence as and hence the perylene was
assumed to have decomposed.
e ethanol

The wavelengths longer than 650 nm could not be tested on the Shimadzu

RF-5001PC because the spectrofivorimeter did not posses a red sensitive
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photomultiplier tube unlike the two Perkin Eimer 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 photomuitiplier tube.

No acrylic block standards of dyes beyond the longest wavelength acrylic
block standard containe Rhodamine B (Ex. 490; Em. 568). These standards were
produced by Starna (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 fiuorimeters used
for filow 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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photodiode detector.
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6.8.8 Optical fibres

Opticat fibres were developed mainty 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 al., 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 al., 1985; Milanovitch et
al., 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 loss. Upon exiting the fibre, the light impinges upon the sampie 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 opticat fibres and solid state components (i.e. laser
diodes, LEDs, photodiodes 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. Col‘Iection 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.

-215-



6.8.9 Read-out Systems
The final tink 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 usuaily
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 finearity 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 intensitly on the x-axis and
wavelength on the t (time) axis. The t axis s 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 contindcusly 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 a2 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 resuits. The setting up of such
an instrument is usually just a matter of chogsing 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.

Instrumerit controls help the communication between instrument and the computer.
These include setting the starting and ending wavelengths, data interval, slit widih,
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 Manjpulative - 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 (masaka et al. 1984 to
1990: Kawabata et al. 1989: Okazaki et al. 1988), Miller (Miller, 1990; 1993:
Summerfield and Miller, 1993: Brown et al., 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 Wolfbeis, 1989;
Wolfbeis et al., 1986). The obstacles to be overcome are reasonably straight
forward and require the application of expertise from varjous 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 Iinfrared 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
jikelihood of background fluorescence. Most blologicai 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 1.8). 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 (i.e. Nile Blue A [XLIX], Nile Red IL!I}, and
Oxazine 750 {LHD were about an order of magnitude more stable than Fluorescein
[1V], 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 a2 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
Biue A [XLIX]1, Nile Red ILIII], Oxazine 750 I[LII} etc.) and thiazines (e.g. Azur A
(Livl, Azur B ILV], Methylene Bilue [XLVI] 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 'tenidency 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. POTC [XXIH, DTTC IXXHI] and IR125 [XXVDE have
the longest wavelength absorbance/fluorescence but the worst chemical and
photochemical stablity. Tl;icarbocyanines are difficuit to derivatise 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. thiazolium squarylium
EXX1X] and thiazolium crﬁcqnium [(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 ;iyes 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 LI
shows good probe characteristics with bovine serum albumin because the
fluorescence of Nile Red [L!II] bound to BSA is stable and the unbound dye decays
quickly. The flucrescence of unbound Nile Red (LIH] 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. lon pairing that occurs with compounds with opposite
charges (such as Methylene Blue [XLVI!] 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 fjarge dye molecules with
molecular weights in excess of 1000 and suffer from the problems of lack of
solubility, steric hindrance and an inclination to dimerise. 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 maximum of dyes may genergzlly 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 substituents (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 [LIl}] absorbs 565 nm.

e. Substitution para to the heteroatom causes a bathochromic shift. For exampie,
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 dves (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 solubllising groups to an existing flucrophore. The properties
required of a label can therefore be designed into the molecule. The most
promising 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 uitraviolet-visible labels.

Near infrared fluorophores could be used in conjunction with visible
fluorophores as labels in 2 dual assay where a number of analytes are customarily
measured together in the same sample. Typical analyte pairs include the thyroid
-hormones, T3z and T4 (Denning et al., 1979), T4 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 [VID and Tetramethyl-

rhodamine isothiocyanate (TRITC), in detecting IgD and IgM on lymphocyte surfaces
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at 627 nm and its hydroxy! analog-Nile Red ILIl{] 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 (suiphur).

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 (labelis) 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
promising 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 ultraviclet-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, Tz and T4 (Denning et ai., 1879, T4 and TSH (Bluett et al., 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 (VI and Tetramethyl-

rhodamine isothiocyanate (TRITC), in detecting igD and IgM on lymphocyte surfaces
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(Loken et al.,, 1977) and for the identification of bacteria with a fluorescence
microscope (Gillis and Thompson, 1978). Sidki et al. (1985) produced a double label
-simultaneous fluorescence immunoassay for primidone and phenobarbital, using FITC
IVl] 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 homogenecus immunoassay (see Section 5.3.2). A potential pair of labels
could be Texas Red [XIH} (Ex. 595 nm/ Em. 620 nm) and Nile Blue SS [CXVH]
(Ex. 840 nm/ 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 fluorcphore and the long
wavelength fluorophore would label the antibody.

As alreadyA 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 (Edidin, 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 bhas changed rapidly with the introduction of solid state
detectors based primarily on silicon semiconductors, such as photodiodes, diode
arrays and avalanche photodiodes which opeérate 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 fluorimeters to expensive
research instruments with diode array detection (such as that discussed in Section
6.6). Only when specifically designed fluorimeters are avai!ab{e 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 spectroscopic 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 aliows
great flexibility of the use of the subsequent instrument. These could be used to
transmit the tight 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 flucrescent 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 regior.\ 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 poteﬁtia! required that Is expensive. This makes instruments
using a photomultiplier tube as the detector buiky, 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

~225-



using a monochromator.

Avalanche photodiodes can cope with fast changes in light levels and so lend
themsetives to time-resolved fluorescence measurements and as detectors for
transient signals from high pressure chromatography (HPLC) or flow injection
analysis (FlA).

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 IMUC-7000).
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Bibliography
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Xanthenes

Fluorescein (e.g. Fluorescein, Uranin, Rose Bengal)
Napthofluoresceins

Benzolclflucresceins

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

Oxacyanine (e.g. DODC, DOTC)

Selenacyanine

Benzimidacyanine .

Thiacyanine (e.g. DDTC, DTTC)

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, {R140)

Asymmetrical cyanines
2.2'-asymmetrical cyanines
4-quinolium cyanines
Styryls (hemicyanines)
Styryl-4-quinoliniums
Pyridinium cyanines

Merocyanines
Merocyanines
Rhodanines
4-quinoline rhodanines
Merocyanines
Meracyanines
Merocyanines
Merocyanines

Azines .
Phenoxazine (e.g. Oxazine 4 and Oxazine 725)
Benzolalphenoxazine (e.g. Nile Blue, Oxazine 750)
Phenoxaz-3-one (e.g. Resorufin, Gallocyanine, Prune)
5H-benzolalphenoxazin-5-one (e.g. Nile Red)
9H-benzolalphenoxazin-9-one
10H-benzolalphenoxazin-10-one
Thiazine (e.g. Methylene Blue, Azur B, Toluidine Blue)
Thiazin—-3-one (e.g. Methylene Violet)
Benzolalphenocthiazin-5-one

Phthalocyanines
Phthalocyanines Trade Names and Manufacturers
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Eouin Yal lowleh (YD) 518 7.4 S0’ o 7.1 rad red o lnPy, G, Yeilow In H2904, on dll orenge ppt
& Cnl #1=0.76 alknline, &f=0.18 watiar,
o0, 58 EtOHs =D, 9ne EACH,
Phe20rm, dp=0.001 water
Pink with |t green fl. in watar
1X poin 1a H2O previously sdjusted
to pHY has & pH of 0.7
45380:2 18088-94-0 CI Sotvent Red 43 (free scid) XM 2,4,5,7-Br4 f.x 0 N watar 0.08% 1IX & inXyl, Py, As Ecaltn ¥ (CI MNs.45380)
Easln Asld a1 <] alkatina In cold EGME & EG Almost colourless In E4CH & wylens
s hot ve InD & Ac  Acld-base Indicator,
s In Cht
fosln-8-|scthlocynmate oK 2,4,8,7-8rd x4 10.1 043 mesthano ! p> e - s In DWF Isathiocynnates ara unstable [n
4'-NC3 water
43385 23391-45-3 Mathyl Ecsln OCMe  2,4,5,7-Brd =25 [ -} water . 1Xx 1% In BE Yallow In HZ3O4 on dil. brownish
€) Solvent Red 44 Inhot rod vellow ppt. Derker red wcin. with
charry graan f1. In NaCH.
red Charty ted in hol water.

Red with browny yetlow f1. In EtCH
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A1: Fluorescein

i Mo CAS Dys N Posltfon Othar Abmorb- = x 104 Fluor=  Solvent okm Solubl]ity Othar
2= Poslition -nce I-low1  ascenca H2O EtCH Othar Informat lon
- m So|vents
45320 2324-07-5  Flucrasceln (disodium sefi) CO0Ns 437 .01 mone pH O 2.2 50.02% T.19X 10X OMI0, N fluorascenca when scidl|flad
Fluarescein sodium: Uranin 437 1.458 oM ot 3.3 4.4 & §In Xyl, Chi. LDAG for mice (oral} te 4738 mo/ky
Cl Acld Yellow 73 455,475 3,10 810 pH 8.5 8.7 ss InD & Py, 1080 for rats Coral) ls 8721 ma/ko
488 8.8 M4 pH 8.2 2 In Ac & G1. pH4 (pink with green fluorescence)
a9 7.04 =18 pH 12 pH5.0 (yellowish rad with gresn
01 8.3 531 basic EAOH flvarescence)| Merck 11-4085
498 8.5 5318 basla MeH Yellow wiih fluorsscance In H2S04.
on dil, yallow with yellow ppt.
Darker soin. with a dark grean
fivorescencs tn NaCH.
#ra0.03 NaOH1 #7=0.81 watar
im0, 90 alk, EOH: cf=d.O5n HRO
1X soln. In HZ0 previously
adJusted to pHY han u pH of 9.5
4533011 15318—47-8  Fivarescein (fres mcid) OH ua Flyerasceln podiun 0.03% 221X s In d1), aikall Marck 11-4087:1 as sbove
€I Solvent Yallow 94 B, Xyl & Aa.
se InD, Gl & Oni
ve In Py,
S-Fluoresceln Fsethlocymnate O0H 4N A 7.2 820 e €0.01X 2.21X & InDWF & - 221-222,8 °C
FITC {1scmer 1) . piD8 SUME ~HCS 12 unstebis In water
@-Fluarescaln lsothiocysrate COOH 5'-NCS 431 8.3 a2 p & #1=0,3-0.8 on dinding o pretein
FITC {lscmar 2)
8.4 ,0-dIchlorotriaxiny | Jamino- COONe: 4-0T 452 8.8 810 pHa pDe s In t8F
fluorescain (5-DTAF)
308-34-9 Fluorescainmina, lpaser 1 [eee )] LA ] 493 a19 pH 8 0.1% & In BEE wp 223 *C (dec)
4-Amines luoresceln
51849-83-3 Flucrescalinemine, lsomer 2 M o -NH2 an a0 pHE 1% X 10X In EGME wp 283 *C (dec)
S=Am!nof lworesce In
4283 Cl Acld Yallow 74 OocH 2-tu-Ph N -] . Breown with gresn 1. In water
Yallew In HZS04, on dFlution brown
- vollow ppt.
4505 Y-S0 4,5d1chiorof luerascaln COONS 4,5-Cr2 -] 1.0 [ ] baslc EtOH 4.6 <0.01% = s in Ac, EGME  Ysltow In HZB04 on dilutlon brown
€I Salvent Orange X2 203 [ ] walar ws In THF yallow ppt. Rad In NafH. Orance &
as In G, E, EC yullowy green fi. In water & EtCH
tinells, pitd (weakiy gresn) te ph (more
fate & yaxes. Interme grean)) Mwrck 11-3028
.
45308 €1 Sotvent Red 42 COH 2,4,8,7Cls ] L 1 ® In X NaTH
45370 4372-02-3 4, 5-2|bravafiverascaln CO0Na. 4,5-8r2 490 2.4 w athano| »e s 8 lnhe, GI, D, Orenga with falnt yellow fi In HXO
€l Aaid COrange 11 20 ] wter orange orangs Chl & Py, Orangs with paa gresn 1. In EACH
Eoeln M L 0, MM ve In THE & sc. Pink with yaltow £, In scetons

oaln rad In NaCH. Red-yailow In
#2904, on dil. yatlowish brown
with orange ppt. Marck 11-300%

8 In Xyl,




Al: Fluorescelns (continued)

- Q0EC -

e C3# Dys M Posltien Other Meorb- g x 10¢  Fleor- Solvent pKa Slubllity Othar
2= Poaiiton [~ ol secance H2O ELOH  Othwr Informmtion
™ m Solvents
45¥70: 1 296-03-2 €1 3olvent Med 72 (fres acid) aH 4,8-8r2 s 4, 5-Dlbromsf fusresca ln 0.0%% = &Y B s above but acid form
va Ao, m I0-IT3 *C
8 In BuAc & Etan
S8)-carbony-4' , 3 ~dimihy]- aH 4* (8" )=000H 204 8.3 -] MY 7.0 [] s In alkall solubla piDS
fluarescsin 4,5-n}
A'S‘AIﬂit-xyurmﬂmr.tmln Q0H 4°, 5" -Ole L H r.82 ] water
TO=54-0 2. 7-dichloroflvarasceln [=ra ] 2.7<L12 {E) T.41 N athanal LT pH 4.0 (bius green Tluorescanca)
Fluarascain 27 s 0.04 [ -] aoatons 4.9 pit 0.8 {green flusrasceance
Fluarescein 543 s12 14.0 430 slbenol/base
02 W vntar
Hydr extysdvydrodu i none—phtha lein o 2,700 [ ] ] Motallochreme Indlcator
2,7-01hydroxyf luorascaln
S{B)—carbexy-2' 7" ~dlchlore- OH 1,7C1z2 04 5.0 ars pit & 8.1 [] o Inalimit wiuble piDd
fivorescaln 4" {5 )-00H
453N CI Bolvant Orange 18 OxXH 2,7~z [ -] E] s 8 ln XX 03 Yeliow (n K790, on d1f orangs pptl
4.8-8r2 Beight pink In 10X WalH
4075 Phicxine N =0 4,8-0r2 Bromirate 4,7—dichlorefiuoresonin
3 ,8'-Cl2 with Br2, sodium chlorate b EiOH.
44380 17372-87-1 Ecaln Y1 CI Acle fad 87 e 2,4,8,7-Be4 a2 10.1 L athanoi 1.% 2% 2 | InXyt, E, D, pHO {mot 71,31 pif3 (hlulish red
48-29-5 Telrabramf lwreasosin 420 2.8 o= watesr blulsh bluish ve In B3 with yellowigh green f1.)
Ecatn Yeltowlsh (Y3) 518 7.0 30" 7.0 red rad o In Py, GI, Yallow In HZ%04, on dil orangs ppt
& Onl $=0.70 slkaiire, éf=0,18 watar,
40,05 E10Hy tend S E{ON,
FhmcB0rm, ¢pu0.001 witer
PFink with tt green f1, In water
. 1X saln In HZO previcusly sdijusted
to pHY has o pH of 8.7
4538012 18080848 C| Solveni Rad 43 (frae scid) OXH  2,4,5,7-Brs o7 W watar 0.00x 1x & InXyl, Py, As Coaln ¥ (C1 MNo.435380)
Easin Aold a1 w alkalina In ¢old tE & 29 Almost onlouriass In E1CH & xylerw
@ hot ve In D& Ao Ald-base (ndlcator,
CHELE- 1}
Eoaln-3-1eethiocynrais TNe 2,4,.8,7-8c4 =4 10.1 848 mathane| pDE * » In DF lsothiocysnates ars unatable In
4' NS water
45383 233 —49-3 iethyl Eouln OO 2,4,8,7-Brd - ] water L] = IX in BEE Yetlow In HZ24 on d11. beownish
€1 Solvent Red 44 Inhet  red rollow pot. Durkar red soln. with
charry groen f1. In NatH.
red Charry ted In hol water.

Pod with browny yallow £1. In EtOH
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A1l: Fluorescelns (continued

Cte s s Dye Muns Pfositlan Othar Absorb~ s x 104 Flur= Solvant  pa Bolublklty Other
2'- Positien e 1ol  gecance N0 EtCH  Othar Infermmilon
m k] Selvents
45358 0355-.05-3  Ethyl Ecaln COOEY 2,4,0,7-Bre =0 2.0 43 o7 0.0 115 ea InXyl, D, Yellow In Hz%s on dil. brownlsh
1 Solvant fed 45 832 L -] athenel Inoold red & O, yaliow ppt. Charry red with falnt
» In hot 8 In At, GI, Py greanigh yaliow f1. In hot waisr
charry red va In EG fRed and bronny yallow fi. in EWH
10,19 water
pry Chwronoane Brl|11ant Ped PO oo 2,4,8,7-8r4
4"CH, 8'-0XN
45393 Orangs for Lipetick M 2,7-00202 N -4 Nitate Fluarescaln with cons.
HZ304 & 98X nitric acld ot O°C
45398 €1 Solvent Granga 16 O 4,5-00272 ] o
45400 A28-24-3 Eosln B XN 2,7-(N22)2 20 4.8 287 (7 = T ) In X, #H 2.8 (not fluorescent)
Ecsinm | Blulsh 4,5-Be2 318 w water 2 InD, Chl  pH 4.0 ([Ight gresn fluorescence)
€1 Acid Red N1 " ve In Az, B Marck 11-3504: #420.01 smter
&Py
48300484 Cosin B, splril seluble OH 1, 7=-(N02)12 as Foaln B 0.01X DO.4X %X BKMNE as sbova
4,8-8r2
45403 Phiaxine OXMe  2,4,5,7-Br4 L 4 o 2.8 9.0 Brownish yellow In HZ304 unaltersd
Now Pink chatty by heatting, on difuiton brownish
Erythoalne B rad yellow ppt. Blulsh red In MeOH.
<l Acld Pad B8 Charry rad with greeny yaliow
flusrascence In water.
43410 18472-87-2 Phiexine Bi Cl Acfd Mied &2 s 2,4,8,7-Br4 35 Ty -] [ LY 0% = 1 InE & Xyl pH 2.8 (no F1.)) pHd (biuleh red
Cysninas Essin 108 ¥.40,00 000 8 o sthanol ves In D &k Chl wlih fulnt derk gresn f1,
Eosin & extra blufsh a8 In Ae Yellow In HZ304, on dil. yallowish
# In Py, G rad ppt: #¢=0.16 water.
ve In EG 1X soln, in KO previously
wdluated to pH 7.0 has & pH of 7.8
43410,1 2134-15-8  Phlcxine B (frea scld) COH  2,4,5,7-8r4 as Phtcuine 8
€] Sotvent Mad 48 8,4%,8',0°Llg
45415 Cyancalne (Spirli Sotluble) e 2,4,5,7-Br2 w L] r . Biuleh red with & reddish yeilow
3, 8'Cl2 1. In sthenol. Yallow In HZ3,
on dilution raddish brown ppt.
Flusrescence dlseppenrs In HClag
43420 Cyancalre 8 okt 2,4,5,7-8r2 w w .- . Bluleh red with o reddish yellow
3,4 ,5 6 -Cly fl. In sthanot, Yeilowish brown In
HZ%, on dI1, brownish red ppt.
45425 4, 8-d1 [edof (vorescain Lo e ] 4,8-12 10 4.8 L water B e . 1 1n Xyl Browntsh yelfow In MzD4, on dil.
Cl Acld Red 93 0z w methans! cherry red o inhe, G bromnish yellow ppt.
Erythroaima Exirn Yallowleh 88 in Pyridine BSoiuble red ppt |n WatH
vea InD & Chi Cherry red without £1. (n watar

Erythosine ¥
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A1l: Fluoresceins (continved

CiNe CASH Dya M Poaition Other Abgord- & x 0+ Fluot=  Solvent pka Solubl 1ty Othar
- Poaltion e 1Yol escance H2O  EHCH  Other Infaraat lon
) m Solvents
4342511 31393-16-1 4,53-dl lodofiuaresceln oocH 4,812 L L4 0.1x B sinslkail &  mp 240°C (dec)
Cl Solven! Ped 12 MolH, 20% DGME as above.
45430 16423-03-0 Erytiwoalna B e 2,4,%,7-14 20 0 piY 1.8 1.1 1.67% | In Xyl LDa) tor rat (ora!) 1900 mg/kg
553-53-8 Cl Acld Med 51, €I Food Red 14 825 8.4 -] pH? cherry we In Py & BG LDSD for mlice Coral) 2891 mo/kg
-] -] pH10 red o in Ac & G! Soluble red pet In NaCH
&3 L athans! . InD Yollowieh brown ppt In di1. HCI
ves In Chi Brownigh yaliow In H2304, on
diluilon brownigh yallow ppt,
Chatry tod withoyl fi. In water
1X pofn In HXO previcusly adjusted
1o g7 has & pH of 7.3
#1=0.015, 4p=C.003, Myliiira,
TpaZlOms water. Merch 11-8242
4543012 15905-32-5 CI Sotvent Med 140 (fres acldd, as Erythosim B 0.07% 0.2X o EAE, G| & BG aa shove but acld form
tatralodefivorescain e intl mp J0C (ded)
Erythroaine-3-1othlooywnate oM 2,4,8,7-14 .- 1.1 -] i thar | P8 o In DMF Phosphorascenca 8 890w
4'-HC3 Wediinn tph= 0.8 m
43433 Rose Benml G oNe  2,4,8,7-14 w0 o [ s Brosnlsh yellow In K234, on
Rose Bangal GTO 2.80-Cl12 charry dilution brownigh red ppt
Cl Auld fod B3 rad Saluble crisson red ppt In NaOH
Owrry rod without f1. In water
43435, 1 €1 Solvent Red 47 XM 2,4,5,7-14 ] N s Aosa Bengel G
3,012
45440 EX2-H9-9 Mose Bengal [ses ] 2,4.8,7-14 az 7.7 «0s whter .3 7.5X | InkE, H, Xy! LDAG for mouss (oral) 80.50/kg
€1 Acid fed 94 3. .4*,5",6'Cly 800 =0 athanol blulsh ves InD 4 Chil pIDE to bave mmx, f|uoresceance
554 03 methanc| read e InGl & A Brown In HZ304, o dltutlon glves
289 ] D0 va infy & B3 flash pink pots Merck 11-0242
Blulsh red without f1. 1n wmtsr,
Sre0,08 (EtCH)
4844011 Rose Bangm! (free ncid) OoH 2,4,5,7=14 8 Moss Bengal a8 Rose Bengal
Ct Jalvent PMed 141 3,405,000y
45448 2103-84-2 4, 0-dihydrofivoresceln CoH 4,50z «s w water .24 I L] | 1n8, xyt M 3.8 bromish yallow
Galleln, Gallecyanine 1.8 o In reddish b Chi pH 0.8 ross raty pH 13 vialstl
Pyregml lophthaleln =1} breen 8 InD Losas water of erystslisation
€1 Mordani Viglst 25 scarlat s ini 180 °C & bipckaras sbove this tep
rod sInhAe & but doss rot meit sven sbove 300°C
(1. 1)) Paddieh yellow (n 2904, an 311,

flaceylent redd)gh yellow ppt.
Blua [n NefH. Soluble above pH.
Marck 11-4250.

Main| lochroms  |ndlcater
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A1: Fluoresceins (continuedd

(=N CAs Dya Yot Fosltlon Other Absork- & x 104 Flwor-  %olvent pka Solubl Fity Other
2= Poaltian ance 1-ler]  asoance MO EtOH  Other Information
m - Sotvents
43450 Chroncann Red B < 4,0-Ne W L
2,7t 2
A4S Owomoxenae Red Yielsi 1358 €l 4.5 4, 8°-CI N N | o [n 85X WelH
2,7=-(C0M12
ABA0S C1 Sclvent Orenga 17 ooy 2,7-00H [ -] -] § » in X Ne2003
4,58r2, 8'-Br
42457 ¢l 3olvant Orenge 48 COOH  1,4,8,6-8r4 N W ] »a in 2% Me2003
2,7-000d, &*-Br
Nitrofluorasceln e L - 0.29 w0 etham|
T8940  5(8)}-Coarboxyflvorescein CCH 4°45" y-C00H 490 7.2 #18 e 0.4 10 010 NaCH =0, 87 water
2'~Mathaxycarboxyf lueresce In Colle 4" (&' )-COH a0 4 water =078 water
S202-21-1 3,4, 8,0 =Tetrach|oro- CXH 3" 4,6 ,8°=Cle o N = 1 X In DME Intarmadiate for Phicxine B
flucrescaln 4 in alimli
4", 5" 0| mathoxycarbaxy= OXH 4, 8"-(0H W o or=0, 0004 weter
1luorsacaln
70117 Fluorans Black - 2,702 [ ] Ww [ - 1 0.2 0.4X In BGE Soluble In hot watar or hat EtCH
$-Phany1-2,3,T=tr | hydroxy=8- s InEtho, An  wp DI00C
fluorone. albatl,
129-18-8 Nareurochrons 220 COCHa. 2.7-8r2 08 N> wier -4 % 2X In Me(H oH of 2 0.9% soin. In 8.8
Marbrom|n 4-HaM carnine ves in Ao, Chl Very diluts selutlon {1:2000) tas
rad aly yallow gresn f]ussascence
1 1nD& %yl Merck 11-5747
vs In EO
Sulformfivorasceln o - 7.8 17 pHY. 5 8.2 =092 pHY. &
Mersfaln sodium e 2,7-12 N> L +] L] Aquecus sain, allghtly fluorascent
Merodiesin S-Hgln
Pyrogal lot Red 08H 4,8-002 [ +] W 3, 6.5, 0.1X 0.4% 0.3 In BGME Hatal lochrome Indlcater
Pyrollesu|phonaphthataln 9.8, 12
Bromopyrogaliel Ped 0 4,802 [ [ ] 0.16, 4.4 Metalltochroma Indlcator
2,7-8r2 134

n.mw
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A2: Napthofluoresceins

Cl Mo CAS # Ove Mome Positian Other Abaort—- » x 100 Floor- olvent pia Solubli Ity Ottwr
2'- Poaltion ance -lar!  sscence H20 EtOH  Other Informat lon
m (L] Salvents
43400 Nepthofluorasce in COoH a4 4.8 ] pHI0 Y T8 . s In alkal) =0, 14 pH9.3
pH>a
88 Seocyrmpht ha f | uor H COOH 4°-C00H 098 4.9 [+ pHO 7.8 [] » In alkal)
pbs
3, 10-Dibromonapthof iusresceln oM 3,10-Br2 a0 3.2 a2 9.3 7.45 . S 05 pH. 9
p>e
Vita Blue oM ond L] oes 495 7.9 s T 40,13 pHO.5: #re0.0% pHA. 4
=24 1.3 =70 pHS. 2 D3
A3: BenzoicHiuoreaceins
Clo CA3p Oye lama Position Other Abworb-~ 8 x 10*  Fluor= Solvent  pxa Solubiilty Other
2= Position ance Irlarl  escence KX EtOH  Othwr information
m Solvents
Carboxy SMAFL-1 O0OH 4" (8" »=C00H 478,508 2.9 543 pH 1=7 7.8 [ ] 0 in CACO
o7 8.2 L~ ] 10 L
Carboxy SMARL-2 o 2-Ct a3 2.8 548 pH 1-7 7.6 ]
4* (3" )-C0CH 547 4.8 a0 H 10 oS
SNAFL calceln, smonium salt OO Nt 4, 5-[lab= 08 2.7 pH 1-7 7.2 ] » In DM%O Metsl complaxing agant
(sceinte)212 -~ 4.95 20 pH10 [y ]
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A4: Rhodamine

Cl o S # Dye Mnme x v Other Absorb- # ¥ 10¢  Fluor-  Saivent Solubliity Other
Posltion wnoe o ancence HXO EtH  Other Informatlon
L] ~m Soivents
42090 Berzerhodeaira, Rosanine, NieZ  Nie2 o LN oz o | [} - » (n DWO30 & Blulsh red with bright yellowlsh red
Ras Indemine, Tatramsthyfrossmine. MalH fluorassence in water and athamol.
Orangs yallow In H2304, en dil, red
Blvar and less flucresoent In MaCH.
42095 Sujphoruln HEt2 NEtZ 2¢-90M [+ -] F . Blulgh red with yaltowish red
fivorescence in water and athanal.
Yallowleh red tn H2304, on dilution
biuleh red.
45100  2009-83-3 Suiferhodemire B, Kllenhd-m. Wz NEt2 2°-308 08 1.4 e Sthana| = .5 | IaXyl o = 0.60 (sthanot}
320-42-1 Xylans Rad B, Cl Acld Red 52, 4~ O34 anm watar ves InD Blulgh red with yellow fluorsscance
Aetd Arodemire B, Phioxine Rhodem!ne, w In Chi In water and #thanal,
Kilon Rhodealine B 8 InGl &k Az, Orgege yellow In MZ304, on diN. red
ve In'BG Blulsh red tn NatH,
Suiforhodamine B suiphonyl MEtZ  ME12 2'-S03H a7 8.0 - ) waihens | [] 2 |n DWF & WeON f = 0.04, f = Ins (watar?
chloride, Lissanine Rhadenine B200 ° 4-3C1 80 4.0 o0 water
Ll gpumsl e Mhodeaine 8200,
62796-29-8 Sulforhodemine B sulphonyl NEt2 NEt7 2°-30M 50 9.8 o9 mathane|
fluor Ide 4'-30F
43105 Fhodaatne 40 MHEt  NHEt  2°=CI N N . [] Golden yullow In H23M4, on dliution
2,7-Ma2 orange rad 10 pink ppt.
Wagenis soln. with ye|iow green
fluorescence L ppl In HClag.
Pod with yellow FI. In water & EtOH
43150 Cl Baslc Med 8 NHEL  MNHEL 200 X0 a0 athano| [ . Pals yellow In HZXM4, on &llution
rad Fi. scin. Yellow In HClaq.
Pacdinh vialat with red fiuorascancs
In bath water snd ethanct.
43100 989338 Mwdsmine 0G, Ci Bayic Rad ) ML N 2T-000Et 0 L -] athane| = = ver In Xyt Yallow In HZ304, on dilutlen red.
13161=22-1 Khodamine 2% 2, 7-Me2 -] 10.4 L. wetharo | acarist e InGl, Cht, Rad ppt In NeCH. &/=0, 93 (athano!)
34054 14-7 840 w LD rod & Py, Crimsony red In watar snd scariet red
224 w7 oaxn [1rd s In M, with green flyerascence In athamol.
1% woin. In dalonlsed HZ) praviously
adfusted to pH? bas o pH of 3.9
62609-08-3 Mrxximine 19 MHEt  WEL 2'-CO0H &8 12.0 843 athamalACl ér= Indapendent of pH
2,7-4Me2 818 P X ] WO wthanol/NalH Siml lar to Rhodesine 03
6540 L o
45103 Rhadine 22 MHEL  NEl T'-LO0E £330 on ethanal Simliar proparties to Fhodemine 0O
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Ad: Rhodamines (contlnued)

cl Mo CAS # Dya Mams x Y Othar Asorb- & x W04 flwor-  Solvant pka Bolubl bty Othar
Pesition ance  IN-lor!  emcance HO EHOH  Other Intormat lon
m m Salvents
43100 Rodusine 38, Rhodemine 40 MELZ M2 2'-0XEt 541 20,0 N athans| ] [ Gruenish ysllow In #2904 on dil. red
a5 1.7 [ ] ethans| AHC| red ecariai & beowmy rod Fi. Yellow In dil, KL
205 [ ] [= ]
43170 81-88-9 Ahodenine B, Rhodesire 610, NEt2 MNE1Z 2'-O0CH 00 1.28 w Wl 0.7EX 1.47% as In Xy), Chi, LD CIv. for rats) B9.5mg/kg
Cl Basle Vielat 10, Pilol 579, 348 10.2 -] o thero HCI, NaCH & D wp = 108°C, Marck 11-8181
Rhodenine O, Rosaxaine O, o 1.00 as watar a In Ae, G Yaljowish brown with streng grean
Brilltent Pink B. ase 12.8 080  sthenof/HCI & B tluorascence |n H2ZS04. en dllution
-] 10.7 488 ethanc| scarlet then blulsh red and orangs.
-] =3 583 pHT Poss rad ppt tn MaOH o heating,
543 [ ] [ ] basle ECH Bluish red with atrong green
fluorescense In water & athanod.
=0, 4 (EtCH/HCI) L 0.8 (baslc EtOH)
35377-83-7 fhodemine B |vothlocyumia MEt2  ME42 2'-O0M 543 o mathano| o = 0.70, 1t = Ine (water)
MBITC)Y 43NS 0% 10.3 483 water
T299-88-8  6(8)-Carboxyrhodanine B MNEL2  NEQ2 Z2'-COCH 8O0 8.7 [ methano! o = 0.28 (water)
fhodwmine T 47(0" )=000H 04 ore water
43178 Arodenine 30 NE{Z Et2 2°-CoOet [ ] N s - Vigtet rod with browny red Fl In H2O
€| Baslc ¥igtat 11 Ped & varnl]lon flustescence In EtOH
Graany yallow 1n HZ¥M, on dl). red.
45210 Rhodanine 30, C1 Basic Med 3 M2 Nie2  2-ie @S L mter . . Crimeon rad with brown f)ucrescence
2" -CooEd in watar, Scariet red with green
Fi. 1n ethang), Scarlat red pet In
NeCH, Yatlow [n 2904, on dilf, red.
4513 Rhodenine XD N2 NEtZ 2 N o . . Simlier to Mhodemine 3G (above)
C! Daslc fad 4 2° 008t
45220 Sulfohodenine G, €) Acld fad 20 ME{2  MNEtZ 2,T-Ma7 o water 2% 0.2X 0.4X ECGME Biuleh rod with yeitow FI, In sater
2' 4 -0 atharal, Crangs yellow In 2904, on
411, red. Blyteh red in NaOH.
Simliar to Sulphorhodamine B.
Tatcamthy ! rhodesine Miez N2 2'-COCH 043 10.0 w atharn| s u In DMSO, MaH
Tt rormt iy | rhochen 1e=8(0)- Mis? Nie2 2'-0XH S48 w athan) tf = 2ns (wmtar)
Isathlocysrate (TRITC) 4¢3 S 8.2 o2 mttansl
- 4.0 s wier
TRITC {lsomer G) Min? N2 2'.C00H 597 0.7 006 methanc|
4'=NCS 40 10.7 L water
TRITC (lecmer R) MisZ a2 2°-COOH L 10.3 oam athana|
4N S0 10.3% o water




M Prodeaines (continued)

\ C1 Mo CAS # Dyw Nums x Y Other Absorb— = n 104 Fluor=- Solvant pa Solubliity Othwr
Poaltion anoe 1-1cor1  qaomnce " H20 EtOH  Othar informt lon
m m Solvents
Tatrmmthyirhodwmine wathy| ester Nia? Nis2 2'-00CNe 840 10.1 o wet hano | ] & In DMSO, MalH
Tetrmthylrbodamine ethyl ester Nda? MNie2 2'-000EL O49 10.9 574 wetharnal » & In DNSO, MelH
3(B)-Carboxytatramsthyirhoduning  Niez Mhs2 2'-000H 844 L4 mathano)
4' (5" )=00CH
13338-31+1 Rhodumine 110, Rhodmine 300 N Mg 2'-C0OH &0 8.n N etheno!/HCI #1=0.05 (methanal)
[ 1] 428  atheno!/MNaOH o= Indepandent of pH
1] 8.9 05 athanot
a8 W chloroferm
498 a.s 20 mathano!
S18 w s
C2009-77-6 Mhodmaine 118 Nila My 2'-00H 825 an w atheno!
R009-70-3 Mhodenine 123 N2 N2 2'-O0H 208 0.8 4 mathanct ¢ s iInE&DNF
|
r Chremaxane Brilliant Red B MNELZ  MNEt2  4'-OM L w watar * . I In Xyd 4 = 0,28 (water)
w 24,8 OOH ] ss InD & Ac Mot pH senaltiva.
=~ vae In Py
i sin O A ED
Rhodenine 3 Nila2  Nie2 2'-EtOO0H  Oa4 o wathanc|
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AS5: Rhodamine 101 derlvatives

Cida  CAs g Oys Mo Toaltion Absors— w x 0%  Flusr= Solvent pka Salukl |1ty Other
ance In=leart  ancence HZO EtGH  Other InforsedYon
m m Sajyenis
64339-18-0 Rhodenine 101 2 L00H 054 2.5 "3 athanal 8w in [MF LGS0 44a1.00 (glyoerol}
thodenine 840 L2 94 mathens) O3 . e Indepandect of oH
208 10.8 mthano |
a7 N sthana) /HCI
-ms w = -]
Rhodenina 101 meibyl ester 2" =C00Me 78 [ ] matherol s in DWF & DO
808} —Larbaxy-X~1 hodas| e 2" 200N 73 .6 04 e p>8 s In DWF
4108 )-OH ] 8.8 0%  satheno!
Phodesine X 1sothlocysrmte 2' 00N s 8.0 o4 e po8 s lnDify ~MNC3 are unalsble fn water.
ORITC) 47(8° )ca oS 8.4 03 -ter o
14-73-3  Sulphohodmaine 101 2',4° 00 =7 0.0 atharol ZX 3 s SnOMF #f = 0,90 (ethanol}
123333-78-8 Sciforhodmlne 640 &m 13.9 003 mathanc! 0.8X In EOME
203 813 wmter
02354-19-8  Texas Ped -0 [+] a.3 W athans| - e s inlUF L MOl = 0.3 (mater)
Su| fohodanine 101 sulphoryl chiorlda 4°-8502C) =6 [ X L1]] pH o
s [ X ] oy water
AG: Bhodamine 800 derivatives
Ot
Cibe Qs & [ x Absorb~ 8 x 104  Fleor~ Solvent ks Sotwbliity
or ance In-la!  ascavwe H20 E4OH Other inforaat ion
12 ™ Ba lvents
Rhodemine 700 parchlorate CF8 [ ] .23 [} sttanol " ] Lin B & Xyt
LOT00 s In DMEXO & TMF
Rhodwine 800 parchiorats ol -] (LX) 700 sthancl  ~11 e 8 1inESXyl  pH )11 no flusrescence § 707 m
L 04 matharat s In (SO 0,90 {water): Olmar Abs, @ 205m
o on 717 sitylens giyco| Mauve (RB5) In HZXM, on dil. srange
089 a0 acttons 1hen blue, Orangs (482/498/328) In
A 703 00X mathano) S HC1. Pabu yallow (mudln NecH
s s 700 wter Turquolsa (00G/060) In water
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AT: Pyronines

Clo a9 Oye tm x Y Othar Absord~ & x 104  Fluor—  Solveni a Salubl ity Other
Fosition mncs  IN-lowl  ascence HZO EtOH  OCther Informat ben
m m 3o lvents
45000 Actldine Red 3 Nl Nl 25 =] ethanc! ) . . Yallow with green FI. (n H2504, on
red  red dil, oranga then red, Red pet In

NeDH. Rad with gresny yallow Fl. In
waisr and ettanol

43003 w2-32-0 Pyronire ¥, Pyrentoe G [ ™) s 8.7 7 T X 08X 1 InEaXyl PedwithyellowFl. Inwater, Bright
red red #s InChl ormgs in d11. HCL. Reddimh yellow
sln Ac b Py, 1In H2304, on dllution red.
* va In GI Narck 11-80171 &f = 0.50 watier
43010 2130-48-3 Pyronine B NEL2  NEt2 %3 1".2 2 50X sthans! ve » o |n Xyl & Py Merch 11.8016. wp 176-172 °C
50 80 watar rad red 8 In Az, Chi Reddish ya!low In HZ%04, on dil,
a2 202 athanol a0 red. Bright arange In dilute KCI
va In Gl
£ fhodening Scarlet G Nils  Ns 2,7-Me2 - ) 540 sthanai - [} Light lmmn yellow In H2504, on
OFRNGE orange dli. orange. Decolorleed to falnt
red red plok [n NaON. Qrange red with strong

yallow grean Fi. In water & otranci

Pyronines 20 MHEt  MNEt Z,7-Ma2 ar 540 ethanal 2 Y Pad with (ntensa yetlow Fi. In water
red red & sitanc!, Blue violat In conc. HCI.
Brownish yallow (strong grean F|.)
In H2304, on dliution rese red,
Slowly dacolerised in aquesus NaCH,
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Af: Other Xanthenee
Cle css Dys Hams Pos. Other M Absord- % 0% Fluor- Solvet  pka Solubl ity Othar
> Fos. nem t-toarl  quewncs H2O EtOH  Othar Information
L] L] Selvents
4500 €l Mordant Red 77 a2 80 COOER [ 4] W . . Chatry red with u strong yallew F.
7-30 1n wmtar. Lomon yellow with green
Fi. In HZ304, an dIl, oranga red
than ptok. Mo Fi. In KClag
45310 Mhadesine 1200 MNie2 S-000H OOE4 [ -] (4] . . Yallowish red tn waier & sthanol
re 1200 Yallow In H2904, on 411, yeilowy red
Light red ppt In NalH,
A3 Phodenine 12GF Wbz 0-000H COCHe o 0 . . Yeoltowlsh red In water & atheno!
Rhodmalne 1720 extre Yaliow In HZ304, on dil. yellowy ted
Lightt red ppt In MaCH,
25319-73-7 Thiofiuorescein SH  B-5H QXM
4091-99-0 1,7-dlchlorofiwrasceln dincetats OCOMM S-O00Ms COOH none s M wp 210 °C
2.7-Ciz
E30-88-0 3,8-dtchloroflusran c &1 OUH
96090 diacetyifivorescsln OOMs  OCKMe  COGH fone - 7 C
fluerasceln discetate
S-diettylemlno-O-mathy |-7=chlsre- NEtz O-Ma COM 57 .02 W noatie mald Prossure— and tharm-eens|tive dyes
flueran 7€)
S=dletlvy tomlneGemmt iy lamino- NEtz 7-Me  COOH =4 .12 W ecatic seld Prassure- ard thermo-sensitiva dres
fivoran
diaihy | amino-0-pheny lanino- NEtZ T-mrhm COM o 1.08 W moetls aid Proasure~ and tharmo-sensiiive dyas
fluwcran
3disthy lmine-7-(N-pethy| -N- NEt2 T-mePh OOCH - 1.50 W acetlc meld Pressure- snd tharm—sens|iive dyes
phany ! Jamlnaf Jugran
disthytentno-O-maihy|-7-phenyl} NEtZz C-ls OOCH 02 1.9 W ecetls acld Prassurar and tharmo-senaltive dyes
ominef luorsn TN
3-dluitylen! no-7-banay | waino- NEt2 T-Be OXM -] 1.08 N scetle mold Pressurs- snd tharmo-sensitive dyes
fluoran
Rhado| Mz 60 XM -3 .7 water 8.9 *4=0.20 9.6




Appendix B

POLYMETHINES
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B1i: Oxacarbocyanine

B2: Thiacarbocyanine
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B4: Benzaimidazolocarbocyanine Q:“%—(ca_cn,__cu% D .
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B85: Indocarbocyanine
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12 (=2} / \\8.
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B6: 2..2"Quinocarbocyanine Mo .
z (CH—-CH) CH . /7
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B7: 4 4'Quinocarbocyanine
R—‘N (CH:CH)n"—CB R—BQH
N —
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B1: Oxacyanine

CAS # Abbrfav= Dys Nam n Poa. Olhar Abssrb- « u 10*  Fluor- Solvent Selubility Obher
fatlon 3,y Pos, e IFlar] sscence o O Olher Inferantion
m 1] So lvert
3.3 —diathytexmcynsiing lodide -] [ 1] wr mone m et Fluorescant
e none  athanal
72 nons  mathenct
3,3 =dlathy -3, 3 ~d!pharyl cxacyanine ] B 5,52 MW7 nona  methanal red flusrescent
Todlda
3, 3" =d Imethy loxscarbocysnine odide 1 ] 47 207 othano! np 284°C {dec)
90504 poc 3,5 «dlathy loxecarbocyaning todide 1 Et 47 498 athanal » la DMBO  wp 2P0-271°C (dwc)
Droczoy 482 14.7 512 mathero! f=0.04, v§<0.35nm, 4pv0.01 (MeOH)
485 as mter e, 58 (OMF): vie2. 2ne (glycaral)
a7 27 ] o0, 75, tfa2.Pna (guisiinhi
Phad20rm #-1967C (ELCH)
Phegldom $-196"'C (EPAY
X2 15799 8,3'~dIpropy laxacarbocyanine lodide 1 Pro 480 o8  athamal w InOHIT  mp 283°C {dec)
foteniisl sensitive,
D10CAL3) 3,3 ~dipanty|oxacarbocysnine [odlde 1  FPent 404 4.7 o8 meltanc| o [n M0 Petentilel eensitive,
DIOCA(Y) 3,3’ ~dihaxy|cxacarbocyanine lodide 1 Hex 404 15.4 009 mwthane| s in DMSO  Petantisl sensitive, srgerelle
probe. mp ZIP-221°C (dec)
DIOCY(E) 3,3 -dihepty | cxncarbocyaning Lodlde 1  Hept 484 15.4 209 methanol s In0OMI0  Carlenic meabrans probs
DIDC1E(Y) 3,3"~dihxndacy |cxmcarbocysning parchlorata 1 MenDec 485 12.7 810 wathano! a2 e inDF  Calionle smmbrens probe
80711=7d=4 DICCIA(T> 3,3 -dloctadecy | axacar parchlorate 1 OctDec 404 13.0 807  smthanal . » bn DMF Catlon|c annbrane probe
Probs for lipld bilayer nembronss
3,3 ~dlethy -5, 8'-di phatry loxacar bocyan!m 1 o 8.5-Mh2 M 511 mathane! o0, 11, vru0 dSne, dpm0.01 (MelH}
lodide '
Migldised® 3,9 ~dlethy!-5,5" <diphany!- 1 B 5% =7 620  metharol 0.8, ti=lrm, dpel.03 (MalH)
oxacarbocyanine (odlde [.c ] 45 pulntin 2.3 (pelatln)
3,3, 8-t Immthy1=-8,8°=d| phany | poscar bo- 1 - -lia L ) an wathanc| SfuD. (1, dp=0.01 (MeOH)
cysnina Todide 5,8'-PhQ ,
"Rigidised™ 3,3°,9=triethyl-3,6' -diphanyl- 1 et £t a1 823 mmthenal 0,77, dpa0.03 (MeCH} .
oxscarbocysnine (odlde 8,8'-M2
3,3 Slathyl=4,5,4', 5" ~dlbarcrioacarbe- 1 Et 4,6,4'.6'- 513 N metherol SnaxoS55m
ayenine lodide dibento
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B1: Oxacyanine continued

CAS » Abbrav— Dys Nams n TFoa, Other Absorh~ & x 104 Flwor- Solvend Salubil ity Obrar
Iatlon 3.9y Pos. ance I-Terl secwnce Hz0 04 Olher Inforemt lon
1.3 [ Solvend
3.9 dlathy|-6,8,4',5" «d | benzoxacarbe— 1 Et 4,65 .6'- 208 [ -] wathano! Senaw =SS0
cynnine lodide dlberxo
3,3 —dlethyl-6,7,68° 7" —dlbenaoxwear bo— 1 £t 6,7.8'.,7'- M5 N> matharal
cyanlme lodide dlbenzo
14806-50-9 DODC 3,3'-dlathyloxad!carbocyanina lodlde 2 [ 4] -4 24.0 a0 athang! s InDMSO  mp Z32°C (dec)) Snuxes20mm
+1{s o283 9 22.4 003  wmathenol! *£m0. 44, vief.2ne, 4p<0,01 (ELOH)
483 620 water
58 814 -r]
3,3 =dlathyl=5, 5 =d! pheny | oad ] carbo= 2 Et 5,52 o9 . mathero!
cyanina lodide
3,3'-dlethy | —4,5,4'5' ~dlbanzend | carbo- 2 EH 454'6- 608 o mathanct
cyanina (odide dibenze
3,3 dlathyl=4,8,4'3 ~dl barzoxadicarbo- 2 Et ¢,7.6',7'~- 008 N mthanoit
cyanina lodide dibenzo
19764-0%-5 ONOTCH 1,3 -dlmthyloatricarbocyanine lodide 3 [ - -] 19.8 713 ethanal wp 175°C (dec): Smaxt735m
et byl =DOTCH a2 ] mathanol
15185-43-0 DOTC 3,3 -disathyloxatr learbocynnine lodide 3 Et .7 8.1 25 atharol wp 185-184°C (dec)) of = 0.93 EG
DOTCH 78 703 mathanal of » 0,47 EtOH;
DEOTC 898 18,99 e 2 ] Fluorescant (708} pH 3-10
ox 708 80X mathanal Not fluorescent pH <3 and pH >10
o n2 acetorm Lnax=T7trem (EG)
05 T 28 ]
0 715 acatonitrlle
™ 0
asr 714 propan-1-ol
834 &3 glycerol
80 740 water
3,3 ~dlethyi-5,5',6,8 -tatramthy losatr - 3 Et 48,%,6,8'- M3 ™ B 40,47 {EG)1 Lomax#787nm (EG)
carbocyanina lodide L)
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B2: Selenacyanine

CAS ¢ Abbrav= Dys Nams n Fos, Othar  Aeerb- & x 104  Flur— Solvermt Sulubility Ohbase
Il=tion Ly Pou. mwe  icet eecance O EWm Olher Infermation
[, ] [ ] Salvent
1,3 -disthy) saleracyanine |odlde 0 (1] 478 more  atharol
1049-38-3 3.3 —dlsthylsel snecarbocyantng lod|de 1 Et ars o athenol mp=Z0-Z714C (dwe)
0 W mitansl 0. 40 acetons

3,%' -disthyi~S-mihyl-selenacarbocysnina 1 [ 1} Pdin 255 [ +] -_lhnﬁ pa2i2°C (dec)

lodide

3,3 ~diathy iss lerad|carbocysnine lodide 2 [ 1] o000 [ +] watharal mpaZ35C (dec)

3,3 -dlathyise|anatr icarbocyanine lodide 3 Et ™ 818 1] w2250 (dec)t Smpual2Som
™ W mathanc| 20,40 (EG)1 Lupex®725rm (EG)
™ o athanol

B83: Benzimkiazolocyanine
CAS & Abbree-  Dys N n Poe. Othar Absorb- @ x 104  Floor— BSolvant Selubilliy Other
lation 3,3 pos, moe -l sscence H0  EOH Olher lorformt fon
m e Soivent

1.1' 3,3 =tatreethy |banztal dezo locyanine [} Et 96 W matharo !

lod|de 308 o acetlc acid

1,13, 3" =tatraatty| banz | mi daxs | ocarbe— 1 Et 490 w et |

cyaning lodide 200 W ecatle scld

L1753 - tatruathy 1-8, 548, 8" -tetrachlore~ 1 L 55.84- M3 w methanal . wp 2¥74C idec)

banztnldureiocnrbocyaning fodide Cls

1,19, 3" —dimthyibenz Im) duzaboe 2 [ [ wcatonitrlle

dicarbecyanine lodide [ <] otz

1,1", 3,3 ~dimgthy IbenzIml dazo o= 3 - 740 " mthano! L

tricarbocymsnina |adide L) ] ouciz

1,1°.,9, % =digthyibenximidaxoie- 3 Et ™ o asthansg | - 4 In MeDH b= 0.5X In MeDH: >10X In CH2Ci2

trlearhocyanine 1odide

we in C12H2 Ci04™ 5XI= Tn MelH, 10X In OH2CI2
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B4: Thiacyanines

CAS Abbrev- Dys M Moe, Other Absork- o x 10 Fiwr- Salvent Selubl i bLy Othar
iation PR Pos. moa  I-lar! escwnce H20  EAOH  Other Infurmmt ion
. m m Solvent
2197-01-5 3,9 =dlaihyithiacyunine lodida [13 428 8.3 . e mmthano) ap 311*C {dec)
A28 Rore sostone
423 nonha  ethansl
428 nons <]
3,3 =dicarboxyathy | thiscyanine bromide E4O004 424 norm  mathancl we 210-211°C {dee)
et (q] 3,3 ' =dimathy| thliedicarbocywning lodida e [ .} 13,8 &80 sthansi » {n DM3D  Potantial sensiiive
bIsCy ey -] 1.3 9%  mathanol *
903-97-3 ol 3.3 =dlathy! thincarbocyanina todida £t a5y 14.8 n sthanct wp 249°C (dec)
013C2¢H) [ 13,3 450  sathanol Potondlal senaitive
281 888  scatona
4 0 nitrosethane
a0 20 —ter
. 881 [ -]
w 80  glycarel
$03-97~53 prCI "Migldisad™ 3,3 ~dlethylthiacarbocymnina [ 4 m 81  mathanol
todide ] 5 metalin
53330-12-2 DIOCI(3} 3,3 —diprepylthiscarbocyuning lodide Pre .- 14,0 [ -3 attmne | wp 288°C {dec)
DICC(3) 3,3 ~dlhaptylthlincarbocyanine Jodide Hapl &0 &2 st o inDHF & Organatie probe
D0
DISC18(9) 3,9 ~dloctadecy| thincarbocyanine CctDec 548 12.7 5  watharol s ln DMF Cotionlc uambrane probe
parchlorats MalH
3,3 ~dlcarboxymathy | thlacarbacyanine [“eanl] % W mmthano!/ np 182°C (dec)
Innar wald ! tr lathyloalm
5,9"=dd] (3=tr |nythry ! armzon fupropy 1 ) thin- Profidey* - ) 13.2 677  mathanel . Paler tracer
carbocymnine tribomlde
3,3 ~d1 sthyl -B—cy thi bocyan) et [ o] a3 0 nitromsthans
todide
3,3 ~diethy]-8-f lworo~thlacarbocyanine Et &F o5y M nltromathane
Todl de
3,3 =dlathy l-B—cysnoihtacarbocyanine [ 1] =N [10] W nltromethane
lodide
3,3 =dlathyl-$-methy | thlacarbocysnine £t e 010,849 [ ] mathano| wp I76°C (dec)
lodide S0 W nltromethene
065-79-0 [METC 3,3 =dimathyl-f—ythyithled]carbocyanine i £t 540 1.0 w sthanel wp 290°C (dec)
lodide 43 857 esthanel
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B4: Thiscyenines (continued

CAS 8 Abbrev- Dys W Pou. Other Absord- e x 10° Fluor= Solvant Selubl ity Othar
lation 3,3 fos. aence IW-lor! escunce H2O  EMH  Other Infermatlan
m m Solvant
3.3, 8=triathylthincarbocyanine lodida Et £t 547 L bty | mp TE5-234%C (dec)
1,3 ~dlothyl=8-1 luoro=-thl| scarbocymning Et >-F =2 N nitromthane
lodida
3,3 d| athy l=9—phanyl thiacarbocyanina [ 1} =P 202 N> methanal mp 247°C (dex)
bromide a0 W0 nitromethone
3,3 dicerbexrathy 1=3,5° S=tr imathyl- ELCOCH 5,8 .9- 54 N metharol/ np 232°C (dec)
thiscarbacyuning, (nner sait L] trlethy lemine
1,3 ~dlhydroxystiy =5, 8" ~dimathy | thin— EtOH -t £t ] w muthanol
dlcartecyanine bromide 4.5 -
3028-94-2 DBTC 3,3 ~dimethy | -B-athy|-4,4" 8,8 -dlbenzo= ] it L2, W wtheno! 0.1% 0.3 O.SXEGME pH 2.4 {colourlaw)
thiscarbocysnine broalda 45,4 5= pH 3.4 (purple)
Stuing all (bromide) diberze
pOTCI 3,3 —dlathyl-4,4' 8,5 -dlbenzothla- 4,84 8- 097 19.6 a3 athano! wyp Z35°C (dec)
carbocyanine lodide dibenze :
3028942 3,5, 9-trlathy]=4,8" . 4,9 —dlberxothle- Et *Et k-2 ] LI Citferentlal atain of
carbocywnine bremids 4,5, 4,5= phospholiside & glycoprotaine on
Ethy! stalne uil disenze on gale & diseus wections
3,3 dimthy1-8,8,5' 8 =dlbanzothie= Me 8,6,9'.0°- 570 [ ] methanoi
carbecyanine todide dibenze
3,3 -dimathy|-8,7,8" , 7' —dibermnthie W 6.7,0°, 700,54 W msthano| wp Z744C (dac)
oarbocysnine lodlde dibere 393 o sthanc|
3, 3" <disuthyl thisdicarbocyanina chlorida ] ... 29.1 w athanol
| ] it bl
3,5, 9-trimethyl{thisdicarbocyanine lodide L] i % 17.8 w ethanal
214-73-0 oTeC 3,3 ~dlethyl thladicarbocysnine lodide Et an 234 LY athenol | o InDMI0  mp 247°C (dec)
0TI Dithlazanine ledide L) 20.7 o0 metheno| Merck 11-3374
bisca(s) o8 2.0 (2 ] a0 & u 0.68 EGr Luaxa728rm (EG)
0% o acators
-] (7] -]
0 L walar
[ ] L)) gtyoerel
5.3'~dlethy] <8, 5" ~dimathoxythled)onrbo— Et 5,00 o8 280 0 o = 0.38 EG) Lomu=T56rm (EG)
cyanine Todids
3,3 =dlethyl-4,8"~dImsthexythied) carbo- Et 6,00 o o mnthenel o = 0.34 EG: Lamx®T5érm (EG)

cyanine lodlds
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B4: Thiacyanines {continped)

CAS # Abbrav- Dye MName PFos. Olhwr Absord— & x 10% Fluor— Solvant Salubltidy Othar -
Intion 3,y Foe. [ ] Il“c_l" L] W20 EUM  Othar Inferamt lan
~ ~m Salvent
3, 3" =dtathy|=9=—phany| thlscarbocymn ina et - [..] 23.7 N watharno |
lend i
3,3 =dl ethy l~10-brome L hlecar bocywnine [ 4] 10-8r 645 [ ] methanal
ledidn 049 24 ] .}
1,3 =dlathyi=10=chiorothlacarbocyanine £t 10-Ci a2 674 BG
lodide
3.3 ¢ lathy | -10-1 lusrothlecarbocyanine Et 10-F 00 W nltromihars
lod)de
3,3 ~d|athy] «10-methy | thiscarbocyanine £t 10-4in 840 W mathane!
lodtde
3,3 =d lathy| ~10-pheny | thlscarboocyanine [ 1} 10-rh aat o mathanol
lodide
3,5 -dlathyt-4,4", 5,9 ~dIberaoihie- £ 45,43 Wt o athanal
dicarbocyanine ledide dlbarzxo
2,3 ~dimthyt-4,7,0', 7' ~Slbanzothin- ™ &7.08.,7- 087 L
dicarbocyantng lodide dibenzo
3,5 =dlathyli=10=chiore—4,8,4" ,5' —d| bernao~ £ 454,59~ 000 L athanod
thiadlcarbocyanine lodlde ¢1banzo
101
3,3 =dlethy|=10=chlore~8,0,5' ,0°-d1barcro— i §568,0'- 000 w athanel
thiad)carbacymnine lodide divenzs
10-C1
3.3 ~dlmthy | thintr |carbocyanine lodide e m 4.0 w0 wthano! o 223°C {dec)
H07-70-3 DITC 3.3 —dlsthyithiatricarbocysnine lodide E 783 20.9 818 athanai - s In MeOH, mp 211°C (dec)s o = 0,61 EG
72260002 DTTLCP parchlorate . |2 mrthanal CI2 & pHCE o Fl: pHDY f1. @ T84
31786568 DTTC) lodida e 183 818 DD (Cloge) D30 1= 0.12% In MeCHr 0.11X 1n O2CIZ
b 1.0 &20 OO (1) I InE €104 0.02X In el 0.3X in ORCI2
704 o0 scetons Vielartly decompessd by HZ304.
. ) 784 80X mathanol Yurquelse than purtls [n NeCH.
™ ™ propan-1-o! Loy ®850rm (EG)
768 785 scetonitrila
k] 810 water
] &3 chioroform
k] ™ Do
o4 200 <}
Ho 803 glycarel




B84: Thiacyanines (continued}

S # Abbrev— Dya Nams Poa, Other Absorh- = x 104 Floor= Solvent Salubllity Other
Tatlon 3.y Pou, e i-lar! sscmnce H20  EuMH  Other Irformat fon
m m Solvert
In11e 3,3 dIphany | thlatricarbocyanine lodide Mh w W
3.3 dlethy|=5,0'~dimethoxythlutr Icarbo— Et 4,5« Teh a1 <] & * 0.17 EG: LumauwBT4rm (EG)
cyanins lodide 02
3,3 -dlathyl-6,6 ' ~dimethoxy thiair (carbo— Et a.8- m ale =0 of = 0.65 EG1 LuawnmBéPrm (EG)
cyenine lodide Cin0)2
3,3 «dlathy!-3,0,8' 6'-tatramethoxythlatri- € 5,6,5.0'- a3 B2 2] &f ® 0.35 EGt Luax=85%rm (EG)
carbocyanine lodide: Temo-DTTC [ 7] m W methanol
]
DOTTCH 3,8 -dlethyl-4,5,4* 5 —dideanzothlats |- Et 4,34 .,5'- TR 19.8 a3 thano! 5 E
-
catbocymnine lodide dlbenze 803 o2 ) #F = 0.35 B
Homadibenzocysnin 43 o W mathenol
17094-98-5 3,%'—dlathy| thintetracarbocyanine todide Et [ 16.0 N metharol P 4Orm
an w athanal
1
o 3,!'-&.thyl-1z-oulu_y-2,2‘-thlautn- Bt 12-acetoxy 872 N msttanal
P carbocywnine '
@w
1 19978= 187 9.3'—diathy| thiapentscarbocyanine lodide Et 0 4.0 D wtharol Srnayc 05 0res
993 W attanol
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B85: Indocyahine

CAS # Abbrav=  Dys Nesm n Pos. Othae Abserdb—~ o % 10¢*  Fiuor= Solvant Subublliiy Olhae
tatlon ¥ Poa. srcm IN-Tom) ascence H20 E\OH  Olbar inferast lan
m m Salvent :
1.1.,3,3,3 3" huamethyl Indocurbocysntne 0 e L) noms scetic sold o s In OMI0
chior lde 439 none =m rollow
Indslening Yellow
O 1, 1°.5,9,.5° . 8" chacame t hy | | ndocas bocyanine 1 M 340 “.2 a4 mathano] . . w inOMO0, Petentfal seraitlive
lodide s 0 wcetio sold sink G, Py & €5 Yol lowbeh In H2Z304, en dlubien
Basla Mad 12 C1-48070 548 on -] ve In Chl  bluish pinks Blulsh pink in NelH,
- d [T wmter b A Same coleur In 411 HCI & 411 NaOH
DEHICS(S) 1,1 ~dipentyt=3,3,%", ¥ ~tetrasethy! Indo~ 1 Pt - 14.2 76  smthenoi
carbecynnine lodide
DIICI2(D 1,1 =dIdodecy 1=3,3,3", 3" ~tatrems thy | lndo— 1 Dodes 540 [ ] S0  mathano! . o in OWF Catlonic mumbrane probes
carbocyan i perchiarate
BHICIB(Y) 1, 1 ditmxadecyt~3,5,3' 3 <tetramethylindo- 1 Haxdec 7 12.8 908 methare! . s inDMF  Callenlc mmbrane probas
carbocyanine parchlorate
OHICIB{YY 1,7 ~dlootndecy 1=3,5, 3" , 3 =tatramstihylindo- t Octdeo 7 1.7 LA mathanol . L] a In DMF Catlonlc membrane probes
(1] carbocyanine parchiorate
. DHEC22(2) 1,1 ~d1docosany |-3,5, 3,3 ~tetremathyl indo- 1 Declan 3 11.0 73 watherel e InOMF & Callonlc mambrane probes
carbocysnine parchiorsta D0
HIDC 1,1°.3,3,3' 3 ihylindodicarbocysnine 2 L] 841 2.5 E athane) . # in M0  Petential seneliive
36530-22-8 HIDG) lodide - L] .0 [ -t wp 254°C (dec)
DIHC1{5) Huxaecymnine 2 048 2.0 -] > - o]
Besic Med 12 L] 0 -}
L. -4 N mceils acld
[ ] water
HITC 1,1',5,%,3 .3 -hasasa thy | indotr lcarbocyanine 3 [ ™ ] 19.0 790 DNSO (CIOG™) us . # InDM30  Potsndlal senslilve
10RE-42-4  MITCP perchiorate 749 7.9 T etheml mp 198°C {dec)
19784-98.-8 HITCI lod!da b .2 705 mathanol o = 0,50 (E0)) Lasym83rm
DIIC1(7) Haoscyantne 3 r 0.3 0 00 O
70 2 [
™ 3 chlsrofers
T N scatla azid
s a1 water
D-57-8 WITC 1,1%,3,3,3°%'=h thyled, 4',5,0'=dIb 3 Me 4,8 .4'.9- 730 17.4 az oo l‘ . a in DH2O
2,2'=Indotr lcarbocyanine parchlerats ol bz m 824 chlersferm
700 aa ] etharo!
m 05 mwttancl
¥Mp-32-4  IR123 Indocysnine Green, Fox Green, Cardle Oresn 3 Bu-3054.8°.4'.58' 795 17.3 f <] [- . -] . - 1inE pH dose net affech flversecenics
=diberzs 800 &% chisreform vo in DMB0 Merck 114848, dimer Abs ¢ £P0 rm
o 212 00X smtheno! & Fl & 825 rm.
™ ] wter
™ &30  amthanc|
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B6: 2,2'-quinocyanine

CAS » Abbrev—  Dya Memw n  Poa. Othar Absorb- ax 10* Fluor- Solvent Belubil ity Ollwr
Tatlon ¥ Fos, aos  li-low) sscance H20 EOH  OAbwar | refarast fon
m m Solvent
T7-90-0 1, 1" —dlathy -2, 2" —quinocysnine Todide ] Et 524 8.5 nons  erthengl wp Z70°C (dec)
Peaudo! sacyanine e nore  atheno!
=7 nona 1]
T768-90-3 DOy 1, 1"=~dlathyl-2, 2" —quinocarpocyanine ledide 1 E a0s [ ] methere ! o™ = «% ECME mp ZPT*C (dec): Murch 11-8054
Piracysrc| fodide, OQuinalding Blus, [} 17.0 w sthenal vietel blua Solutlen ara dichreic
Chiraigink ey, Sensltol Red 825, 553 D water rod alkstine (bive}t scid (colowrlaus)
L ] -1} Seva x5 70—-660rm
[ ] [71) siyoarst
1,1 =dlathy1=3,4,%" 4" ~dlbanse=2,2'= 1 Et 3,49 .4'- B3 ] athanc !
quinocarbocyanine lodide dibenze
1,1 ~dlathy}-5,8,5' 6" ~¢Ibenze-1,2" - t 0 8,65 .0- & W athanol
quinocarbocysnine Todide ol barao
14187-31-5 0DO| 1,1 =dlathy|-2,2"~quinadl carbocyanfre 2 1} TH n.o p - athano! of = 0,06 {EG)r Lugualidrm (£Q)
lodide ns 45 e}
w 700 plycarsl
08 »w = thano|
1, 1 <dl ety l=11~chloro=2,2" ~qulnad] 2 Et H-£| or o matihans| -p 239°C (dech
carbocysnirm bromtde
1, 1" =dlattyi=11-brome=2,2" —quinod| 2 [ 1} 11-8¢ L] w atharal mp 216°C (doe)t Luaw=B!BSrm (G1)
carbooysning brom|de o [ -] maitane |
1, 1V —dimathyl=11-brow-2,2" —quinedi H ] M-8r L) [ wstharal Luawe745m {(GI)
catrbocyanine brom!de
1,1 ~dlattyi-8,8,8°' 8 ~dibenze-2,2'~ 2 B §5,6,6.6'- ™ L J atharsl
o lnad | carbocymnine  odide dibsnzo
1.1 =dlathyl-2,2' ~quinocerbocyrunine lodide 3 £t 08 [ ] maihena | wp 235°C {dac): Lpax=P3érm (EG)
w 57 Slyoerst [= 0.01X in MelH) 0.7 In O12€I2
am 8%  mostone Be= 0.5X In MelH: 0.3 In OfZCI2
0 w athenai CI04~ 0.01X In MelH; 0.7 In GHXIZ
1,1 «diathy(-13-acetoxy-2,2*' ~quinatatre 4 Et 11-8r 3 W o wp 185°C (dec}s Lumax1100rm (M0}

carbecyanine bromide
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B7: 4,4'-quinocyanine

CAS # Abbrev— Dys M n Pos. Other Abscrb= & x 104 Flaor- Solvant Sotubl lity Other
fatlon Y Pos. ace  IW-lowT ascence HZ0  EACH  Other tnfarmat lon
] m So lvent
bB2-57-7 1, 1°=dluthyi=4,4'—quinocysnine lodide ] 2] 530,990 nons methenc| mp 2B0°C {dee)
Wililes' cyanine 3 ™one EG
45330 1,1 =dipeniyi 4,4’ —quinocyanine lodide 0 Ps 504,892 none  athenol Sewax 58061 0rm
Cyanire Bius
1,1'~dImathy|—4,4' <uinocarbocyunine fodids 1 Me m 725 0% = 0,088 (EG): Lymyn7dfrm (Gi)
™8 W methamw!
4T2T-50-8  DCI-4 1,1'=dlethy) -4, 4'<quinocarbocysnine lodide 1 £t Fal) 25.8 720 ethanol 0.1X  0.2X 0.9X in op 257*C (dee)t #f = 0.10 (EG)
Crytocysnine, Krypleeysnina nr 21.8 T [ EGME Gresnish blus in sthanel
Rubrocysn!ne s N> -t | « In EG SeasxnB20rm1 Laaxa747 (EG)
™m 747 acatone
m 728 EG
1,1 ~dibuty)—4, 4" —quinocarbocyanine lodide 1 By n2 = 2] *f = 0098 (EQ)
DDC 1 -4 1, 1" =dlsthyi=4,4"'-quinodl carbocysnine lodide 2 Et 6] .8 200 athanc] o % 0,12 (E6Y1 Loaax=?30m (EG)}
DOC4 Jodid: MK 1144 820 W mathenot poor ahelf 11fe
2as 849 -]
1,1 =l ethy | ~11=bromo—4, 4 ~quined| - 2 13 11-Br b N mathanc! mp ZIT-TIC duch: of = 0,17 (EGY
earbocynnine lodide ) o 824 =<} Lenascw830res {MeOH)
1,1'=dlathy|=11-chlore—4, 4" —qulnodl - 2 41 11-C1 7 334 =<} of = 0,14 (EG)
carbocyenine leodlde .
THAE-34-8 Neacyanine 2 £t Structure | Thres quircline endaroups joined
by the conjugation bridge.
1,1'=dlathy|~4,4' «quinetr|carbocyunine 3 gt 23 W mathanct rraxwPO0-1100mm: Lnax=1013rem (€G)
lodide: Xanocyanine 924 957  ecetome
952 w athano|
1, t" ~dlethy]-6,8" —dichtoro—4. 4" —quined] - 3 Et 0,0°-Ci2 M3 mathanol me 216=218°C (dac)

carbocysnine 1odide




B8: Rigidised symmetrical cyanines

]

X ® &
. 6
B8a: croconiums >=cn cH—{ s
5 N ri, <
4 ,! 0- A

o 0 .
> <X
[
B8b: squaryliums cH <H 5
T - i
B8C: IR123 type D
: CH—CH CH=CH 5’
O o= (X
“ | 1 ‘
. R R

LN

H
2

H
2

H
2

O 0}
€ i

H
~g 2

X X i‘
B8d: IR109 type ‘O: #cuﬁ%crl—cn=cﬂ—< -
5 N o . ' )
l 4
4 A

X 5
B8e: IR132 type ) CH—CH CH==CH D .
OO~ <X
4 ! ! ‘
R R

& Sge

Doz

& X ¥ ¢
B8f: IR134 WDB . @"%CH—CHQCH=CH{PD g
2N l:] v
N
|
c

0ocC
2“5

X X .
B8g: neopentylene ) O: %CH‘QCH—( ﬁ .
3 N Ny P
¢ F!‘ Me Mo F'\

- <X3
B8h: dineopentytene cH €H—CH==C CH .

5 QEN N A ;

. | . | ‘
R Me Me Me Mo R
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B8: Rigldised symmetrical cyznines

Abbrev- Dys Naw " X R n nr Other  Absord—e x 10°  Flaor- Salvant Solubil ity Other
lation PFos. ance I-lon-! escence informmtlon
. ' [ m
B2a: croconiuss
3.3"~dlathyl=9, t-croconluw-dl- 2 =i £t &2 ] acaionitrile
carbocyanine todlde a0y N wathanol
3,3 ~dlethy 1-%, } i-troconlue-thiedl - 2+ 3 £t ™ L 1] scatonitrile
carbocyanine lodlde
3.3 ~dlethy -9, 11-crocon]lve-Indad) - 2 Ola2 Et o4 L] scatonltr)la
carbocysnine |odide
BSb; mquaryl fums
3.3 dlathy|-$, 11-squary ! lue-d|- 2 CH=CH Ey T2 » scatonltrile
carbocyaning lodide T08 N mathans|
™0 L] chloraform
3, ¥ =diethy =0, 11-aquaryl lum-thladi~ 2 3 4] <] 4] acetonliriie
carbocysnine lodlda 70 -3 chioroform
3.5 -diathyt=, 11-squary | lum-Indod] - 2 QM2 Et 29 [ ] mythahal
carbocyanine lodide 6% LY chioroform
Bac IRIZ3 iype
M2y 3.3 =dlathyi-8, 11-(cxy—o=gheny |ane) L] L] Et [ w
thisiricarbocysnine lodide
B85 IRICS type
IN0S  3,3'=dlathyl-10, 12-athy |sne=11- 3 8 K o w Lo GMSO
morphal tnothiatricarbocyanine
perchlorats
B8a IMIX type
(L1} -] 3,3'—dl (3-ecetoxypropy | )-11=d I phany | 3 s M rh 3,6,5'.8'- 830 15.9 05 > . ] L9l Irm MO0
anino-10-12-athylene-8, 8,5 8 =i CPrOCOME )2 dlbanzo [ ] ) dhlotofarm
benzothlatricarbecyanine parchlorate T04 a4 ;e thano
CASS S2000-£2-9
R8T 3.3 ~dlathyl-10, 12-athy lene=11(N- 3 3 Et Ma Ph [ -] L+
mathyissil I inadthistr lcarbecyniing
I3 11=dimethy lmine-3,3 —dlethyl=10,12- 8 3 & Na Me 4,0,4° 8- W ] LomxoS83rm DMSO
elhylened, 8,4, 5 ~diberrothlacarbo- dlbenze
cyanine parchlorate
IR0 5,5 ~dlchiaro-11-~diphany lmaine-3, 3 3 EL m M 55 225 8,19 a8 oy Lamx=894cm DHSO
3 -dlathy|-10, t12-athylanathlacarbe 810 15.0 1] atham)
ma e |

cyanine [odida:r CASE TI005-17-7 a3 an
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Bf: Rigidised symmetrical cyenine continued

Abbrev- Dys Name 3 b ] n A Olhar  Absorb-e x 10 Fluor~ Soivent Solublitty Other
tatlon Foa. ance |i-ler! ascence Informat Jon
m e

k140 3,5 ~dichloro-3,3' —dlethy|=10,12= 3 § EL W Fh 85,5°-Cl N ] LomaxarBdfiewn DWISO
athylene~10. i2=athy lere=11={N-maihy|
snllino)ihlscarbocyanina lod|de

IR143  3,3'—dipheny!1-3,%'-dleihy]=10,12- 1 s EL P M 4045 WO w0 Lomnx=870nm DMSO
athylera-4,9,4" 5" ~dibengothlntri- dibenzo
carbocyanine parchloraie

B&f: IR134 type

34 11-{d-athoxycarbony Iplpar idine)- 3 5 K 4.54.5- N L Lomx=0800m DMSD
3,3"-dlathy)+10, 12-athylene—4,5,4" 5= dibenzo
dikbanzothintr icarbocyanine parchionte

1R144 arhydro-11-(4—a thoxycat bonyl=1- 3 a2 (FrO0MH)2 6,78 .7- 1 14 L -3 «thana) Lowxs83m NS0
plparnxinyl}-10, 12-athytene=3,3,3" 3" d)benzo [, ] 848 chloroform
=tatramathyi=1,1"~d| {3-sulphopropy}) 745 12.4 825 DM
~4,8,4° 8 -dibsnzolndotr | carbocyanine [ ] 708 methanal
hydrox|de, lrltthyl-mlun‘-ll
CASS 54849-05-3

B3g: necpentylanss

btbC] 3,3 dleihyl-9, | i-necpaniylevthls- 2 3 Et 6% N methane!
dicarbocyanina lodide

DNTTCI 3,3 =dlalhy!=9, 11-nscpentyienathia- 3 3 Et 785 2.9 ] athano|
tricarbocyanine todlde

B&h: dirsopentylers

DNTPC 3,3 ~dlalhyl=9,11,13,17-dinec L] 3 Et 1000 [ ] e Lmaw=1124rm DNSO
panty lena \hlapentacarbocyanine
parchiorale

ONXTPC 3, 5'—disthy|-9,11,1%,17=dInea ) 3 [ 1] 5,0,8°,6' 1080 w C0 o= 1172rm OM9O
pantylens (3.6,8',0°=tatrmmthaxy) CMe0)y
thlspeniscarbocysnine perchlorata

ONDTRC 3,3 —dlathyl-9,11,15, 17-dires a s Et 8,70, 7 1000 N 2 - ] Laxe1100nm DU
pantyiane (8,7,8'7"~dibsrzo}thle= dibarze

pentacarbocyanine perchliorate




Appendix G

ASYMMETRICAL CYANINES

C1: 2,2-assymelrical >—_‘CH-—(CH_CH)——<
cyanines

Y
+
C2: 4-quinolium cyanines >=cu—(cu=cu),, N—R"
N
I

Y .
C3: Styryls O: )—(cn:cmn—Q—N_

N
I
R

C4: Styryl-4-quiniofiniums

R—N (CH:CH)“—QN—
C5: Pyridinium cyanines
cy O(CH:CH)@
N-I-

R
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C1 2,2-esymmetricel cyanines

CAS & Dys biws L] Y I R n Moworh- 8 % 104 Flwe- Sslvemt Sohublifty Othar
e I-loe) gscance tnformatian
. EL
1,3 -Disthy|-1,2' ~quineyithincyanine 0 ] O Bt Et 403 | 4] withano|
todide
1.3 -Plathyi-1,2"'—qulneylselana L] Se HeCH  E{ E4 0 N methanet
cyanim lodide
1,3 -Dlathyi-2,2' ~quinoy| Indocarbe- 1 Che2z OwCH B [ £} 251 W mathemot wpu247°C (dwe)
aysnine pefohiorate
1,3'=-0Dimethy (=3, 2*'=quiney | Inde- ] Chin2 CHelH e e 540 e.18 w athansl
carbocyaning ledide
1=Ethy 1=3' 9" .dimathy|=1"=pheny | 2= t Qe CHeCH Ph Et 854 L] mathero|
qulnoy|=21"=1ndocarbecyanin lod)de
1,3 -Dlsthiy=2,2' —quinoy | cacacarbo- 1 ] CHeCH  EV Et 548 W sathanol o248 L (d-c)! ER
oyanine lodide 842 [ ] athanal
1,3 -DMethyi-2,2' ~quinay | palane- 1 S =G £t Et 82 w aathane|
carbocyanine lodide '
1,3 -Dlathyi2,2' =guindy | thiacerbo— 1 3 CH=lH £t [13 ars w wsthans | wpa247°C (dec) ) Semx=t10rem
cranine lodide
1,8 Dinihy| -2-quingyl-2'=(4* 8= 1 3 OmcH Bt ar W sstharol| ou247°C (e} Spaeti0rm
bemzothlscarkocysntne lodide 4", parza
T=Ethyi=9, S-dimathy|=2=Indo=-2"{3'- 1 Qa2 S [ ECX0N a0 w watheno|
propyloxy J-turb |
perchierate
1=Eiteyr1-3, 3-dImathy}=2=tndo-2 (3~ 1 [+ -] L] £t Et o8 L ] [l ] apa25°C (dec): SmmyxedTOrm
stiyloval—carbocysnine (odlde
1-Ethy1-3, 3-d ety | =2 | o2 (3* = 1 Oz 3 £ 11} a2 W methanol wpa252°C (dac)
athrithin)—mrbotyanine lediae
1=Ethy1-3,3-dimethy|=1-pheny |- 1 Chin2 L] M T 842 0 methanel
Indithie catbocyanine Tadide
1,3'<Dlethy 13, 3-disutiyi=4",5'~ 1 Chin2 L] [ 44 £t %0 W mtharw)
berze indathia carbocyanine lodida 4,8 -banzo
1=Ethyi=3, 3dtaathy|=1-phanyl-4°,0'= 1 a2 ] ™ [ 13 a7 o mathenal
banzo Indothin carbocyanine lodide 4,8 enzo
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C1 2,2'-asymmefrical cyanines continued

As r Dys Hams v R R Absorb— & X 0% Fluor- Solvend Sotublitty Other
' ance  (-lor1 secance information
m m
3,3 Dlathyi=2,2"~oxasel snacarbo- Q E £ 227 N> mathana i p=257°C (dec) ) SmaxeST0rm
cysnine lodide
9,3'-Dlethyl-2,2'—oxathlscarbocyanine 4] Et Et 20 N mathanc) mp=280°C (dec)
lodide
3,3'-Diathy)—4* ,6'-benzooxathia [+] [1} £t 508 N et haro |
carbocywnina lodide 4',5' <berzo
3,3 -Dlathy(-2,2'—cxase | ermcarbo— o Et £ 552 W wathano |
cymnine lodide
3,53"-Diathy|=2,2"-sslarathiscarbo Se Et £t aa W mthano| "o 234°C (dec)1 Snaww8S0m
cyanins lodide
3,3 -Dlethy|-4,5-beraothlscarbo s & [ 4] 7 N> mattmno|
cyanine lodide 4,8-banzo
1,3 Dlethy1-2,2"—quinty | se lanad - CH=CH Et 1] 673 N meihanal
carbocyanine lodide
1,9°-Dlathyl-2,2 << inoyithiadi- H=CH [ 4] £t ere N metbenal mpu234*C (duc): Smm=715m
carbooysnine lodide
3,3'-Diathyl-2,2"-e¢ lorathindicarbo Sa 4} 33 a5 N pathanal - wpaZI6*C (dec)) Spuxm?15rm

ayanina todlde
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C2: 4—quinolium cyanines

A3 e Dye Name n ¥ ;] n other Absorb- & x 104 Fluor- Solvent Solubl 11ty Other
position ence IN-lor! escence Informmt lon
m ]

1,1'=Dlathyl-2,4' —quinocyan!ne ] CHe(H Et Et 20, 9% ] wathans| wp=100"C (dec): pka 4.9
lodides Ethyl Diquinel Ine Red k-] w sthanct pH 4 colfouriess: pH 5.8 rad
1,1 -Dlathyt=8,0" —dlathoxy-2,4'= 1] CHeCH et £t 8.8~ 578 .+ wathanc| mp=192°C (due)
quinecyanine |odide (OEt)2

20991-23-3  0-Ethexy-2[3-sthoxy-1-ethyl-2- ] CH=CH Et Et 8.0~ o5 [ 3 wathano| mp=t82°C (dec)
mithy | ~deguino |yt Idene) Ipropeny | (OEt)2
=1=athy | —4-methy-quine! Inlum lodide: 2*, 4N
Dleyanine A
1, 1*-Disthyl=2,4° ~qulnocarbocyan | ne 1 ChsCH Et Et 005, 057 <] Mathane| mpa240°C (dec) 1 Soue=C9Srm
lodide
TrEthyl—d=quinoyi=2'{1'wethy| -3 §* 1 a2 Et Et 004 N sathano| wpaZ28°C (deo)
~dimathyl Indo)—carbocyanine lodide
1=Ethyl—d—quinoyl-2' (1'«pheny|=-3',3* 1 a2 £t Ph 802 .+ wathane!
~dimathy| Inde)-carbocyanine lodide
1=Methy|—4—quinoyi=2'(1'~athyl=3",3' 1 a2 L] e 570 0.17 w athang|
~dimathy | ndo)-carbocyanine [odide
1,3 -Diethy]-4,2’' ~quinoy | oxacarbo- 1 ] Et Et a 1.8 W ethanol wpu261°C (dec)
cyanina lodider DAX) 098 N mwthens!
1,3 -Diathyt-4,2'—quinoyise | sne= 1 S Et Et N etharol .
carbocyanine lodide a2 ] mathenal
1.3"-Dlethy |~4,2'—quinoy| thiscatbo— 1 s Et Et 29 11.3 w stheno| mp=178C (deo)
cyunine lodide: CATC) W mathenod
1,1 -Dlethyi-2,4'=quinodicarbo- 2 CH=CH [ 4} [ 1] m L mmthanol wpr240°C (dec) i SmaxeB20rm
cyanine [odide
1,3 Dinthyl=4,2"~qulnoy | selans— 2 Se Et Et T2 ] othanol
dlearbocyanine lodide
1,3'-Diathy 4,2 ~quinoy| thiedlcarbo~ 2 3 Et gt 728 0 wthano!

cyanine lodide
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C3 Styryls (themicyanines)

s 7 Dye Muta n v ] n other  Absorb- & x W4 Fluor- Selvent Soiub] | Ity Other
pesition snca  IN-Tor' secence Informst han
m ™
2-{=p-Olathyimalnoatyry| }=1’~athyt= 1 QinCH B R &0 8.8 W wsthanot = In HO pH1.0 calouriess, pH2.2 red
' —auinoi fum Jodide & In EtOH pa 2.8 & 11.25:
Cyinaidine Red Merch 118057
2={=p=Ol gty igmiroatyryi d=S-atiyt= 1 ] [ 4] n 00 L ] mtharw|
boraoase ! lus lodids
2«(op-Dimthy lamincstyry) }-3-athyl- 1 o Et e 452 7 W methenc|
banzoxazo| jum |odlde
2=lep-Dlmatty laminoatyry | )=3—athyl- 1 3 £t ] =8 7.9 o asimnot S 300rm| wpe255°C (dea)
berpithiazs! lum Jodida: DASBTI 30 6,49 ] sthanc! Laaw=339-000rm )
2+{~p-Dlathylamtnoatyry) }-S-athy|- 1 ] Bt Bt o5 7.8 O mathenc!
henzothlaze) hum lodlde
2={=p=Dlathy lmninoetyry! j=S-athyl= 1 Sa " [ 1] S W nitromthens
banzoss lensa| |vs 1edide L W msthano!
2e(ep=-Digihylmul noatyry|)=1,3= 1 2 Et £t 043 w0 matharo)
dlathyitndolintus Jedide
2-(—p-Dlathylaminostyryl Y-S-athy |- 1 NEL Et [ 4 a4 N nltrosstherns
bonzimldexot lus lodide
29238-T6-4 Styryl 8: LDS T 2 Qa2 [T as 7.3 w atharail Lasefi70-700rm {EGY
2e{4-tp—Dlimathyimmi nopheny | 3-1,3- o3 W esthansl
butedlomy!)-1,3, 3=t r Inathy|-3H
IndolIntue perchiorata)
€| Basic Vielet 161 CH—42013
2903-T1«1  Styry! 7. LIS 7 2 ] Et Ve ate 407 o 1,2-dICIEt
2-{4=(4-Dimathy | um| nophany | 1,3~ o L ] water
butad|enyl J=S=athy{baroihtazel lus [ .- 704 wsthenol
=Tolvermeutphormts
Styryl 8; LD 75t 2 ) - [ ] arn [ 1] w sthwna | L TC-724rm Gamthanel }
2-{4—{4-dimthy laminopherny 1 3-1, 3~ 200 2.48 704  mathanet
butadtany] -3-athyidenzothiezo) lus [ 00 wathanel
perchiorata
Styryl 9 LD3 820 2 ] e 70 70 mttwal Lower photochamical
2-{G-(p~dtumity|am| nopheny|)}=1,9, 8- stabl 1ty than Styryl S
heatr lany) }=3-meibhy | benzothiazol lun
parchlorats
Syryl W O3 621 2 L] [ ] My 2,40 o 8.08 o athanal LoamxaTI3-000rm (s ttwho | )
2-{0-{p~dimathy amIncptwny | }=2, 4~nee~- &2 70 sathanel

pantylane~1,3, S-hoatr feny! }=3-mathy |-

benzothlazoilua parchiotata
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C4 Styryl-4-quinoliniume

CAS # Dys N n ¥ R A othar Absord~ & x 104  Fluor- Solvent Solubl Vity Othar
position wnce f(i-low1 gecence informst lon
m m

4={4'Dimathylaminoatyry!) quincline 1 - ] o [ wa thanoi Saee40rm: wmp=142°C (dac)
B2985-09-3 Atyryl 11 LDS 798 2 O=CH 1] e 578 4.77 [ -4 athans] L 770845 (EQ)

1—4 thy | —#={4=(p—d Imsthy Lam| nopheny { ) - - -] water

=1, 3-butadieny | }=ginal Inlus 58 033 methano!

parchlorsts

C5 Pyridintum cyanines
CAS g Dye Mo n  Structwe Absord~ e x 104  Fluor- Selvant Solubl I 1ty Ottr
moe  (-lar? ascence informet lon
m m

51320-91-8  4—d|cyanometivylene—2-wsthy | -8-(p= 1 v 472 4.29 w athana| Lamy=004-&72rrs (mathano()

digetiylen!nostyryl }=4-pyran 480 Lrn 7 a0

[ve ]

DASPY 1 2-(pDimaity tenlinostyryl }— t wi 472 .0 w athanc|

pyridyimethy| todide
87004-02-2 Pyridin 11 LDS 098 2 Vi 450 3.00 w athanc) Lo ®90-730r (muthenc|)

1=athyi-2=(4-(p~dimathy lasinophenyi)=1,3- 47¢ N methanol

butadiany| }=pyr idium perchiarate
89848-21-9 Pyridin 2, LDS 722 2 Vil a0 4.2 o sthano Lany=837-755m (matharns |}

1= tty | =b={d={p=dimatitry | smlnopheny| }=1,3- 404 w matharol

butadienyl }pyridiun parchlorate




Appendix D
MEROCYANINES
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:
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CAS ¥ Dye Nomm n ¥ Other A R Abaorb- & x 704  Fluor- Solvent Solub  Other
Pos. ance  1u-lew-1 ewcance Itity  Informmilon
m m
] ] e M W N
] [+ ¥ Ma 476 N mathanat
3 s e N
D2: Rhodanine
CAS » Dye Nom ] Y w ] I n Absorb—- & x 104 Fluor- Safvent Solub Othar
ance (M1l esomnce iy  Information
m m
3-Ethy| -3~ (3-athy|-2-benxothinzoe— 1] 3 N-Et s 3 Et 432 none pyrldine HZ0
Iyl 1dane) rhodanlme 420 nort  eethanc)
421 nona cyclohexans
0 CHaCH N-ER ] 5 Et N o it thana |
0 3 M-EL NIMe  Et 404 [ ] aLhans |
I 0 CHeCH 3 5 N-Et L] o [ 4 msihana |
e
h 0 3 3 S M€t ey 1 N metheral
M
i F-Ethy |+5-[2-{3-athy!-2-benzothla=- 1 -] N-Et 5 2 Et 524 580  mathans|
zoly| ldena)ethyl | denalrhodanine 432 S48  cyclohexane
540 283 pyridineH2
N 580 scetona
1 CHe=CH W-EA 3 ] Et 78 W methenol
1 Se h=Et s 3 Et 528 w ot t harwo |
1 [+3 N-Et -] -] Et 490 N mathanal
1 CMez  N-Et ) s 121 204 N mathanel
3Ethy1-3-[4—(3-ethy |-2-benxothin- 2 5 N-EL -3 3 Et 2035 [ ] ma t hara |
zoly|idenalbuteny| | deneirhodenine 57 633  cyclohexam
3 o531  pyridine:H2O
] 843 scetons
3-Ethy | -5-[4-(3-athy]-2-benzothia- 3 -} N-Et s ] [ 4] L] 785 methanol
z0iy| 1 dena )-2-hexeny| [ dent }rhodan ine &40 1.6 N chioraform
T 783 pyrldine HZ0
. f-200] 744  cyclohaxane
N> T4 sceton
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D3: 4-quinoline rhodanines

[<LN ] Dys Nass n a - I n Abworh- u x 109 Fluor- Solvent B0l ub- Other
ance  It=Icn=1 sacence 1ty Informatlon
m m
3=eihyl=3=(1=athy—4{1)=quinaly I dene)~ L] N=Et 3 3 [ 4] 5153 a7 mathanal
7hodan|ne L] 574 cyciohennw
N> 581 pyridbeei20
Bealhyl=B=Cimathy | 401 —quinely | ldena )= t N-Et L H €t a7 -] methan i
athy!ldens rhodanine Lot ] 842 cyc lohaxara
'] 8 pyridineiHz0
Jeathy |<B={1=athyt-4(1)-quireiy|ident)~ 2 N-E1 s 5 1] 78 L ] methanal
butyl idene +hodenine 83 W cyelohexana
S-gthy |-S={1-@ihyi-2(1}~quine |yl idene)- 3 MN-£1 3 3 111 520 -] weihanol
hexyl ldenn thadanine ' 0?7 W0 eyclohexsne
D4: Merocyanines
cAs r Dye Memt n ¥ Othar A fa" Absorb- & x 104 Fluwr= Solvamt Solub  Other
Fos. - sncw IWTem! escence ity  informmtlon
. m L]
-] $ £t [ 4] 7 -] methanol
1 L kt Et E= ] ND  msibanol
2 3 Et 41 840 L] methanel
3 5 1] E1 | +] N> mathema |
D5: Merocyanines
CAS # Dre Matte L] ¥ Othar N n Absorb- & x 10 Fluor- Sofvent Solub  Other
Fom, o IM-lcar! escence ity  informstion
m m
] 8 Et & 418 [ ] oetheno |
1 3 (1] 31 a1 L +] mathens |
2 s "Bt Et oy W methanot
3 ] Et £t 44 ] mihanol
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CAS # Dye Name L] ¥ Q n n A Abgors= = x 1+ Fluor- Solvent Solub~ Olhar
e -low) escence ity  informmtlon
[} m
) w2 s L] Et £ 495 ] pyrldioe
1 NEt s E 0n Et W N
Warocyanine 340 1 o s £t 1] Et 540 350 ssthenel
1, %dibutyl =3={4—[3~{ 3-sy | phopropyi) -3 L.rrd waler
~2-benzowa! Inylldene)-2, 4-butytidens)
=2=thigbarkltiyric acld sodium suli
2 Cile2 5 1 4] Et [ 13 w pyridine
2 MEt H 1] Et 1] 0 L)
3 e s Et £ Et 94 ] pyridina
3 3] 3 Bt 4} L -] w
D7: Merocyanines
CAS # Dyw Numr n m L L L] Absord- 8 x 100 Fluor- Solvent Solub- Other
wca  IM-low1 eacence ity  Information
. m m
-] Et CEt o 11} w . ]
] 3} O Ol O WD L o
Q - ot N 4] 0 ]
[ ] £ CEr [« ] [ 3] ] ]
] e oft N NHEL w N
1 Et QEt [+ ] ] w N
' Et CEt  ON  -CH=CHPH w
1 ] QEt [+ ] SEA N
1 El ot o e i L w0
1 e o ot NEA w Lo




PHENOXAZINES
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E1: Phenoxazines

E2: Benzola]phenoxazines
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£3: Phenoxazin-3-one

THIAZINES
900
72 s r

[ + 4
E7: Thiazines

7\\ S/ -~ Q
6 4

ES: Thiazin-3-one

Appendix E

AZINES

m@
9\ 1] ]

E4: 5H-Benzofajphenoxazin-5-one

0 0 /5

£5: 9H-Benzola}phencxazin-9-one

&
2 N
9 S
] L] 4
11
1‘\ 3
4

£6: 10H-Benzofa]phenaxazin-10-one

10 /Cl(u
RN ~s o

ES: 5H-Benzola]phenothiazin-5-one
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€1: Phenoxazine

Fluor—  Sofwvart pa Solubl | Ity

CilMo CAS S Dys Nt Pou. PFos  other Abuscb-- & u 102 Othar
7- Fos. ance 18-Tewr1  qacence H20  ENCH  Other Informat ton
m m_ Salvents
51000 Mathy! Capr) Biva a2 L) - 840 w water s . Reddish-brown In H2S04, on dllutlon
Caprl Biva ON 845 [ ] wathano! blue blus palsr but ne colour change
[ ] | 0,010 NalH Reddish brown In dl{ HCY
$1004  24790-94-9 Ozl 728 NEt2 NEt2 [ ] 12.% o mathanal = .03 0.8X B of = 0,15, vr= 1.02ns (EtOH)
SI03-82-8 Owaxing 1 048 15.0 %0 athenoi blue
85840-£2-9 Ethy| Capr| Blus o 77 ethylem~
Cl Baslc Blue 3 qlyool
S1010  10127-38-3 Brilliant Crasy) Blue N2 NEtZ 2-ds 095 &0 acetons 10.74 X X 1 InEAB 1 = 3,50 (EACH)
Crasyl Olua B3 05 an wethano b (9.9 blus blus » In Ao & AA Dichrole (green by reflected and
Brililant Blue € 200 1.8 .-} athano| E violat red by tranamitted llight) In
Crasy) Bluw N 0% 633 hexani-o| H2904,0n dll brown, Brown ppt In NalH,
o8 842 prridina Spectrum concantration dependent,
810 635 nitrobenzens ¢ 40ng/| WeB2%5e & ¢ 1g/1 w375,
Reduced (colourless) by dithlenlte.
Reoxidisad by alr sl pH27 but not
balow pHE, 41 mp Z53-236°C
51013 Caprl Blus N [ 143 a2 2-U W |+ » ] Gresn In thin layars, red In thick
Sarron WF blue  blue laysrs In HZ304, on dilution red.
Red In dllute HCI.
41830-01-3 Ooazine 4 NHEL MEt 2,8-Ms 010 10.3 a5 matharc! . [] fIn E L Xyl Desp pink (480re) In NeCH
LDas) 018 1.9 [ ] sthmro! blua blue = In DeED Oliva green (432/810/880rm) in H2904
812 05 walar Blue with rad fluwdrascence in water.
Clmer ¢ Abs 555w
Teoparature Depandenca =0.01% par *C.
3, 7-dlaminophancmzine M2 ;] 438 2.8 301 sthanol/Dese . L] s InGl, Chi, A pH Indlcater
Ouonine 73 8.0 05 othano! s InD
ve fn Py
Iapon Fest Blue M3 L2 MELZ  1-OEC 095 w watar . Med In NaOH. Blus violel with red
fluorascance In athancl.
Phansazine " H w0 o [ ] o In most Blus green In afcokelle Farrle
erganic chlorida solutlon, Vielat red in HYSD4
soivents mp 120°C
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€2: Benzolaiphenoxazine

Cise CA3s

Oys dhua Pos.

L | foa, aoe

Por. othet Absord- o 2 104

=teart

Flwr=  Solwant a

Salubl ity

w0

EtoH

Othar

S lvpnis

Other
Informmtlon

s o570
{chier tde)

Meidela's Blye H [ 35
Mam Blua A
<! Basle Biwa 8

51180 53340-18-2 Nlle Blue A Nz NEt2

CIod-)
8 1-80-3
Cchlor | de)

41188

31190

81195

o200

51205

Gl Busie Biva 12
Nils Blus 820

Nlia Blus 22 Ni-Ba MEt2

Besio Blue 10 M-Fh-N0le  Nis3

Now luthylone Bius G0 N2 Nibe?

LY
New Fast Blua F, K Minz  NCPh-phlladd2

Suscar Ine ] -

=3

2838388

7.5
T.08
.

3338338

wter

mathano|
ethanal
matar
chisrefora
hean-tea |
ncatons
oyridios

water

1.8
"7

1.9

6. 1%

1 in Xyl

bluish biue =3 In Ac

violat

9.2X
ve hal
hlus

0. 18X

blus

grean

blue

0.82%
blua
green

vis ln D

ve In Qi & EG
s InGl, A

OM0 & £G

1 InD, H, T,
ELHN,

8 In Az, Py,
€ht, MeON, D
& Xyl

blus greensh-

s in
hot

biue

Brown tlocculant ppt In NaOH
Blackigh gresn In HZ904, on dil blue
1X main In dalonlsed watar praviously
adjusted 1o pH7 has a ph of 4.8

e 1.6 ELOML tee 1. 1908 MaOH

1w 0.380s HO: 1= 0.%ns G

fe 1.27ng EGa1 #f » 0.23 (E1OH)

of = 0.47 (MaOH)) mp > 300°C (dac)
Satwreted conc. 2.8 x 1% (EAGH)
Molecular dimension 3.9 x 9.4 x 16,8 A
Plok & yolliow Tlhusrescance In Xy).
Mauve In Ohl, Py L G. Oranga In Ac.
Orange/brown (430,8518) In Hz304, on
dijution green {430} then blus (038
Brownish red ppt (908) In NaOH, thal
te soluble In ether {brownlish orange
with green fluorescence),

Dimar Abs # 350rm & FI1. # 235w

Bive pH(Y, Ped PD10 (no fluorescence
@ 870 rm cbsarvad)

Tempersiurs Depandence 0. 1% par *C

Pink (sikatine}, Biua {acidic)
Brownlsh red 1n H2304, on diiutlon
green then blus. Brownish red ppt I8
MaCH, eolybia in giher (orange yeliow
with gresn fluarescenca).

Dirty green In H2304, on d11, dirty
viglst then biue. Graen ppt In NeDH
Graan In HClag

Groen ppi In NalH, Radd(sh brown
In 2304, on d1¥. green then bive.
Graan In Conc MCI

Blus or vialet In water

Greenlph blys In RZ04, on dllutlon
blua to viglal or gresn.

Durk floctulani ppt In NaCHpq.
Aeddish blus or green In MClag.

Blulah green In H2904, on dilutlon
blus to viclet wih vialal ppt
Yallowlsh brown |n aqueous MaOH.




€2: Benzolalphenoxazine continued

Other

Cl e CASy Dys Nama Fow. Fou. othar Absork— & x 104 Flwor= Salvamt okn Solubl ity
o 5 Foa. wnce Irlorl  esceance Hz® E{OH Other Inforsmt lon
m m Solvents
S12¥0 Fast Grean ¥ N=Fh W2 513 .2 623  sthanal/base s 1n 1 2 In AA, ¢ont  Gresnish blus in acetlc wid
9—dimathy | =S-phary | Imina % 7.18 [ ] athanol hot HCI Yallow brown solutlon In conc HCI.
berolalphancxazine hydrate Browny violel In H2Z504, on dil orange
mp 256 °C
E2589-83-7 Owazina 170 NHEL NHEt  {0-Me B8 L) acatons ] = 2. 12ns H20: tf = 1.19ns G
{CI04~) Cuaxine 720 o0 8.2 [.<r) matteno | blus tf = 3. 40ns EACH: tf = 3.32ns MelH
a7 5.%0 o0 athano! 1 e 2,845
-] 9.12 % sthans! Molecular dimen. 3.9 x 1.8 x 17.0 &
[ < ] oo preidine
&x2 nltrobanzana
633 0  hexan-i-ol
41830-80-2 Cresyl Violat N2 w2 =3 4.% 815 twathenc! 0.38% 0.2%X 1 In E & Xyl of = 0.5 CEWOH): &f = 0.70 (MelH}
€104  Owaxine 9 o0 .74 62 athanol violet s In DM 14 = 3.23n8 EACH: 1f = 3.23ns MeOH
Cresyl Yiolat €20 =00 L] weter tf = 2.X2ns H2Or tf = 2.80ms G
.|5 Lo acetone tf = 2.77ns EG: te 140-143°C
08 842 pyridine Soleculnr dlmenslon 3.9 x 9.4 x 14.6 &
003 heoan-1-ol Vialat with red fluorsscance in waler,
810 €38 nltrobanzana Oranga (432/508rm) In H2504
i Golden Orange (470mm) In NelH
Mo Olimer Abs @ 570m.
o .
@ 15391-09-0 Darrow Pud NZ MM w0 w 01X 0% 08X EGE Aqueous & aleohollc solutions are red
1 by tranmmitted 1t & nuddy vellow by
reflected |t. Precursor for Crasyl
Violat. Matschronmlc dye.
Nila Blua BX HEL2 NEt2 ] o
Oxazre 750 NEt  t-enime o2 73 mathenol . ¢ | InEAXyl Saturmted conc. 1.5 x 1074 (ethano!)
o7 8.23 Lo » In DMSD Dimer Abs @ 610na & Fi. € 705m
600 8.25 ne water Pink (522rm) In HZ504

Turquolse (74} [n weler
Fink (310rm) In NeCH
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§3: Phenoxazin-3-one

Cla CaASF Dyw Num fou. Foa  othar Absord- a x 0% Flur-  Solvert [ ] Salublilty Othar
4 7=~  Pow. ance  (M-low-!  ascunce HXO WM Other Informtlon
(L. ] [, Solvents
S1020 Pasarcin Blus H a2 w [+ Bive In HZS04, on dif, walisred
Brown In HalH
81023 1X20-24-8  Modarn Viclet N o N2 a0, 4¢ 1.2,1.8 L ] athane) . . Oxidistd to & dark vialel red ko NelH
430,080 4.0.4.0 L] anthans| blus Pale brownish vielel In H2504, on dil
(.10 4.0 o ssthanslME1 dllutlen reddish
01080 1902-85-2  Gallecysnine ot Mz 1-0XH 636 w water 0.1 | 0.07% 8 In AA pHC4 biue—viciet, pH3-8 blus, pH38 red
Ablzarin Navy Blua AT s In bilue- 0.2X ECME Cornflowar blus In HZ904, on dlluiion
€1 Mordant Blua 10 hot  violei magants red. Peddish violsl fn NeCH
51040 G418-81-0 Prum o Mia2 1-000Ma 00 W water 364 9 ] pHCA  wagants red, pHe-3 desp Bive
Galle Blus ET 8.03 reddigh blus o8 purple, pHX10 decomposes
Violat PDH viglay Brown ppi In NalH, & In xu {violel)
Solochrome Prune A
€] bordant Vielat 5¢
21045 19853-02-8 Gallmuin Bfue ™ M2 1-CO0MEZ 031 N water * Pad & dichrale In H2504¢. Paddy violat
€l Mordant Blus 48 In NelH, on dil, red flecculent ppi,
Grasnlsh It waier
91020 1962-90-3  Callsatine Blus B [+ ] NEL2 1-COONHZ O3 N wter = 1.5 0.00% Xyl Blulsh vialel with !:Iﬂll| pet in NaH
€1 Wordant Blue 14 reddish blue 6.3x EG Cornflowar blua In HZ%Ox, on difution
Culfls Sky Blue B violat 2.5% EOE magenia red, Raddish vialel 1n water.
Corefna 2N s tn Py, Ac & D Blue In athencl, wp 227-230°C
Calinstine Blue By vs n Gl
Stods Cl Mordant Blue 80 oH NieZ 1-00N2 WD L ] ] Pule & dlchrolc In aquaous soin, blue
€) Mordant Olue 38 Hie2 1-CCNe . when oxldized, Violet 1n HCI. Rapldly
Modern Yiplet oxidized {0 blulsh viglet In NaOH
Vielst In cone HCI.
510M0 satrogt laatne (Sl o o 10N W0 ) s Brownish red In water.
{leucs form} 2-N2 Browny rad In 2304, on dil, umitered
Oxldized to graylsh blue pet In NalHaq
51083 Oulmntl Vielst B.BS,A L= | Nia2 1-MH-Ph [ »”» L] Blue in watnr and ethanol
2-d-h Graylsh red In HZ94, on dll. claret
’ . red pot. Bright blulsh wiolat in HetH
s Gatenl| Blue ™ Nis2 1-d-Fh WO w [ Indigo blus In smter
Gaisnll Indliga P =M= Brownlsh vielal In HZ904, on ditutlon
brownish ppt. Blulsh vicet In NeOHeg
21080 €l Mordmnt Blus 33 ™ N2 1-0R' W w » Arile or Et, R'shH2 or OOH3
{levco formd 2-N=Ph-phiRZ Lauca form; Pale biulsh green In water

Pate reddish brown (vieist + M2)) on
ditution brownish,
Oxidised (raddy viclet} by HeOHaq
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£3: Phenoxazin-3-ones continued.

Dys Homs Poe, Fos  other Absofb= a x 10°  Ffuor— Selvent  pia  Solubllity Olhar
2- 7~ Pes. wnce  iFlarl gmcence #O  EtCH Other Informat jan
™ m Solvenis
s1110 Pyragel locyanios L] Mie L] w . Viclet Blus (0 water.
wiphonie acid | = e Blus In HZ904, on 1), red to violet
Fed ppi. In Mallgq
10 €1 Mordent Biue 56 ] Hie2 o "o . Blusish vialat In water
1R PHA0THe Raddish vlolet In #7504, on dil.
dark blus ppt. Reddish ppt |0 NaDHaq
a1129 C1 Mordant Blua 09 o™ Nie2 o w0 . s Detp blva In watar & violai 1n EtOH
2P Wine red In HZ%0W, en dil. brownar
Vigiat In NeQHag
S11%0 Ul tracywn ine B,R o Nkl 40H WO w s L] Lauwco form yellow green of pale bive
(Loves farmd 2-0-Ph-aCH In smtar and sihano!
Colourlens or pala blya In H2904, on
ditutlon colouriess ar fulnt yellow.
) Colouriess) rapldly sxidlsed to blue
of vislel on addition of NelH
a1135 Modarn Azurfne o™ Nz 1-O)Ms WD w 3 Yailow In water
2.0M Grean In HZ304, on dilution yellow.
Ouidinad (blua) + HaCH
s118 €1 Mordant Blus 68 o NEL -OME O w . Lewce forms pale oremn in weler
Lauce form} Toia Pule vislsl red In HZ304, {(viclet klus
+ W02), on di), pala yellowish rad.
Oxiduifon io turbld viclet rad In NeH
1190 Mate Colasting Blue ™ NEiz -ONE WO w0 * ] Reactlions end salubliiiles sinllar to
-t Calgetine Blus &
51400 irls Bive 8 » o . s w e [ [ ] s InE Tha axaat strecture e In doubt
Flunrancani Blue 637 w o » In MedH, AA o, 4 (rad). pH 6.4 (blus)
Laomd o b4 0 wstheol A% Ao & PrOv
Pesorcln Bl o o 1w W wathanol /KOH 1 inB, Pt LCh
Owr omsxur Ins ™ [y w I In Xy} & Ot Bive in pH? water, ofive In stld soin
2-NHE) [ - o InD kA and vialat In s|kallna seltlon,
ve InG, EG & Py .
£35-70-% Rasorufin H o™ 14 ] 8.8 504 [ 243 X 02X & in(MF & Molecular dimen, 2.4 x 7.0 x 12.0 i
S0-p2-3 Ausazurin (-4 ) 8.7 288 (] dil HatH Acld (pink), alkniina (blue)
fasuzolpn .74 ] .m0 o3 methane) oH3.8 {oranga), pH 0.8 {dark vioiet)
2 ] 7.4 L4 atheno| Pasoryfin I & reduced farm Masaxurin
] 808 hean-i-sl
-] 02 preidin
o] w wter
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£3: Phenoxazin-3-one (continued

Dya Name Pom. PFoa, othar Solublilty Othar Solubl ity Other
L. 7= Pou. M2 EtcH Other Inforamtion HXO  EADH  Other Informmt lan
3alvents Saivents
Resorufin scetata L] [e+e ) a2 1.9 W methanol /HCI a In DWSO & DWF
443 .22 N nathanol
Rasarufin meihy} ather H e “52 2.2 om mmthano | o In MO & Blcrosoms| dealkylass substrates
aihoxyrasarufin ! [
Rasorufin athyl sther L OEt 464 2.2 254 mathano | s o OMSO & Wicroscma| denlky!nss substiratas
Ethowyraserufin a0 1.0 [ ] athano| [~ J
Resorufln benty) athar H O-benxy| 464 2.2 mthanat » In MO & Microsoms| dealkylese substretes
D
Raserutin panty| ather " O=CaMi1 L] 2.2 (1] mathanol s InDND & Hicrosomal deslkylasa substrates
=
” 3 SH-ph 1n-% H H “3 1.07 0 wathane |
405,458 .08,1.9 o athans|
T=acety | =2=hydr axy-3H-phanox | n~3-0ne ™ H Vi 421 1.9 N athanal
440 .74 N athawl HCL
2-hwydrgary=SHephanoxaz | n-3-om ] 404 1,48 W athene|
3 1.14 D ssthancl/HCI
H a4 1.20 W athanol ACH
-4 1.20 O wathanol HOH
T=trydr csy—3H-phanciauz | n-3-ons CH H 478 1.00 w atharm |
410,874 .23,7.78 N mathans|/base
] 4357 W mathenel HCI
t-mat hoxyearboey | ~2=trydr oy =-3H= o N 1=ONe 400 .m -3 sthanel
Bhanosca? | e3=-ona 448 1.95 W ethanal ML
1, 7, 9=1r I hydr oxy=3H-phancxs | A-3-ens H COH 1,9-(0H)2 408 1.9 o athancl
=8 .5 W sthanal {irianion)
2,4-dimethy =7, 9-d! hydrexy-Si-phancsazin- Me o s 421 1.9 [ ] athanol
«3eond -H M0 t.74 W ethancl /MG
PO — s H [T [z ] 7.4 o sthans|
T-athaxy-Sti-ph 3 M oft an 1.00 w athanot
1, 7-d1ncat oxy-34- 3 L] O 1-Ohe 442 .» w athana!
7, 9=d I meatpxy—3H 3 H Gha  B-0Aa 490 1.3 2} athana|
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€£3: Phenoxazin—3-one {(continued)

Oye Vs Poa. Pos. other Solublliy Other Solub| | 1ty Olher
o= T=- Pos. H2O FtOH Other |nformatlon H0 EtOH  Other Informmtlon
Salvents Salvents
2=t | no=TH=phanoxaz ] n=-3-one H 404 2.00 . -] sthenal
422,44 219 [ mathano!
45 2,00 N msthano)/HCI
T=am| no=3H-phenoxaz | n=3-one H N2 620,545 1,29,1.%1 N athanc)
530,500 3198 o mathana|
410 .98 D mathena) Ml
Z-phany lawIno- SH-pharox | r=3-ons 24P H 448 2.82 W chieroferm
2-phany | ma] no=T-athoxy=-3H-phanox in-3-ons 2-NPh oft 468 L% )] ] ethemal
1-athy |=T=d | metiry 1e | no~H-phencoz | n— H N2 1-da M 4.9 w stharol
~3-ona
2+p| par [l no=SH-phanoxaz | n-3-ona NS H 43 1.2 <hlorofors
7-p| par 141 no-SH-phancxaz | n-3-one H NICH2)5 580 10.0 athano!
2-morph! | | no-SH-phanax! ne3-one morphaline  H 440 1.00 [+ chiorofora
7-morphl | | no=2H-phencx | re=3-ona H  wmorpholine -] 4.4 w atharol
Z-morphl | Ino=7-hydroxy-S-phenoxin-3- morpheline OH T2 2.02 [ athancl
one
NHOOMs H 400 2,49 methanal
H NN an 2.20 wathenc|
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E4: SH-benzolalphenoxazin-5-one

Dye Jame Pos. Pos  other Absorb- & x 104 Flgor- Solvent pka Solubllity Othat
a 9 Pfow. ecm -low1  escunce H20 EtcH  Othar Informmt (on
m nm Solvents
SH-b Lalph {n-S-one o H 429 1.20 338 athano!
A7 1.28 L] dioarns
432 1.3 ] Das0
10-mathy | -F-barcolalphanoxus Ln-8-one o H 104 440 1.3 ] sthana!
498 1.45 W chiorofers
HCI 1.48 N HCI
Gearn! no-SH-benzalalphanoxaz t r-5-one 0 2 498 [ ] 598 stharal (solld)
B-hydroxy-H-b {alph In-S—one 0 H 483 2.29 w ethana)
- 2.09 N athenel/WCI
10=cti] of o=SH-bunzal alphencxnz 1n-5-ons o H 10-Cl 438 1.07 Lo athano|
448 0.63 [ -] HCl
11-wcaiy | -SH-berxol alphanoxaz 1n-5-cne -} H =z 440 t.29 N athano!
480 1.12 N HCl
S-dimathy | onl no-SH-b Lalph In=-0-ore O Mile2 544 2.2% [.-1] othane|
S-nltro-S-benaolal, Yr—8-or -] o] 4% 1.10 ] atheno|
443 1.02 L 4 Wl
SH=d | benxalar, hIphenoxaz | r-B8-one Q benzo 8-benzo 481 1,48 -] athanel|
4712 .09 [ dimans
451 1.45 ] o]
B4-d Ibanzola, | Jphenoxaz | n-S—one 0 H 0, 11- 490 2.0% ] ethanal
banzo 481 1.45 N o0
11-methoxycarbony | ~{tH-banzolalphanosazin- O H M= 4% 1.38 N athan|
=S-ont OXie 440 1.62 N | )
8, 10-d| chloro-SH-banrolalphenciaz in-f-ome O H  8,10- 42 0.29 [+ athane!
<12 440 1.62 N 2]
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€4: SH-benzolalphenoxazin-5-one continued.

Ore N Fos. Ffos  othar Absoib- s x 104 Fluor=  Solvent pia Solubl ity Other
8- 9 Pos. ance  IHlarl escence H20  EtCH  Othar Informet fon
m -] Solvents
Nile Rad L] NEtL2 530 2.8 50 sthano! 1.0 0.0 0% sinEd Xyl Purple red (570} n NalH
Nile Blue A oxazone 543 4.00 &4 mathano| red 3 In most Orange {431) In H2504, on dilullon
¥ile Bive 645 633 hoan-1-0| organle bive green (393,637}
CAS ¢ Ta05-87-3 2035 heoane solvents Blus green (533,837} In HCI
a5y €30 propan~i=-o| vs In DNSD pHS3 blue with no fluorescence
33 - chiloroforn (535,637), piDY red (570} with
<] 831 acetona fluorascence st O52rm (50X mathanol)
043 . pyridine Dimer Abs ¢ 520ra & FI, @ 630m
-] 844 nltrobercene Molecular dimeralons 3.9 x 9.4 x 16,84
- ] .. ] oS0 f ® 3.70ns EtCH: vf = 2.58ns MelH
A27/450 1.8 ] H2904 T = 1.890a G) 1f = 2.48n3 EG
23 L) ather ap 203-203 *C
oS5 €40  acatonltrite Temperutura Dependence ~0.03X par *C
550 632 20X methanol
455 ...} haptans
810 950 xylune
0 - -tar
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€5: gH-benzolalphenoxazin-9-one

Dys Mume Pos. Pow othar Absorb- 4 % 10*  Flusr— Solvant pks  Solublllty Othar
-3 B Pos. ance iNlca!  eacance H2O  Et(H  Other informat lon
Y ™ Solvents
WH-benzolalphenoxaz In-$—cne H [+} 505 .88 N athanal
473 1.9 L +] dioxane
490 1.5 W [+ ]
433 1.28 -] sthano|
B~ma thy | -5H-benzola)phancxas i n=S=one NH2 [+] 572 4.11 530 athanot
535 8.1z [.x ]
515 8.33 830
a22 3.24 615  ethano! /NalH
510 347 EL cation
540,856 3.09,2.88 N dicatlon
S~hydr oxy~SH-benzolal phenoxaz | =3-ane o Q 481 0.93 N athanai
a78 2.00 ND  ethanol (anlon}
10=marphl | | no-SH-benzoiaclphanoxaz in-9—one H 0 10-mar 491 2.40 N> chlorofora
S=phany | aml no-9=benzo{alphenoxazin-3—ona MNHPh [+] 455 .09 ND sthanal
623 109 " ’
629 2.43 N snion
40 .55 W catlon
00 3.6 ] dicatlon ~
£6: 10H-benzolalphenoxazin-10-one
Dys Nome Poa. Pos other Absorb— a x 104 Fluyr-  Solvent K Solubl ity Othar
- 10- FPos. amce (-lo! escence H20  EAOH  Other informmtion
m m Solvenis
10H~benzol cJphenoxazin-10-ona H 0 500 0.89 ND athans|
454 . N dicxane
493 0.70 ND NSO
9-plpar ldlno-10H-banzola)phenoxaz In- N(GH2)S Qo 496 3.0 W chloroform

=10-one
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%7: Thiazine

Cl 88 Oye Mema Pos. For ether Abeerb- & x 104 Fiuor—  Selvesrt pa  er  Solublllty Other
- 7= Pos. wnoe (Flos'  sscence . W0 EOH Other Informmtlon
m Solvenis
A2000 £871-04-5 Thienln {Enrlich) N2 N2 - 560 8.01 918 water 3 110 D.22x 0.29% 1 InE, Xyl Moleculer dimerslon 3.8 x 7.0 % 13.0 A
Lauth'y Vielat w7 ez wathenal (1.2 vinlet vieiet a8 In Chi Brownish red ppl In MeOH,
o7 &N w0 wthmmo) Ve in " InAc b G Yaliowlsh—gresn In K204, on dliutlon
. [ -] [~ ] aosione hat waker by then vielet. Blus In di fule KCI.
[+:] 828 nltrokenzens Crimson in scatons, Mauve (n pyridglne,
o3 w ter Satursted conc. 1.1 x 10 (ethanal )
w7 828  hwan-i-el Wetschrasic dys.
612 [~ -] pyridim '
{0 L 20M K230
2002 AM-97-7  Awr € N2 L - oo w -mter & 0T tInd Purs blua Jn chlovefern,
#lye  Blus wvas In Xyl 1% soln in dalonlsed wmter previously
s ln Chi & Ac mdjusted to pHT hes u pH of 2.33
2005 SH-5-3 Azur B, Azur | Mrile Nie2 - [ -] om wter . L) tind, €& Xyl Viglat ppt with pink s0In in MO
Mathy lena Azur &3 oos mathanc| blue  blue s In Cnl Groen In HZT4, on ditutlon blus
[ L] a7 wthmncl »InPy Biys In sthane! and water,
ve In G 1X setn in deleniged watsr previcusiy
sdjusted te pHT has pH of 7.0
Dlmar Abs ¢ 800rs. Wetinchromlc dys, sp
mp 205'C (dec)
4R010 61558 Azur A Wz [ - - -} 643 water 4185 0.83X vas )2 Xyh, Yollow {404,437} In fuming HZ¥M
T blus Blua Onia'D Graen (404,437,703) In cone H7904
stk Blus (712) In conc WCI
Dult plink ppi, plnk soin (822 In NedH
Grean In H2504. Blun 1n PACH & water,
Tureucise In sthylena glycol,
1X soin In dalonlised water pravioualy
adjusted te pHT has & pH of 7.7
mp Z00°C (dec)
a01s G1-TI-4 Mathy lane Blue daz Wz - [ -] 6.01 o2 inr 2.2 2.x  0.02% Chl wp = 100-10C (dec), Dimer Abs ¢ S570m
€l Basle Diva 9 [ -] [ 3 wathanai blus blue | In ¥ & Xyl Dull pink ppl, vislel ssln in HaH
<l Selvent Blue & 04 52 [ - ridine o8 A0S . Yeliowgreen In HZEM, on dli. blus.
) L1} ] HCL . e inAg, Gl Raduced by In dust/dll #2904, colour
o 653 0.0 NaM &Py, resiorsd siowly by alr axldation or
ve in EG armbroblcally by Vight. Oxidation

rale Increassd the higher the pH.
Cuidimas on gianding and especlal )y

1n saln te glve demstiyisted form,
Poduced conpaund sticks ie ginss & s
stabie under N2 snd In the dark,
Foras doubls salt with Inorganic salte
Saturated conc. 0.1 (ethanal)

Excel jant photostab)iity,
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&7: Thlazines (continyed) .
Clhe CAS S Dys Mome Pos. PFos  other Absorb- & x 104 Fluor- Solvent: Splubliity Other
3- 7- Pos. ance IN-tear!  escamce 20 EtH Other Informat lon
rew i) Solvents
62620 €722-15-  Methylene Green Miez  Mie2 4z &0 methanot LR 2 | X Vioiet binck ppt. viglet soln in NedH
Cl Baslc Groan 8 & 20 W o vas InD Yollow-green Hz304, on dI1 blue then
s 78 water » in Ac,Chl,Py viglet. Gresenish blue In water & E{OH
52025 £390-74-3 Thlazine Blue Min2 NEA2 - 612 [ +] water ' 0.0% Vielat with vialst ppt In NalH
Thionin Blue @ Yol low/sh-green In HzS04, on dllution
MNaw Methylans HBlue H blue :
Cl Basic Blue 23
Baslc Blue @
22030 1934-16-3  New Methylens Bluse N NEt HEt 2,80-is 00 L] water LR -2RT 1 Chocotate brown ppt | MeOH
0586-056 ¢! Baslc Blue 24 Yol low|sh—green In H2504, on dlt blue
Violet bius In cold water, pale blue
In hot water.
52035 Thiccarmine R NEt-Be-53 N w » e Grass gresn |n H2S4, on dilution
HE t-Be-nS0Na blua bright blue.
52040 6588-04-8 Toluidire Blue © Nz Nie2 2-ls 2F 0.¥ ] athanol 382X .57% | InE 1LD80 Intro venus: mlice 27,98 mg/ky,
2-31-9 Tolontum Chilorside 829 o matheno!  pius to. blus ves In Chi rats 20.93 mg/kg, rabblis 13.44 ag/ke
€l Baxlc Blue 17 640 -] water viclat 8 In Xyl, Py, Dark gresn (411,890) In H2504, on
Methylans Dlus T &0, dllytlon bive grean {630). Dull vigiet
Mathylere Blue T extra s (n Ac. pet In NeOH. pH>12 (530) Pink.
' 1X seln In delonleed water previoualy
ndjusted to pHY bms o pH of 2,25
Dlmar Abs # 535m
15.3% 1.6
e thylena Blus MX Nride Niis 2,04 63X o
Naw Matirylone Blus NRX
182 374G Marck 11-T220
®R-84-2  Phanothiszine H H L= w 1820, be
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€8; Thiazln—3-one

Clw CAS S Dya bms Pos. Fos other Absorb- s u W04 Fluor~ Solvent oka Solubllity Other
- 7~ Fos. ence I-larl  escence H2O  EtOH  Other informnt lon
m m Solvents
Phanothle-3-one H H 403 N mathenc | *
Thiomel H o 818 4] mthanc! 5.8 » s In di} atksil
03 N mathanolMC|
H o 500 [ 0] W ethenol/KOH
20 N asthanc|/NelH
52041 2510-0%4 Methyizne Violet H N 2 (13 17.78 N mathanc! 0.06% 0.4% & in ¥yl, Chi, Red in scetone, Metschromlc dye.
{Bernthsan} 08 w vater s 0. 1% soln in delonised waler pravicusly
vs In Py, sd]usted to pHT hes » pH of 9.25
2045 Leucops! lothlanina DH  CH Wz 1-00A' N N s In Al or Ei, R'sOH, Chie or NH2
hat Peis viclet blus (n water
Red In HZ504, on dil. reddish violet
Oxldised to blulsh violet by W‘hq!
€9: Benzolulphenothlazin-5-one
Clho CASs Oye Noma Pos  other Absorb- & x 10*  Flur- Solvent  ps Solubility Othar
= . Pos, ance IWlcor!  escance HeO  EtOH  Othar Informatlon
- L] Solvents
52050 indochreae 3 NELZ 2-303Ne . Greenlsh Yeliow In HzF4, on dllution
Indochs cnagen § brownish yallow. Dull violet In NalH,
chargiing to blue on botling.
Reddish violel In wmter,
Precureor, formed In situ.
42055 2881-02-7  Indochromine ¥ Nia? 2-903Ma 8.2 L] Groan [n H2S04 on dilution vielet ppt
Allzarin Briilant Biue G, R + In hot Glus 1n water.
€l Mordant Blue 91
S2080 Brilliant Allzarin Blus A NEL-Ba-wSaNa Y] vy Green In HzSO4, on dli violst blue ppt

-

blue

Blue ppt In HClag
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F: Phthalocyanines

<l Mo CAS £ Dye Narm Matal 4,47 47,47'= Absorh- LI Fluoe= Solvent Solubl ity Othar
ance I-icar!  ascence HO EtH Other Informnt lon
m ] Solvents
74100 574-93-8  Phibalecysnime . - 204,002,638, -37.2.69,4.17. | | tn most #120.7 chlsronsphtisisns
) Plgmant Bl 16 555,700 1%5,1,9.12 538 chlgronmphihaiene woivents tp 0.28us In W% DWF & 290K
A08,TT2 o solld state Tp=lue 298K, 1p=100us #77K,
34D, 622,650 [ ] vapour phase Qlive solutlon, In WY304, on dilution
332,384,810, blue suspenslon.
538,670,700 N> ¢lchloramthans
& InChl & DCM
Alumiplum phihalocysnine chloride Al 280,340, 355,
96,633, 652 w #2304
Blus plgasat, redder & duller than
-7 Cobolt phihalocysnine Co 212,294,308, 738 L HZEO4 (3] s InEG, G1, Py
7416012 3317077 Phihatecy e Mo chloronmehthelwna 55 In B, Chl, A CuPc. Good 1ight fastnese.
iiaE Stable Lo HZ904. Oflva when reduced,
Custroysd by perexide or hypochlorite
74180  WI-148  Copper phthaiocyanine Cu 620,650,670  3.96,3.96,10.0 WO chlororaphitalens I #In mat M 1062m, dp=10-4 # 300K
€1 Plguent Bloe 13 312,428,687 W0 vapour phese solvents Ph 1063m, tp <us, ep=10-d O
448,779,821 ] HzZ304 s In 98X HZSO4  Ph 1073w, Tp <10us, dpe10—t £2X
In chiororaghthalem
Ollive _nlutléﬂ In #2504, on dllutlon
Slua ppt. Merck 11.2115.
Decomposed by hot WG or dii. scidlc
Kirs te ylold phita)imida, Stable to
hast, alkalls or dllyie scide.
Chromlum phthalocysnine cr 315,854 w wvapour phase Cavelent dull gresn plgment,
Poor |ightfastrese. Forms conplexes
with baslc dyas.
12036 Irgn phthslocyanine Fa L] WD chleronmphthelens
Laad phithalocywnlne M %8 W vapour phase
1001-03-6  Smgras lum phttw locyanine Ng 553,847,610 .39,.82,2.82 N pyridine 1 o InTH LA DO0 ctreins, o, 8, pelma, Fe11iirm
2, 800 w vapous phase : Tp=On 100 77K (n chioromphtielens.
Lo 23 chioronaphirel s Pi=1100nm &7 In scatone
LY 680 so¥tone Covalant wirtable kive piguani.
Forum stable crystallime dihydrate &
mmine complues. In organic solvents &
paroxides glves red chamlluminescence.
14325-24-7 Manganes¢ phihalocyanine [ hs [ ] wnter Covalent duli brownlsh green plgwnt.
Cu-matul load by minersl aclds.
TO01 1 14026-02-8 Nichel phihalocyenine L1l 27.678 L vapour phase Covalent greenish Slus pigmnt.
™ W 2S04 Outstanding | Ightfastnass.

Stable to HZI04.
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F: Phthalocyanines (continued)

(4 ™ CAS 7 Dye Mams [ 111} 4,4" 4", 4"~ Abscrk- = x W0 Fluor- Sotvent Solubl ity Other
Posltlon ance {#low~! sscence HZO EtOH  Qther Infermmt fon
™ L] Solvenis
T4220 36485853 Coppar ieirasulphonaie Cu (SaMNe )4 00,8630, 396,65, 0.7% 0.0Z% & in DESO. OWF  1pm, 020, doud. 5100 §798K EtOH
phthalocysning 645,095 158,200 W sthanoi blue & MeCH Spain10-3 GTTX athmnal
€l Acid Blue 249 602,535, 2.0,8.31, 0.2X In EGME p=2, 1S 298K water
670,650 15.8,8.77 WO wter pu10-% 290K (M0
S10(884) W waier Yeliow groen In W23, Green with ppt
In ¢ong. HCl. Decomposes In conc. HNO3
278025-89-0 Nicke! tetrasuiphonats L] (S0Ne)4 a5y [~ water 0.3 0.2 Q.085X In EGME
ehihalocyan] ne
74243 33364-99%-2 Alciun Blue) Cl ingrain Blue | Cu 4 MeSC{NM2)13* 629 W wainr 01X ) In Xyl, Ac Groen solullen In HZ304, on dllution
Alcian Dlue 8GX 812 o] water 0.XX hl 4D wlus green sslutien,
s InPy 1% soin. In delonleed water previcusly
vs In Gl ad)usied to ph7 has w pH of 8.3
Unetable In aikall (pD3) supecinliy
on waraing.
Cobolt tetrassine phihalocysnine o (N2}4 320,570,622, 658 N chlororaphthaiene hpm10-4 S290K, 9po1.0x1073 In water
T4120 Polychlor naled phihalocyanine - 1415 CI N W 14=-13 C| atcms per moleculs
Ollve solutlon In 2%, on dliwtlon
green ppt.
Yellower green plgwent than Ci=74120,
74250 <l Flgmni Blus 15 Cu (4] N 1] Bright blue piguent,
Monachlore copper phihalocyan|ne Oliva sclution In H2SX4, on diiution
blus ppt.
4255 €1 PFigrent Graan 37 Cy clg [11) W Blulsh gresn plousnt.
Octechlore coppar phibmlocyanine Ollve solutlen In HZEM, on dilvtion
blus gresn ppt.
T4280 1328-83-8 €| Plgrant Green 7 Cu 1416 CI [* ] w
Phihaiocyanine Green
\
T426% 14H02-13-7 I Flgmant Gresn 38 Cu 124 CI N L
Coppar polybromschioro- 4=12 Br
phibalocyanine
Alewe Blye Cy -3 NPt 61 [} +] pHE. T watate 0.3 0.8  0.1X In EBGME Stable te st lemst pH12.
Cupromernic Bive Cu T - - Basle phthalocyanine with quatermry

amonlus groups, Used al 0.3% In pits.7
0.023 sodlum acetate buffer.
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F: Phihalocyanines {(continued}

Cl o CAS # Cye Mo eial 4,4" 4%, 4% = Abeorp— o= 104 Fluar- Solvent Sobubl) ity Other
Poaitlon whos i) escence H0 EICH  Other Informut lan
o e Sofvents
14320-04-8 Ilnc phihaiocyan!ne In 328,581 L ¢ VRPOUr phase Sf=3x10~3 #300K: t¢=100ne, #1=0.3,
057 ] CWF Tpul. Tns, epmi04, Phei0f3m 877K
686,783 w0 1> %) rpul.lma, $p=104, Phei1092rm 2K
w 683 chiororapht halere In chicrormphtte lene
Covalent greenish bive ploment.
Unatable to tight, Fores slable wcld
salta which can be Iselated.
Teirapheny Iphihelocyantne - Pnde 515,049, 3.51.4.79,
9. 13 12.3,13.9 N chiorobsneaene
Cobali tatrapheny|phthelecrenine Co {Phid 620,890 2.19,10.9 N chlorobenzena
74280 Copper tetrapharyiphthelocysnine Cu iPhig N ] Groan solytlon in H2504, on dilution
Ingraln Green 3 oreen suspension
Green plgment,
Leed tetraphenylphihalocysnlne ”n (Fhla 553,725 2.04,12.86 w chiorcbenzens
Mangarase leiraphenyiphihelocyenine  lin Phlé 530,870, 748 .72,.83,4.07 W trichigrobenzens
Paliadlun tetraphenyiphtibelocyunine (Phe $18,67% 8.8,7.70 W chisrobanzans
Tin tetraphenyiphthalocyanine (P4 645,720 4.87,25,% [+ chlorcbanzens
Tatralls-t-butylphthalocysnine rs (1-CaHgdy 420,540,552, .51,,83,2.89
630,639, 054, 37,678, 11.8
7.4 L] hoplans
Auminius tetraselphonste Al (3Na e N 30 chloronaphthelers Ti=Sne, #f«0.8, Tpe3us 298K pHI-12
phihslocyanina
14140 Cabo |t phtbalacyanine <o e Ul’ w [ ] water n - vas In Xyl,Chi, Partly sulphonated, bright blus
€1 Vat Blur 29 LR ¥ »lgment
Indenihrene Brlilimnt Blua 4G #1InGl, Py & EG
74180 1330-M-7 I Dlmllalm 86 Cu {900N) 2 BI36T0) L] water » vy bin Xyl, Aa Yaliowlsh green In H2304, on dilution
Durazel Blve 8G & Chi, groanish blue with blulsh gresn ppt.
vee In Py 6 D Bright greenish blue pigaant.
" |nGl Mot Influenced by pH. No coleur
<hanges in either dil, HC) or NatH.
74X 1330398 Ci Direct Blue 37 Cu (X)) L 4] ] Grean |n H230¢, en dliution gresnish
C) Plgmnt Blus 17 blus with ollve gresn ppi.
O¢lght gresnish bius plomnt,
Chrentlun tetrasul phonats <r (300Madd 344,477,002, «95,9.98,-
phthalocyanine 633,009 .48 w methano!




G Phthalocyanines Trade Names and Manufacturers

Acid phthalocyanine dyes
Cl Aclid Blue 185

Cl Acld Blue 197
Ct Acld Blue 242
Cl Aclid Blue 243
Cl Acid Blue 254

€l Basic Blue 33

Direct phthalocyalne dyes

74180 Cl Direct Blus 88
(Cu Pe disulphonate
disodlium =alt)
Cl Direct Blue 199
(Simlltar to
Clt 74180

74200 Cl Direct Blue 87

(Sodium salt of Cu P¢
trisulphonic acid)
Cl Direct Blue 189

C! Direct Blue 262

ingrain phthalocyanine dyes
74240 Ct Ingraln Blue 1

Cibacrolan Blue 8G

Pergmclid Turquoise Blue RAL
Eriosin Fast Blue 8G

Coomassle Turquolse Blue 3G
Oxanal Fast Turquolise Blue FGLL
Aclid Brilllant Blue DH
Aluminium Turquoise PLW
Aluminlium Blue RL

Methlic Fast Paper Blue 6G

Chlerantine Fast Turquolse GLL, VLL
Perguso| Turquolise Blue GAL

Solophenyl Turquolse Blue GL, GTL,
Duraxel Blue BG

Cuproxl| Printing Blue Green B
Dermafix Blue GLL

Finlaol Btue Green G

Solar Turquoise Blue GLL
Chlorantine Fast Turquolise Blue BRLL
Solophenyi

Turquolse Blue FL

Durazol Turquolse Blue FBS

Ny lomine Acld Turquoelse P-8

Carte Turquoise GL

Cuproxl}l Blue Green FBL

Cuproxl) Turquoise Blue FBL

Solar Turquolse Blue FBL

Durazo! Paper Blue 10G

Solopheny|l Turquoise Blue GRL
Pburazol Turquoise Blue GR
Pyrazol Fast Turquoise FBLN
Cartosol Turgquoise B-GL

Alctian Blue 8GX

{Cy Pc with 4 emlum groupsa)

Cl Ingraln Blue 3
Cl ingrain Blue 4
Cl Ingrain Blue 8

Mordant phthalocyanine dyes
Mordant Blue 83
Mordant 8lue 77
Mordant Green 54

Alclan Blue 7GX
Alclian Blue 2GX
Alcian Blue 56X

Panduran Blue Turquolse
Panduran Blue B
Panduran Green G

-283-

Clba-Gelgy AG
Clba-Gelgy AG
Clba-Gelgy AG
ICl, Mancheater
IC!, Manchester
Sandoz AG
Sandox AG
Sandoz AG

1ClI, Manchester

Clba-Geigy (UK)
Ciba-Gelgy (UK)

Ciba-Gelgy AG
1Ci, Manchester
Sandoz AG
Sandez AG
Sandoz AG
Sandoz AG
Clba-Gelgy AG

Clba-Gealgy AG
1Ct, Mapcheatar
1Cl. Manchester
Sandoz AG
Sandoz AG
Sandoz AG
Sandoz AG

Ciba-Gelgy AG
ICl, Manchester
Sandoz AG
Sandoz AG

ICl, Manchester

1ICI, Manchester
1CH, Manchester
1CH, Manchesater

Sandoz AG
Sandoz AG
Sandoz AG



Pigment phthalocyanine dyes

74100

74160

74180:1

74260

C! Pigment Blue 16
(Pc)

irgallite Blue 3GT

Irgazine Bliue 3GT

Monastral Faat Blue G

Polymon Blue G

Vulcafor Fast Blue G

Irgalite Blue BCX, BGL, BL, BLP, BNL
Irgalite Blue BNS, BNX Paste,SPV1
lrgallt Paper Blue BNL

Tinofll Blue BL

Tinollite Britllant Blue MRARL
Daitolite Fast Blue B

Mornastral Fast Paper Blue B
Monastral Fast Blue B, BNV, BV, BX, FB
Vuleafor Fast Blue BN

Vulcatex Fast Blue BS

Vynamon Fast Blue BLBA

Irgafin Blue 52

Irgafiner Blue E2

rgalite Blue BCA, BCS, B3NF, RPB
Sandorin Blue BNF

Graphtol Biue BLF

C1 Pigment Blue 158
(Cu Pc: unstable
form)

Cl Plgment Blue 15:1
{a form,
crystalllsing)

non-

C] Pigment Blue 15:2
{a form,
resistant)

Cl Pigment Blue 15:3

flecculation

Irgafin Blue 51

(B form, solvent

stable, greener

than the a form)

Irgafiner Blue E1
Irgalite Blue CPV2Z, GFR, GLA, GLV, GLSM
Irgalite Blue G5T, LGLD, PD55, PR7, PR3N

Monastral Fast Blue BG, LB, LBC, LBX
Graphtol Blue 2GL.5
C! Pigment Blue 17:1 Monoscl Fast Blue 2G, 2GP
{(Ba salt of Cu Pc
di/trisulphonic aclds)
Cl Plgment Green 7
(Cu Pec with 15-16

chlorine atoms per

Chromphthal Green GF
lrgafin Green S1

Irgalite Green CPV4, GLN,
Irgallite Paper Green 3GL
Tinoflil Green GLN
Tinolite Green MB
Daltolite Fast Green GN
Monastrel Fast Green GD, GN, GTP, GTV
Polymon Green G, 6G, GN

Vulcatex Fast Green GS

GLNP

molecule)

Vynamon Green BE

Graphto! Green 2GLS

Sandorin Green GLS

Fast Green 3YA, 6Y
Vynamon Green BY

Cl Pigment Green 36 Monastral
(polybromo/chloro Pc
Yellower shades have

higher no. of Br atoma)
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Ciba-Gel gy AG
Ciba-Gelgy AG
1Cl, Manchester
ICI, Manchester
ICl, Mancheater
Clba-Geigy AG
Clba~Gelgy AG
Ciba-Gelgy AG
Clba-Gelgy AG
Ciba-Geigy AG
fCl, Manchester
1C1, Manchester
ICI, Manchester
ICl, Manchester
1Cl1, Manchester
1C), Manchester
Ciba-Gelgy AG
Clba-Gelgy AG
Ciba-Gelgy AG
Sandoz AG
Sandox AG

Ciba-Gelgy AG
Clba-Gelgy AG
Clba-Gelgy AG
Ciba-Gelgy AG
ICt, Manchester
Sandoz AG

ICl, Manchestar

Clba-Gelgy AG
Cliba-Gelgy AG
Ciba-Galgy AG
Ciba-Gelgy AG
Clba-Galgy AG
Ciba-Gealgy AG
1<t ,
tC1, Manchester

Manchester

ICl, Manchester
1CI, Manchester
ICl, Manchester
Sandoz AG

Sandoz AG

1CY,
1ci,

Manchester
Manchester



Reactive phthalocyanine dyes.

74460 €l Reactlive Blue 7
{Cu Pc tetra- .
sulphonic aclid, with
1 amide & 1 sulphonyl
amlide group)
Cl Reactlive Blue 14
Cl| Reactive Blue 15

Cl Reactlive Blue 18

Cl| Reactive Blue 25
Cl Reactive Blue 41

C| Reactlve Blue 83
C1 Reactlve Blue 71
Cl Reactlve Blue 72
C! Reacttve Blue 85

Cl Reactive Green 5

Cl Reactlve Green

Solvent phthalocyanine dyes
€l Solvent Bluye 46

Cl Solvent Blue 52
Ci Selvent Biue 87

Cibacron Turquoise G-E
Proclon Turquolse H-G

Cibracron Brllliant Blua FC4G-P
Cibracron Turquolse FGF-P
Proclion Turquolse H-GF
Reactone Turquoise Blue FGL
Drimarne Turquoise X-G, X2G, Z-G
Proclon Brilllant Blus H-5G
Cibacron Turquolse 2G-E

Proclon Turquelse H-2G

Proclion Supra Turquoise H-2GP
Proclon Turquoise H-A

Clibacron Turquoise Blue GR-D
Reactofit Turguoise Blue GL

Clbacron Br!lliant Green C4GA
Pergasol Brillllant Green 3GAL
Proclon Brlllant Green H-4G

Drimarene Briilient Green X-3G, Z-3G

Acetcsol Blue GLS
Yelaso! Blue GLS
Orasol Brilllant Blye G
Orasol Brilliant Blue GN

Clba-Gelgy AG, Basel, Switzerland.
Clba-Galgy (UK>, Manchester, England.

1CI Ltd, Manchester, Engiand.
Sandoz AG, Basel, Switzertand.
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Ciba-Gelgy Ag
1ICI, Manchester

Clba-Gelgy AG
Ciba-Gelgy AG
1C1, Manchester
Ciba-Gelgy AG
Sandoz AG

1C1, Manchesater
Clba-Gelgy AG
1Cl, Mancheater
1Ct, Manchester
ICI, Manchester
Clba-Gelgy AG
Ciba-Galgy AG

Ciba-Gelgy AG
Ciba-Geligy AG
ICi, Manchester
Sandoz AG

Sandoz AG
Sandoz AG
Sandoz AG
Sandoz AG






