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Summary

The synthesis and physical and photochemical characterisation of a series of 

pyrazolotriazole azomethine (PT) dyes, varying only in the substituent in the 

position, with absorption maxima stretching from 546-633 nm, i.e. from the magenta 

to the cyan, has been carried out. X-ray crystallography confirms that the most stable 

conformer of the dyes is syn with respect to the azomethine bond, and shows that in 

the solid state the dyes are planar, with zero twist angle about the azomethine bond

Singlet state studies give the extinction coefficients of the dyes to be between 5.0-6.6  

xlO4 mol"1 dm3 cm"1, and show quantum yields of fluorescence to be 2.0-6.3 x 10"4 at 

room temperature. At 77 K these increase to ca. 0.6-1. Singlet lifetimes have been 

calculated using the Strickler Berg equation and the emission quantum yields. These 

range from ca. 1-3.9 ps with dyes carrying strongly electron withdrawing and electron 

donating substituents giving longer lifetimes than those with electroneutral 

substituents.

Using laser flash photolysis it has been found that the rate at which PT dyes isomerise 

from the less stable anti isomer to syn can be catalysed by the addition of acid and 

therefore the protonation of the azomethine bond. The rate of protonation and 

isomerisation is not affected by the R6 substituent (which controls dye hue) but rather 

by the solvent environment.

Triplet energy transfer measurements from porphyrin and phthalocyanine sensitisers 

give the triplet energies of the PT dyes to be 88-115 kJ mol'1. Singlet oxygen 

luminescence has measured the rate of oxygen quenching by the dyes studied to be in 

the range 0.13-1.89 x 108 mol"1 dm3 s"1. Quantum yields of fade have been found to 

be in the range of 0.4-11.1 x 10"6 in oxygen and 0.2-8.9 x 10"7 in nitrogen.
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Chapter 1

1.1 Introduction to photography

Mankind’s desire for reproducing scenes and images can be appreciated by noting 

ancient art on cave walls and the fact that one of the most ancient forms of written 

communication, hieroglyphics, involved the use of pictures/images as a precursor to 

words and letters.

A modem form of this communicative technology is photography, which is an 

integral part of 21st century life. The speed at which images can now be reproduced is 

truly staggering with 50-billion colour photographic prints [1] processed each year. 

The history and science behind these photographic images is well documented, and 

many of the principles which are integral to photography have changed little since 

their discovery hundreds of years ago.

The earliest forms of photographic technology were based on the camera obscura, a 

device that throws an optical image of a view onto a flat surface by means of a pin 

hole [2], and which could be used as a tool for sketching objects. Two Frenchmen, 

Nicephore Niepce and Louis Jacques Monde Daguerrre were among the first to try 

and make optical images permanent by utilising this basic camera obscura. Daguerre 

formed a light sensitive surface of silver salts by using a silvered copper plate which 

had been treated with iodine vapour. Daguerre produced an image that could be 

observed after treatment of the exposed salts with mercury vapour (the mercury 

deposits onto the exposed silver salts), so as to provide a positive image. These 

images came to be known as ‘daguerrotypes’.

The development of positive/negative photography with which we’re familiar now was 

made by William Henry Fox Talbot. He also used light sensitive silver salts, but 

unlike Daguerre who produced a positive image Talbot produced a negative (i.e. dark 

where the positive was light and vice versa) image. He did this by exposing paper that 

had been impregnated with silver salts to the image of a scene focussed through a lens. 

By experimenting with various fixatives and developers, Fox Talbot discovered the 

‘latent image’, the invisible precursor to the useful visible image which appears upon 

photographic development [3]. Utilising his discoveries Fox Talbot produced in the 

early 1840’s the first textbook containing photographs ‘The Pencil of Nature’. 

Although the processing of the early pioneering black and white photographers has
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been refined many of the principles are the same now as 200 years ago, and as early as 

1876 Louis Ducos du Hauron who has been described as the 'father o f colour 

photography’ [1] was granted a patent which contains a forecast of many processes 

that are now integral to modem photographic technology.

Colour photography had its infancy in the work of physicists who were interested in 

the characteristics of light. De Dominis noted in 1611 that most colours seen by the 

eye could be simulated by the superposition of blue, green and red light beams [4].

1.1.1 Additive Colour

"Adding together” light of these three primary colours in transmitted light results in 

white light. The absence of these colours is black. Other colours can be formed by 

mixing of the three different colours at different intensities. For example when red and 

green light are mixed the result is yellow, similarly mixing of green and blue results in 

cyan, and red and blue, magenta. Mixing the light beams at varying intensity results in 

a wide range of colours. Figure 1.1 shows the effect of mixing three primary colours 

in additive colour systems.

Figure 1.1: Additive colour arrangement.

3
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This additive system was the first system to be utilised for colour photography. 

Scottish physicist, James Clark Maxwell produced the first colour photographic image 

from a negative of silver positive images that had been subjected to light produced 

from three projectors containing filters of the three primary ‘additive’ colours [5, 6 ].

This system was developed further and photographic systems created based on additive 

primaries by using very small red, green or blue filter particles adsorbed onto silver 

halide on a suitable support. Some of the processes that used the additive system 

included the Lumieres Autochrome and Dufaycolour processes as well as other screen 

processes. “Additive primaries” were also used in the Keller-Darion and Kodacolor 

processes. In comparison to the compact technology that we’re familiar with today, the 

system used to produce additive colour photographs was cumbersome and complex. 

The process used a system of three primary colour filters in front of the camera lens, 

which resulted in separation of the colour contents of the scene/image. These 

separated signals were registered in different areas of the silver halide emulsions 

resulting in a positive silver image available for projection. Projection of white light 

through this image in silver recreated the original image in colour. There is an inherent 

problem with the additive method. The filters used in additive methods transmit only a 

third of the visible spectrum so that when two primary colour filters are superimposed 

on each other there is no transmission of light and the result is black, and therefore 

each of the three colour records must be recorded separately. ‘Additive’ methods now 

use either a side-by-side, spatial location of the primary elements, or a time sequential 

presentation whereby blue, green and red pictures are projected in rapid succession [7]. 

Other applications for this system include instant film processes and colour computer 

monitors [8].

1.1.2 Subtractive Colour

Additive colour theory relies on the presence of a light source and the mixing of 

different colours (wavelengths) of light to produce a variety of colours. Subtractive 

colour theory starts with the presence of all the colours in white light and relies on 

pigments or dyes to remove red, green or blue from the white light to provide the 

required colour. It differs from the additive process in that these subtractive primaries 

transmit two thirds of the visible spectrum and only remove a third (note figure 1.2 ).

4
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Figure 1.2: Subtractive colour arrangement.

While red, green and blue are the primary colours for additive processes, their 

complementary colours, magenta, cyan and yellow are the primary colours for 

subtractive processes. Cyan (an equal mixture of blue and green in additive terms) 

absorbs red light leaving blue and green transmitted. Magenta (an equal mixture of red 

and blue in additive terms) absorbs green light leaving red and blue transmitted. 

Yellow (an equal mixture of red and green in additive terms) absorbs blue light leaving 

red and green transmitted. When all three subtractive primary colours are combined the 

result is black.

Colour reproduction using the subtractive process was initially utilised to provide
•  • • •  (K)slides for viewing with a projector. Kodachrome" film was developed for 

cinematography in 1935 and the system named the ‘integral tripack’ (a tripack is the 

name given to the system where three layers, each sensitive to a primary colour are 

coated one over the other so that the distance between layers is a ‘fraction’ of one- 

thousandth of an inch [9]) resulted in the development of the technology that we see in 

today’s colour films. By 1936 the Kodachrome* film was being marketed for use in 

slide preparation with miniature cameras [9]. This was followed by the ‘negative films’ 

of Kodacolor* in 1943 and Ektacolor* in 1948; these were the first mass-marketed

5
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colour negative films for paper colour prints. The subtractive systems used to produce 

coloured prints today work on the same scientific principles as these methods 

developed around 60 years ago.

1.2 The future of silver halide or ‘conventional’ colour photography

A major development in photography was the production of the CCD (charge coupled 

device) digital camera which became generally available in the mid to late 90’s, 

although the technology that it utilises has been around for almost 40 years [10]. In a 

digital CCD camera the imaging photons are converted into photoelectrons via a 

silicon based CCD [11].

A cursory examination suggests that digital photography offers significant advantages 

over silver halide technology. For example, the image taken on a digital camera can be 

instantly viewed, and if it is not acceptable that ‘photo’ can simply be deleted and a 

better one taken. Also the image, once stored on CCD, can be manipulated (e.g. 

enlarged, retouched or cropped) on a PC and directly printed on a conventional inkjet 

printer at home thus preventing the need for development as is needed for images from 

a silver halide negative.

Much work has been done in comparing the relative merits of digital and silver halide 

imaging. Tani [12, 13] suggests that silver halide technology can potentially become 

more cost effective than digital technology. He identifies the drawbacks of digital 

imaging as the time consuming nature and comparative high cost (e.g. replacement 

inks for inkjet printers) of printing the digital image, and the ‘pixelation’ of digital 

images when they’re enlarged.

Two other aspects of the final image of concern to the consumer are the quality of 

colour reproduction, (which is usually not so good for home printed images from 

digital cameras as compared to professionally printed colour prints) and the stability of 

the image. Research into the Tight-fastness’ of the final prints [14,15] of inkjet and 

silver halide systems has shown that both sets of dyes are affected by their 

environment and both are prone to similar degradation pathways.

6
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Although the image quality of digital photographs printed professionally via an inkjet 

system is similar to that of the ‘traditional’ silver halide system there are still some 

fundamental problems regarding image durability in digital systems that need to be 

overcome. Dye-based inks, which are those most commonly used in inkjet 

applications, give images which are significantly less light stable than those which can 

be obtained photographically, although pigment-based inkjet colourants can give 

images of excellent light stability [16].

Some image scientists suggest that the future of photography revolves around 

improving the capability of silver halide systems by ‘improving the sensitivity and 

image quality of silver halide emulsions’ [12]. At present, a combination of both silver 

halide and digital technology can be used, where digital images are transferred onto 

‘conventional’ silver halide paper to produce high quality prints [17].

1.3 General principles of photography

1.3.1 Collecting the image, the importance of light sensitive silver halide

Even though photographic technology is now almost 200 years old the light sensitive 

silver halide materials (AgX, where X is Cl, I or Br) used are basically the same. A 

modem day camera film is made up of silver halide crystals suspended in gelatin 

coated onto a plastic backing [18] to form a light sensitive emulsion*. Opening the 

shutter on a camera allows photons to fall on some of the crystals and photoinduced 

electron transfer from Br" to Ag+ then occurs. The Ag atoms so produced migrate 

through the crystal and cluster together forming a developable centre on the crystal. 

These clusters of Ag atoms make up the latent image. In order to make this image 

visible a chemical “developer” is used which reduces those crystals that have been 

exposed, but not the unexposed crystals, to silver.

Figure 1.3 shows transmission electron microscope images of silver halide grains.

* A photographic emulsion is a dispersion of photosensitive solid microcrystals in a 

protective colloid, or a photosensitive layer coated on a support, not as in colloid 

science where an emulsion is a colloidal system of 2  or more immiscible liquids [19].

7
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The latent image needs to be formed in high quantum yield, be sufficiently long lived, 

and also be easily converted into a useable form in a convenient chemical or physical 

process [20]. The silver atoms of the latent image act as catalytic sites for the 

reduction of Ag+ to Ag. The reaction is autocatalytic, and proceeds until the entire 

grain is converted to metallic silver i.e. ‘developed’ [2 1 ].

1.3.2 The latent image

It is generally accepted that the mechanism by which the latent image forms is that 

proposed by Gurney and Mott [22, 23].

The stages of the mechanism can be summarised as follows:

1) A silver halide lattice absorbs photons of light, which results in promotion of 

photoelectrons from the valence band to the conduction band.

2) The promoted photoelectrons and interstitial silver ions migrate to preferential sites 

in the halide, resulting in the formation of silver atoms due to reduction of the 

silver cation.

3) This free silver atom then traps subsequently produced electrons resulting in the 

production of more free silver ions in the vicinity of the original site of 

photodecomposition.

4) Specks of silver grow near the preferential site.

5) Holes left behind by the electron are also mobile, and they diffuse towards the 

surface of the halide grain and react to form free halogen.

6 ) Aggregation processes continue by collection at the same site of additional 

photoelectrons and additional mobile silver ions.

9



Chapter 1

electron

electron

electron

electron trap

© 0

Figure 1.4: Schematic representation of the Gumey-Mott process [21].

The sensitivity of photographic silver emulsions can be greatly enhanced by the 

presence of labile sulphur or reducing groups within the gelatin in which the silver 

halide is suspended. It is thought that this increase in sensitivity is due to the 

formation of silver sulphide that can act as a more efficient electron trap.
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1.3.3 Colour registration

The latent image described above would be that corresponding to light absorbed by 

the silver halide crystals alone i.e. the UV and blue spectral region. For colour 

reproduction, or any response to other wavelengths such as that required for 

panchromatic black and white film, colour sensitisation is required. This is achieved 

by use of dyes adsorbed onto silver halide grains which absorb light in selected 

spectral regions and which transfer the record of that absorption event to the silver 

halide grain by formation of a latent image. The first recorded example of a 

photosensitized reaction was by Vogel in 1873 [24] and it has since been termed 

“spectral sensitisation”.

The characteristics of spectral sensitisation are as follows:

1) Only dye adsorbed onto the silver halide surface is effective.

2) The spectral region of sensitisation corresponds to the absorption spectrum of the 

adsorbed dye.

3) The latent images formed by intrinsic absorption and by spectral sensitisation are 

of essentially the same nature [4].

The high efficiency of the sensitisation process points towards electron transfer as 

being the dominant mechanism, although energy transfer may also be a factor. 

Examples of sensitising dyes include cyanines, pinacyanol and heterocyclic 

polymethine dyes [2 0 ].

1.3.4 Processing of the latent image

The developing agent used to convert the latent image into a useable image is usually 

an alkaline solution of a reducing agent. The clusters of silver atoms which make up 

the ‘latent image’ catalyse the reduction of those silver halide crystals exposed to 

light. The developing agent used in colour processing must meet the following 

criteria.

1. It must be a reducing agent for silver ions.

2. It should be a compound that is capable of reducing exposed silver halide grains at 

a higher rate than unexposed grains.

3. It must react with a coupler to form a light stable image dye.

11
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The redox potential of the developer/oxidised developer system must be more 

negative than that of the silver halide/silver system, in order for electron transfer to 

occur from the developer to the silver halide to produce metallic silver.

In terms of formation of image dyes from lH-pyrazolo [5,l-c]-l,2,4-triazoles (PT) in 

colour photography, the initial stage involves the oxidation of the p- 

phenylenediamine developer (PPD) and its subsequent reaction with the coupler in 

the presence of a silver halide to form an image dye. The steps can best be 

summarised as follows (note figure 1.5):

1) PPD is oxidised to the quinonediimine cation (QDI*) by silver halide after AgX 

has absorbed a photon of light. The rate of this reaction is dependent on the 

degree of latent image present on the silver halide grain, that is the reaction is 

catalysed by the exposed silver halide grains which contain a metallic silver latent 

image [25].

2) Q D f then diffuses into the oleophilic droplet containing the coupler.

3) Due to the fact that the pH in its surrounding environment has been tailored so 

that the coupler exists in its anionic form a nucleophilic addition reaction takes 

place between the anionic coupler and the cationic oxidised developer. (The 

coupler contains a ballast group which anchors it in place while the reaction 

occurs with the (comparatively) smaller developer molecule. )

12
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NH2.HC1 
Me

NEt2 
PPD developer

Ag Ag NEt-

pH 8-10

NH
Me

+ H

QDI

R-

H
N

N
1ST

Ph
PT coupler

OH'

X 0
N

R—\ \  I . N
+

Ph

Coupler anion

-HX

Me

N

V ^ N E t 2

N
R— C\ I >

V N̂
Ph

PT image dye

Figure 1.5: Image dye formation. Silver halide catalysed reaction between anionic 

coupler and cationic developer.
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1.4 Couplers used in photographic coatings

Modem colour photographic systems consist of at least three layers of silver halide, 

each spectrally sensitised to a different primary spectral region. The top layer is 

sensitive to blue light and therefore contains a yellow dye forming coupler. Below this 

layer is a yellow filter which prevents any blue light (as silver halide is naturally 

sensitive to blue light) affecting the bottom 2 layers. The next layer is sensitive to 

green light and upon exposure and development will form a magenta image dye while 

the bottom layer is sensitive to the remaining red light and will contain a cyan coupler.

The couplers which form the final image dye are dissolved in oleophilic oil droplets 

and dispersed in gelatin in uniform manner, along with the silver halide crystal grains 

and other components to form the emulsion [26]. Paper or film base is the usual 

substrate onto which the three colour recording layers are arranged in a multilayer 

format [4].

Original Object■
Negative Image

Positive Reproduction

I r

i " n ~ rH ii n §
S a i l p R

vvvr~r

Light from the original is 
absorbed by R,G & B sensitive 
layers o f  the colour-negative film

Dyes which control the 
transmission o f  light o f  the same 
colour that is absorbed by each 
layer are produced during 
development.

White ( R+G+B ) light is filtered 
by the negative when printing

The colour-negative paper 
responds to the R,G & B light 
passing through the negative

Dyes in the developed paper 
reproduce the colours o f  the 
original

Figure 1.6: Simple schematic of the subtractive system which leads to the formation of 

a colour negative which is then developed to yield the final image.
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Chapter 1

After exposure to light the film is then developed. This converts the latent image to 

metallic silver and the oxidised developer produced reacts with the coupler to produce 

dye [27] (figure 1.5). Removal of undeveloped silver halide after this stage will then 

result in the formation of a colour negative, which can be further processed to provide 

a positive print.

For couplers to work efficiently in photographic systems they need to react efficiently 

with the developer, be dispersed easily into the photographic emulsion, and form light 

stable image dyes. Thousands of couplers have been synthesised and characterised [28] 

and their respective properties well documented [29-31].

1.4.1 Yellow couplers

Couplers of this class usually contain an active open chain methylene group [32] (X- 

CH2-Y). 1,3-dicarbonyl compounds such as benzoylacetanilides (see figure 1.8) and 

malondiamides are commonly used as yellow couplers [31]. Yellow azodyes have also 

been formed by coupling benzoisooxalones with the appropriate developer.

Figure 1.8: Typical 1,3-dicarbonyl image dye.
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1.4.2 Magenta couplers

Magenta couplers usually contain either a cyanoacetyl derivative of a cyclic system, or 

a heterocyclic ring system containing an active (-CH2-) component as part of the ring 

system [27]. The pyrazolone ring system is the most common magenta coupler, but 

pyrazolotriazole couplers, which are the subject of this thesis, are finding increasing 

use.

Figure 1.9: Magenta pyrazolone (left) and pyrazolotriazole azomethine image dyes. 

1.4.3 Cyan couplers

Cyan couplers are almost exclusively derived from phenol or a-naphthol.

Ph

NEt2

Figure 1.10: Typical indoaniline azomethine image dye.
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1.5 Photochemical and photophysical processes of organic molecules

1.5.1 Fundamental laws

Some of the key photochemical concepts are now around 100 years old. Beer 

improved upon an equation first developed by Lambert, to formulate the ‘Beer- 

Lambert Law’ in 1852. The equation links the concentration of an absorbing material 

with the amount of light absorbed.

logio (Io/I) = S.C.l = ABSORBANCE 1.1

(where S is the molar extinction coefficient, C the concentration and 1 the path length 

of the cell used.)

The ‘first law of photochemistry’ was formulated by Grotthus and Draper in the early 

1800’s:

‘ Only light absorbed by a molecule can bring about a photochemical change \

This was developed further to give the Stark-Einstein law:

‘A molecule which undergoes a photochemical change does so as the result o f  the 

absorption o f  a single quantum o f light energy’ [33],

although with the advent of high intensity lasers exceptions to this rule such as two 

photon absorption can now be observed [34].

1.5.2 Absorption of light

Coloured materials absorb light in the visible region of the electromagnetic spectrum. 

The initial product of the absorption process is an excited state formed by the 

promotion of an electron to a level of higher energy.

The energy difference (AE) between the lowest excited state (E2) and the ground state 

(Ei) is proportional to the frequency of the absorbed light, as shown below where h is 

Planck’s constant, u is the light frequency, c is the speed of light and X the wavelength 

of light:

AE = (E2-E1) = hu = hc/X 1.2

18
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For most organic molecules the bonding (a,7t) and non-bonding (n) orbitals are full, 

while the corresponding antibonding (cr*,7r*) orbitals are empty. The electronically 

excited state is reached by promotion of an electron from a bonding orbital to a higher 

energy anti-bonding orbital. The energy gap between the respective ground and excited 

states usually follows the following pattern in a given molecule:

a) a  -» a*; large energy gap, high energy transitions, absorptions in the UV region.

b) 7t —> 7T*; lower energy than (a), most common transitions for organic dyes, with 

absorption of light in the visible region.

c) n -> 7i*; longer wavelength transitions than (a) or (b), usually still in the visible 

region.

antibonding Orbitals

— non-bonding orbitals 

bonding orbitals

Figure 1.11: Electronic molecular energy levels.

These transitions can give rise to different excited states depending on the spin 

multiplicity of the molecule. For most organic molecules these are:

1) The singlet (S) state, for which electrons are paired with antiparallel spins.

2) The triplet (T) state, which contains two unpaired electrons with parallel spins.

The triplet state, as the name implies is composed of three states which are degenerate 

in the .absence of an electric/magnetic field.

Two important rules/principles are Hund’s rule:

‘Electrons with parallel spins have a lower energy than a corresponding pair with 

opposed spins ’ and Pauli’s principle:

Energy

71
a*
n
71a
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No more than two electrons may occupy any orbital, and i f  two do occupy it their spin 

directions must be opposed. ’

71

hv +

71

singlet
(spins paired)

71

hv +

71

singlet
(spins paired)

electron jump 
 ►
spin allowed 
transition

electron jump
+ flip   --------
spin forbidden 
transition

71

71

excited singlet 
(spins paired)

71

71

triplet state 
(spins parallel)

Figure 1.12: Orbital energy level diagram for a n -» n* transition in an organic 

molecule [35].

The absorption process and the various intramolecular processes that occur post 

excitation are best summarised by a Jablonski diagram as shown in figure 1.13.
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1.5.3 Deactivation of excited states by intramolecular processes

According to the Franck-Condon principle the promotion of the molecule to higher 

vibrational states occurs so quickly that the nuclear configuration of the molecule does 

not change [36]. Furthermore the spin selection rule means that transitions involving 

the simultaneous absorption of a photon and a change in electron spin are, for organic 

molecules made up of first row atoms, strongly forbidden. It follows, since for most 

molecules of this type the ground state is a singlet, that the initial product of photon 

absorption is an excited upper singlet state (Sn) which may also be vibrationally 

excited. Deactivation of this excited state may involve the following processes 

(illustrated by the Jablonski diagram, figure 1.13).

1) Vibrational relaxation (or ‘cascade’) to the lowest vibrational level of the state.

2) Internal conversion where a transition occurs between states of the same spin

| multiplicity e.g. S2 —♦Si.
j

| 3) Intersystem crossing - a ‘spin forbidden’ transition from singlet to triplet states.

I 4) Reverse intersystem crossing - a ‘spin forbidden’ transition from triplet to

; singlet states.

| 5) Deactivation via molecular torsion, isomerisation or dissociation (unimolecular

reaction).

| 6) Fluorescence - a radiative transition between Sn and So states, which is spin

I allowed.

' 7) Phosphorescence - a ‘forbidden’ radiative transition, between states of different

spin multiplicity e.g. Ti —> So-

There is a general relationship between the extinction coefficient for absorption and the 

radiative rate constant for emission. A high absorption efficiency implies a rapid 

radiative rate. The fluorescence radiative rate constant can be calculated using the 

Strickler-Berg equation [37]. For dyes with high extinction coefficients, of the order 

of 104-10 5 mol’1 dm3 cm’1, such as those under investigation here, the fluorescence
0 0 1

radiative rate constant is typically 1 0 -1 0  s’ , and the radiative lifetime a few ns.
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The radiative rate constant for the spin forbidden process of phosphorescence is 

typically many orders of magnitude smaller. Hence phosphorescence is rarely 

observed in fluid solution because collisional intermolecular quenching by impurities 

and solvent molecules competes very effectively with emission as deactivation 

mechanisms for triplet states in fluid solution. In many cases freezing out these 

collisional processes and “locking” the molecule in an organic glass at 77K allows the 

detection of phosphorescence.

1.5.4 Deactivation of excited states by intramolecular torsion

The fluorescence quantum yield (®fi) is a measure of the relative rate constant for 

radiative deactivation of the singlet state by fluorescence (krad) and that for all other 

deactivation processes (Ek).

®fl ~ krad/Sk 1.3

A low quantum yield implies either efficient ISC, IC or some other efficient mode of 

deactivation, such as isomerisation. (Molecular torsion can be an extremely efficient 

method for deactivation of excited states.) Generally, flexible molecules such as azo- 

dyes, and azomethine dyes, have low quantum yields of fluorescence due to the 

flexibility around the N=N or C=N bond, and the corresponding deactivation via 

molecular torsion or flexibility in the excited state, what Turro calls the “free rotor” 

effect [35].

1.5.5 Deactivation of excited states by intermolecular processes

Deactivation by intermolecular processes is usually termed quenching because these 

processes quench emission from the excited state. They can be classified as either 

physical quenching or chemical quenching depending upon whether or not the 

quenching process results in chemical change. Physical quenching of the excited state 

of a dye results in both dye and quencher returning to their ground states [7]; in 

chemical quenching one of them is altered chemically.

For the work presented in this thesis one mode of physical quenching is very 

important, namely energy transfer and particularly triplet-triplet energy transfer. (One 

mode of chemical quenching is also important, and that is chemical quenching of

23
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singlet oxygen, but here it is the oxygen molecule which in an excited state and it is the 

dye which is the quencher, and so discussion of this will be left until a more general 

discussion of dye degradation by the self-sensitised singlet oxygen route.)

1.6 Energy Transfer in photochemical systems

1.6.1 Introduction

Energy transfer can take place from either singlet or triplet excited states. Higher 

singlet and triplet states rapidly relax to the Si and Ti states via vibrational cascade 

and internal conversion; therefore we need only consider energy transfer from these 

first two states. There are three mechanisms for excited state energy transfer: 

radiative, Forster and exchange.

1.6.2 Radiative mechanism

The radiative mechanism is often described as trivial as it can be easily rationalised 

and understood by considering photophysical emission and absorption processes. An 

excited donor molecule (D*) emits a photon which can then be accepted by a ground 

state acceptor (A) [21].

D*—>D + hv 1.4

A + hv—► A* 1.5

For this method of energy transfer to be favoured within a system, a high quantum 

yield of emission from the donor, high concentration and extinction coefficients for 

the acceptor and good overlap between the emission and the absorption of donor and 

acceptor are required [27]. The need for a high extinction coefficient in the acceptor 

means this process is strictly limited to energy transfer to a singlet-singlet transition, 

and the high emission quantum yield generally limits it, for organic molecules in fluid 

RT solution, to energy transfer from a singlet-singlet transition, i.e. singlet-singlet 

energy transfer overall.
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1.6.3 Forster mechanism of energy transfer

Also called resonance or Coulombic energy transfer this mechanism involves the 

movement of an electron from the LUMO to the HOMO of the excited state donor 

which simultaneously facilitates the promotion of an electron from the HOMO to the 

LUMO of the ground state acceptor (A). There is no exchange of electrons and at no 

point in the process is there any need for orbital overlap, i.e. collision, between the

donor and acceptor. The mechanism is driven by perturbations between the

oscillation of the D* electron inducing a dipole in the A electron. Energy transfer by 

this route can occur across distances of tens of nm, and it is often described as a Tong 

range ’ interaction [2 1 ].

Efficient Forster energy transfer requires an acceptor transition with a high oscillator 

strength, i.e. absorption coefficient, and as such it is, for most organic dye molecules,

| limited to energy transfer into an acceptor singlet-singlet transition. Since the energy

transfer process of most interest to this thesis is triplet-triplet energy transfer we will 

| not discuss Forster energy transfer further.
|
i

1.6.4 Exchange energy transfer

This method is fundamentally different from Forster energy transfer in that the 

mechanism is driven by collision or physical interaction between the excited donor 

and acceptor.

The lower part of figure 1.14 displays how the transferral of the electron from the 

LUMO of the excited donor to the LUMO of the acceptor corresponds with the 

simultaneous movement of an electron from the HOMO of the acceptor to the HOMO 

of the donor. This exchange occurs due to the overlap between the electron clouds of 

the donor and acceptor during collision. The collision causes a continuous potential 

energy surface to form between the donor and the acceptor on which the energy 

transfer reaction occurs; an energy transfer reaction with this mechanism of 

interaction is said to proceed adiabatically. For this to occur both donor and acceptor 

involved in the collision need to correlate in terms of (mainly) electron spin and 

orbital momentum [38].
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The primary limitations on energy transfer by this mechanism are energetics and spin 

conservation. Both singlet-singlet and triplet-triplet energy transfer is possible. This is 

the most common mechanism for triplet-triplet energy transfer in solution, and it is 

this mechanism which is relevant to the work presented in this thesis.

Since energy transfer requires collision the maximum rate in fluid solution 

corresponds to the diffusion controlled rate (where the maximum rate is given by 

k<i/(l + k-d/ken); if  ken is adequately large this reduces to kd as will be shown later in 

Section 6.2.1). This is the expected rate if  the donor triplet energy is much higher than 

that of the acceptor. When the donor-acceptor energy gap is small or when the 

acceptor triplet energy is higher than that of the donor the rate will be less than the 

diffusion controlled value.

The dependence of energy transfer rate on the donor-acceptor energy gap, orbital 

overlap criteria, and any structural reorganisation required of donor and/or acceptor 

during reaction is given by the Balzani equation [39]. This will be discussed in more 

detail in chapter 6 where results from studies of triplet-triplet, and singlet oxygen 

energy transfer processes are discussed.

1.6.5 Other forms of intermolecular deactivation

1.6.5.1 Electron transfer quenching

Other mechanisms of excited state deactivation include electron transfer which is a 

mechanism of chemical quenching which generates an oxidised/reduced 

donor/acceptor radical ion pair. This occurs by electron transfer and molecular 

collision is required. The maximum rate is limited by diffusion, and the rate is also 

controlled by energetic considerations i.e. the redox potentials of the acceptor and 

donor, and also any need for structural reorganisation upon oxidation/reduction of 

either donor or acceptor. It is possible that once formed in the solvent cage the radical 

ion pair rapidly deactivates by reverse electron transfer. In this case there is no 

resultant chemical change and the quenching process is classified as “physical 

quenching” [35].
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Chapter 1

1.7 A summary of the photochemistry and photophysics of pyrazolotriazole 

azomethine dyes

1.7.1 Absorption and emission characteristics

Bailey was the first to synthesise pyrazolotriazole azomethine (PT) dyes [40]. When 

compared to the related pyrazolone azomethine dyes [41, 42], he noted that, in 

general, PT dyes have higher extinction coefficients, no secondary blue absorption and 

a sharper ‘cut o ff at longer wavelength absorption. (Note figures 1.15 and 1.16.) 

Unlike pyrazolones, PT dyes do not exhibit two distinct electronic transitions in the 

visible spectral region, but rather a single electronic transition which can be resolved 

into vibrational fine structure (particularly in non-polar solvents).

Bailey also noted the effect that substituents on the pyrazolotriazole ring system have 

| on final dye hue, with electron donating groups at the 6 -position (note figure 1.9)

i producing magenta dyes and electron withdrawing groups forming cyan dyes.
i
|
Ii
i

a>ac(0
JQ

Oton
<

0.4

500450 550 600350 400

Wavelength/nm

Figure 1.15: Typical absorption spectrum of a magenta pyrazolone azomethine image 

dye.
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1.2

1

0.8

0.6

0.4

0.2

0
400 450 500 550 600 650

Wavelength/nm

Figure 1.16: Typical absorption spectrum of a magenta pyrazolotriazole azomethine 

image dye.

The quantum yields of fluorescence of PT dyes in solution at room temperature are low 

(ca. 1 x 10'4) [43] but these increase dramatically when the dyes are locked in organic 

glasses at low temperature to give yields of close to 1 at 77 K [44]. This has been 

attributed to the prevention of molecular torsion/isomerisation as the dye is prevented 

from movement around the azomethine bond in the frozen glass matrix.

In a detailed analysis of the excited states of PT dyes Wilkinson and co-workers 

assigned picosecond transients to the deactivation of the Si potential energy surface 

during photoisomerisation [45, 46]. More recent work has focussed on further 

characterisation of the Si potential energy surface and fluorescence emission from ‘hot’ 

molecules as the Si state relaxes to the state minimum [47]. Evanescent wave-induced 

fluorescence has also been used to study PT dye aggregation due to the changing of 

substituents on the pyrazolotriazole ring system [48]. Mikoshiba et a l  showed that 

stability of PT dyes is also dependent on their respective oxidation potentials [49].
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s,

So

antisyn

isomerisation co-ordinate

Figure 1.17: Potential energy surfaces used to model the photophysical behaviour 

of azomethine dye transients (ti and tj) on the Si potential energy 

surface [45].

1.7.2 Triplet energy estimations

The determination of the triplet energy levels of PT dyes is particularly difficult due to 

the absence of any detectable phosphorescence even at low temperatures. Similar 

problems with pyrazolones were overcome by using indirect methods of energy 

transfer using low energy triplet sensitisers such as chrysene, isoviolanthrene and 

pentacene [50]. This technique has been used with magenta PT dyes to give 

estimations of triplet energies in the 100-120 kJ mol' 1 range [51] and also with cyan 

indoanilines to give triplet energy estimations of 87-94 kJ mol' 1 [52].

1.7.3 Configuration and photoisomerisation

The configuration of pyrazolotriazole azomethine dyes in solution has been studied by 

NMR [53] and NOE NMR spectroscopy. There is no evidence from NMR spectra for 

two isomers in solution, and therefore it is estimated that the equilibrium constant for 

isomerisation to give the less stable isomer is <0.01. NOE shows that the 6 -Me PT 

dye exists in the syn conformation in CDCI3 [54]. It is assumed that this is the case for 

all PT dyes.
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Isomerisation about the C=N azomethine bond for pyrazolones has been described in 

some detail by Herkstroeter [55-57]. PT dyes also undergo photoinduced 

isomerisation. Flash excitation generates a mix of the syn and anti isomers which 

decays over the ps to s timescale to give the thermally stable composition.

Douglas and Clark have examined the effects of substituent and solvent on the rate of 

isomerisation of PT dyes [58]. They concluded that the rate of photoisomerisation is 

mainly dependent on steric crowding around the azomethine bond. For example the 

rate of isomerisation when the 6 -substituent is a H atom (&jSom = 2.69 s'1) is much 

slower than that for the bulkier 6 - tertiary butyl group (3.2 * 106 s '1).

i
| syn anti

| Figure 1.18: Photoisomersiation of a PT dye. Differences in R6 subsituent have

a large effect on the rate of photoisomerisation.

It is clear that one of the main reasons for the inherent photostability, and lack of RT 

fluorescence of PT dyes is their ability to undergo molecular torsion and 

photoisomerise. This enables the flexible molecule to remove excess energy rapidly 

and efficiently through an easily accessible route.

A summary of PT dye characteristics is given in table 1.1. Data for other azomethine 

dyes is included for comparison.
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Chapter 1

1.7.4 Interaction between PT dyes and ground state and singlet oxygen

The interaction of singlet oxygen with PT dyes is discussed at length in chapters 6 and 

7 of this thesis. The importance of singlet oxygen in both photochemical and 

photobiological systems is shown by the sheer volume of work published discussing its 

mechanisms of formation and interaction with organic molecules [60-63].

The interaction of the dyes with oxygen is important to their photostability, since 

photodegradation is thought to proceed via an oxidative route [64].

In terms of its interaction with PT dyes the following scheme has been postulated to 

describe the various interactions occurring between dye and both ground state and 

singlet oxygen [51].

DYE + hv 'DYE* 1.6

'DYE* 3DYE* 1.7

3DYE* ->  ISOMER DYE 1.8

3DYE* + 30 2 -»DYE + '0 2* 1.9

‘0 2* + DYE-» 30 2 + ISOMER 30 2 + DYE 1.10

‘0 2* + DYE [DYE DEGRADATION] + 30 2 1.11

i
j

I
| There have been a number of studies of singlet oxygen generation and quenching by

j azomethine dyes and it has been found that, in general, these compounds are

inefficient singlet oxygen sensitisers [52, 59, 65] but very effective singlet oxygen 

quenchers [51, 52, 64].

The low yields of singlet oxygen produced by these dyes upon irradiation in 

oxygenated fluid solution suggests a low triplet yield and short triplet lifetime [51]. In 

their early work, Herkstroeter et al. [50, 56, 57] suggested that both energy transfer 

and electron transfer were important in singlet oxygen quenching by azomethine dyes. 

Although there was no evidence for electron transfer products both mechanisms were 

thought important primarily because yellow azomethines were good singlet oxygen 

quenchers and at the time they were thought to have triplet energies which where 

much higher than singlet oxygen. However in their most recent work Herkstroeter and
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Abu-Hasanayn show that yellow azomethines have low lying triplet states and they 

now interpret the quenching of singlet oxygen by these compounds in terms of an 

energy transfer mechanism [59].

Fade studies into the mechanisms of PT dye degradation have also been noted [6 6 ] and 

Kucybala et al. [65] in an investigation into the photobleaching of both pyrazolone and 

PT dyes reported that the bleaching rate was greatly increased when the rotation of the 

azomethine bond was restricted.

1.8 Mechanisms of dye fade

The mechanisms for the fading of photographic image dyes can be divided into light 

and dark fade. When prints are kept at constant temperature some dark fade processes 

may occur particularly if, during the printing process, factors such as the presence of 

impurities, residual material and pH have not been carefully controlled [6 6 -6 8 ].

However, many prints are not kept in a dark environment at a constant temperature and 

instead they are displayed and are therefore also subject to photodegradation.

Measuring, or trying to ‘model’ conditions in a typical home environment is a 

contentious issue. Work by Andersen and coworkers has defined 120 lux as the 

representative light intensity to be used when monitoring light fade experimentally 

over a long period of time [69, 70]. (A lux is the International Standard (SI) unit of 

measure for luminous flux density at a surface. One lux equals one lumen per square 

metre.) Rapid fade studies enable a comparison between light intensity and dye 

stability to be made [25].
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Years to a given fade

20 35 40 45 50 55 60 65 70 75 80

120 lux
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Figure 1.19: Relationship of light and dark fade with typical home illumination 

[71].
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1.9 Thesis overview

The aim of this work is to study the fundamental photochemistry and photophysics of a 

range of PT dyes with hues that range from magenta to cyan. Magenta PT’s are 

already used in producing the final photographic image and it is important to deduce 

whether cyan PT’s, which are structurally identical apart from the R$ substituent, share 

the same photochemical/photophysical properties which render their magenta 

analogues useful photographic dyes.

Chapter two describes the experimental techniques used during the course of this 

study. Conformational and ground state spectroscopic studies as well as methods for 

synthesising the model dye series are reported in chapter three. Chapter four considers 

fundamental singlet state properties for the dye series, both at room temperature and at 

77K. Chapter five discusses the effect that protonation has on dye isomer kinetics.

| Chapter six describes studies of triplet energy transfer measurements and singlet
!

! oxygen quenching. Chapter seven acts as a concluding chapter for the thesis providing
i

; results from studies of dye fade in pre-formed dye coatings, and bringing together data

from the rest of the thesis in an attempt to identify those photochemical features which 

may be important in determining the rate of dye fade in photographic coatings.

I
I
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2.1 Materials

CHEMICAL SUPPLIER GRADE

Acetone Fisher AR

Acetonitrile Fisher HPLC

Chloroaluminium phthalocyanine (CAP) Eastman chemicals

Chloroform (anhydrous) 

stabilised with amylenes

Aldrich 99%

Chloroform (anhydrous) 

stabilised with 0.5-1% ethanol

Aldrich 99%

1 -Chloronaphthalene Aldrich

Cresyl violet Eastman chemicals Laser Grade

Deuterated chloroform Aldrich

Diethyl ether Fisher

Dimethylsulfoxide Lancaster 99%

Ethanol Fisher AR

Gallium naphthalocyanine Aldrich

Gelatin Kodak Photographic

Isopentane Aldrich 99%

Methanol Fisher HPLC

Methylcyclohexane Aldrich Spectroscopic

Methylene blue Aldrich

Nitrogen BOC

/7-Dodecylphenol Aldrich

Palladium tetraphenylporphyrin Aldrich

Phenalenone Aldrich

Potassium bromide Fisher

Propan-2-ol Fisher

Rhodamine B Kodak Laser grade

Sodium dodecyl sulphate BDH Biochemical

Tetrahydrofuran (THF) Aldrich AR

T etraphenylporphyrin Avocado
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Tin naphthalocyanine Aldrich

Toluene Fisher

Trifluoroacetic acid Aldrich Spectroscopic

Water Fisher HPLC

Zinc phthalocyanine Koch Light

Zinc tetraphenylporphyrin Aldrich

2.1.1 Procedure for reporting experimental details

General experimental techniques are reported here, while more detail is provided in 

the relevant chapters.

2.1.2 Triplet energy measurements - solubility considerations

Due to the poor solubility of some naphthalocyanine triplet energy sensitisers in 

ethanol the technique outlined by Berry [1] was used to prepare solutions of tin and 

gallium naphthalocyanines free of aggregation. These sensitisers were dissolved in 1- 

chloronaphthalene with refluxing at 180°C for 2-3 hrs.

The 6 -CN dye also has poor solubility in ethanol, and therefore acetone was the 

solvent of choice for the energy transfer experiments for this dye with all sensitisers 

(except tin and gallium naphthalocyanine.)

43



Chapter 2

2.2 Dyes available for study

In total nine PT dyes, differing only in the substituent at the 6 - position, were chosen 

for study. This dye set was chosen because it provided a range of dyes with 

absorption maxima ranging from ca. 546-633 nm in ethanol i.e. from magenta to 

cyan.

R« = 'Butyl, OMe, Me, Ph, H, C 0 2Et, CONH2, COOH, and CN.

Four were synthesised by the author using the methods outlined in section 3.1, and 

the other five, those for which is: H, CN, CC>2Et, OMe and lButyl, were provided 

by Kodak Research Division, Kodak Ltd., Headstone Lane, Harrow, Middlesex, UK, 

HA1 4TY. (Throughout the course of this work the dyes will be referred to by the 

position and nature of the substituent, i.e. the dye with an ester group in the 

6 - position is referred to as 6 -C0 2 Et.)

Figure 2.1: Structure of the dyes available for study.
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2.3 Spectroscopic techniques

2.3.1 Infrared

Infrared spectra were recorded on a PC controlled Perkin Elmer spectrophotometer. 

Samples were prepared by grinding a small amount of dye (<5 mg) into dry potassium 

bromide which was then compressed to form a disk. The effects of dye concentration 

on the IR spectra was studied by increasing the amount of potassium bromide in the 

mixture.

2.3.2 Steady state UV/Vis absorption spectroscopy

2.3.2.1 RT measurements

A number of UV/Vis spectrophotometers were used during the course of this study. 

For the RT studies recorded in chapter 4, and the isomerisation experiments in chapter 

5 a PC controlled Perkin-Elmer Lambda 9 UV/Vis/NIR double beam 

spectrophotometer was used.

For the studies described in chapters 4 and 6 a PC controlled Perkin-Elmer Lambda 

15 UV/Vis double beam spectrophotometer was used. Spectra of the preformed dye 

coatings were measured by placing the coating under a brass mask so that it fitted 

directly onto a thermostatted 1 cm quartz cuvette (note section 2.4).

2.3.2.2 77K measurements

For 77K absorption spectra dye samples were made up in EPA (a 2:5:5 mixture of
c o

ethanol:isopentane:diethyl ether) at a concentration of ca. 2 x 1 0 '  mol dm . The dye 

sample was placed in a ca. 3 mm NMR tube which was plunged into a liquid nitrogen 

- filled quartz phosphorimeter dewar. The dewar was arranged such that the sample 

could be placed reproducibly in the optical path of the Lambda 9 spectrophotometer 

by use of a custom - built Teflon dewar holder.
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2.3.3 Fluorescence measurements

The basic components that make up a fluorimeter are given in figure 2.3. A Perkin 

Elmer MPF-44E spectrofluorimeter was used for the room temperature measurements 

and a Jobin-Yvon JY3 D spectrofluorimeter was used for the 77K measurements. Slit 

widths were 5 nm for RT studies and 4 nm for emission and excitation studies at 77K. 

Both spectrofluorimeters used 150 W xenon arc lamps and Hammamatsu R928 

photomultipliers. (The lamp profile is shown in figure 2.4.)

Fluorescence excitation spectra were corrected for excitation intensity using 

methylene blue and rhodamine B quantum counters in ethylene glycol using the 

method described by Demas et al. [2].

D<
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0.8
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0
400 450 500 550 600

Wavelength/nm
650 700

Figure 2.2: Wavelength dependence of excitation intensity obtained using methylene 

blue and rhodamine B ‘quantum counters’.

Emission spectra were corrected by using cresyl violet as standard and the spectrum 

obtained was compared to that corrected by Magde et al. [3]. Any correction factors 

needed to the spectrum were then used for the emission spectra of the PT dyes.
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The fluorescence quantum yield (<)>«) of an unknown sample <|>u can be estimated by

integrated emission intensity in energy units corrected for both instrument response 

and self absorption, and n is the refractive index. P is the optical excitation power, i.e. 

intensity at the excitation wavelength.

The references for 77K measurements were cresyl violet [3] and 6 -tButyl PT [4]. For 

fluorescence work at RT Rhodamine B was used.

The radiative rate constant, krad, for each dye was calculated from the Strickler - Berg 

equation [5], i.e.

Where n is the refractive index of the medium, Vfi is the mean reciprocal emission

of extinction coefficient against the natural log of the frequency.

The observed rate constant for radiative deactivation of the singlet state, kfi, was then 

calculated using krad and Ofi as follows:

relating it to the known quantum yield (<t>ref) of a reference sample [2]. The following 

expression was used:

<t*u ^ r e f  ( F l r e f / F l u ) . ( I u / I r e f ) • O k / H r e f )  * (P r e f /P u n k n o w n ) 2.1

where FI is the fraction of the light absorbed at the exciting wavelength, I is the

2.2

wavelength, J S.d (lnvabS) is the absorption integral, calculated from the area of a plot

kfl (krad/d̂ fl) 2.3
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source

excitation
monochromator

sample

emission
monochromator

photomultiplier

amplifier

recorder

Figure 2.3: Components of a fluorimeter [6].
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INSTRUMENTS
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Figure 2.4: Lamp profile for Oriel 150W xenon arc [7].

2.3.4 Single photon counting

Fluorescence decay measurements were carried out at the Chemistry Department of 

the University of Coimbra. The instrument used was a home-built time-correlated 

single photon counting apparatus with: an N2 filled IBH 5000 coaxial flashlamp as 

excitation source, Jobin-Yvon monochromator, Philips XP2020Q photomultiplier, and 

Canberra Instruments Time-to-amplitude converter and Multichannel Analyser. 

Alternate measurements (1000 counts per cycle), o f the pulse profile at 337 or 356 nm 

and the sample emission were performed until 1 -2 x 104 counts at the maximum were 

reached [8]. The fluorescence decays were analysed using the modulating functions 

method of Striker [9]. I would like to thank Dr Seixas De Melo and Joao Pina at the 

University of Coimbra, Portugal for allowing me to use this equipment and also for 

their invaluable assistance in carrying out this work.
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2.3.5 Flash photolysis

Nanosecond flash photolysis experiments were carried out using 532 or 355 nm 

radiation from an Nd/YAG laser (Spectron Lasers) and an Applied Photophysics 

Laser Kinetic Spectrometer. The unfocussed excitation beam was ~ 1 cm in diameter, 

with a pulse duration of ~ 16 ns, and pulse energy of ~ 15 mJ. Samples were
o

contained in 1 cm or 0.5 cm cells and the transmission monitored at 90 to the 

excitation pulse. Transient kinetic data were recorded on a Gould OS4072 digital 

oscilloscope and transferred via a Picolog data logger to a PC for kinetic analysis.

A pulsed xenon arc source was used as monitoring beam for studies in the 

microsecond time domain, and either this lamp in continuous mode, or a stabilized 

100 W tungsten lamp, was used for studies in the millisecond time range.

2.3.6 Singlet oxygen luminescence

Singlet oxygen quenching rates were measured using equipment in the laboratories of 

the Chemistry Department of the University of Coimbra. Singlet oxygen was 

generated by excitation of phenalanone using Applied Photophysics laser 

flash photolysis equipment pumped by the third harmonic of a Nd:YAG laser (Spectra 

Physics) with excitation wavelength of 355 nm [10]. The phosphorescence decay of 

singlet oxygen was monitored at 1270 nm. The emission was detected using a cooled 

Hamamatsu R5509-42 detector.

I would like to thank Dr Seixas De Melo and Joao Pina at the University of Coimbra, 

Portugal for allowing me to use this equipment and their invaluable assistance in 

carrying out this work.
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2.3.7 NMR and mass spectrometry

lH NMR spectra were recorded by Mr M.Nettle on a Bruker AC spectrometer at 400 

MHz using tetramethylsilane as an internal standard. All samples were run in 

deuterated chloroform.

Mass spectra were recorded by Mr G.Llewellyn at the EPSRC Mass Spectrometry 

Centre at the University of Wales Swansea using low resolution EI/CI techniques on a 

VG analytical Quattro II triple quadrupole mass spectrometer.

2.4 Fade studies

2.4.1 HID and rapid fade systems

Irradation using a high intensity daylight (HID) source is the method commonly used 

to measure the lightfastness of dyes in photographic systems. This method has been 

previously employed by Parmar [11] and Townsend [12] in photochemical studies of 

pyrazolotriazole azomethine dyes. Unfortunately photographic dyes are so stable that 

HID experiments can take weeks to complete.

‘Rapid fade’ experiments, as used in this study are less time consuming, and, provided 

experimental conditions are carefully monitored and duplicated, experiments can be 

completed in days rather than the week required when using HID. A comparison of 

the emission profiles of a rapid fade and the HID system is given in figure 2.5.
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Figure 2.5: Comparison between the emission profile of a rapid fade and the 

HID system [10]. (Note that the irradiance is given in units of mW 

cm' 2 nm' 1 for the rapid fade apparatus, and pW cm*2 nm' 1 for the 

HID fade apparatus.)

2.4.2 Rapid fade apparatus

The light source was a 150 W quartz-halogen lamp the output of which was passed 

through filters and a 1 metre liquid light pipe (diameter 8.5 mm) in order to remove 

UV and IR light. The liquid light pipe was then fitted into a custom made cuvette 

holder and positioned so that it is 3.5 mm from the preformed dye coating which is 

held in place on the front face of a 1 cm cuvette by a brass ‘mask’. The cuvette holder 

also contained a gas inlet so that gases could be flushed through at a constant rate so 

that the atmosphere around the coating could be controlled. An optical fibre attached 

to a light dependent resistor was also positioned on the front face of the cuvette holder 

so that the light intensity could be monitored and kept constant throughout the 

experiment.

The brass ‘mask’ left a circular cross section that was exposed to the light source and 

the decrease in absorbance of this area of the coating was measured over time using a 

Perkin-Elmer Lambda 15 UV/Vis spectrophotometer. The temperature of the cuvette
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was kept constant at 23(±1)°C by circulating water from a thermostatted water bath 

into the cuvette.

A schematic of the apparatus is given in figure 2.6.

Thermostat
h 2o  h 2o

To LDR via 
fibre optic

liquid light pipe Cuvette
Chamber

lcm
cuvette

Quartz halogen 
lamp with reflector _ n

Gas in • ■ ■ Dye coating on 
estar base

Brass mask to 
keep dye coatingFilters

in place

Figure 2.6: Schematic of rapid fade apparatus.
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3.1 Synthesis of 6-CONH2, 6-Ph, 6-COOH and 6-Me PT dyes

3.1.1 Introduction

Pyrazolo [5,1 -c]-1,2,4-triazole azomethine (PT) dyes are formed by a coupling 

reaction between a pyrazolotriazole coupler and a p-phenylenediamine derivative 

developer. Pyrazolo [5,l-c]-l,2,4-triazole couplers were first synthesised by Bailey

[1] via the oxidative cyclisation of pyrazole-hydrazones. Alternative methods include 

the extrusion of sulphur from triazolothiadiazines [2 ] and cyclisation of pyrazolyl- 

amidoximes [3].

The following dyes, 6 -H, 6 -CN, 6 -C0 2 Et, 6-OMe and 6 -*Butyl were provided by 

Kodak Ltd. The 6 -Ph, 6-COOH and 6 -Me dyes were synthesised by the author using a 

simple coupling reaction with a p-phenylenediamine developer (see 3.1.4) and the 

respective PT couplers which had been prepared previously by Kodak Ltd. (note 

scheme 2 .1).

Et0H/K2C 03/Na2S20 8

t
Me

Ph

Scheme 2.1

Where R is Ph, COOH and Me yields were 67%, 38% and 61% respectively.
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For the 6 -CONH2 dye a modification of the sulphur extrusion route to 

pyrazolotriazole couplers, followed by oxidative coupling with p-phenylenediamine 

was used as described in 3.1.2- 3.1.4 below.

3.1.2 Synthesis of triazolothiazine 6-CONH2 intermediate

A stirred mixture of 4-amino-3-phenyl-trazolin-5-thione 1 (42.5 g 0.22 mol) and of 

ethyl bromopyruvate (47.7 g 0.24 mol) (approx. 1:1 molar ratio) was refluxed for 2-3 

hours in ethanol on a steam bath. The resultant product was left to cool and the 

solvent was removed by rotary evaporation to leave the triazolothiadiazine ester 

hydrobromide salt 2 (57.4 g, 70.6% yield).

Salt 2 (33.7 g 0.11 mol) was dissolved in ethanol (250 ml) and an excess (30 ml) of 

aqueous ammonia was added. The solution was warmed on a steam bath for 5-10 

minutes, and then stirred at room temperature (22-24°C) for a further hour. The 

precipitate was then collected by filtration and washed with ethanol to yield the 

triazolothiadiazine amide 3 (17 g, 72%), the structure o f which was confirmed by IR 

spectroscopy and mass spectrometry.

BrCFECCOiEt

EtOH/Reflux

(1) (2)

EtO
EtOH/aq.NH3

(3)(2)

Scheme 2.2
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3.1.3 Synthesis of PT coupler with R$= CONH2

Triazolothiadiazine amide 3 (11.5 g, 0.044 mol), triphenylphosphine (35 g, 0.15 mol) 

and acetic anhydride (8  ml, 0.08 mol) was refluxed for ca. 12 hr in toluene (50 ml). 

The solution was filtered to give the di-acetylated pyrazolotriazole intermediate 4 (9 

g, 65.3%) of, the structure of which was confirmed by IR spectroscopy and mass 

spectrometry.

All of product 4 was dissolved in 4:1 methanol/tetrahydrofuran solution (25 ml) and 

stirred at room temperature. A solution (50 ml) of potassium hydroxide (5.6 g in 50 

ml water) was added dropwise over a period of 10 minutes. The mixture was stirred 

for 30 minutes. The precipitate was collected by filtration, washed with dilute 

hydrochloric acid, and dried to give the pyrazolotriazole coupler 5 (3.5 g, 53.2%). 

The structure was confirmed by IR spectroscopy and mass spectrometry.

Ph

(3)

A c

Toluene/A c20 /P P h 2

A cH N

Ph
(4)

Ov  ---

AcHN

Ac
' _ H

KOH/MeOH/dil .HC1 9 \

►  h 2n  n - n ^ N  

Ph Ph
(4) (5)

Scheme 2.3
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3.1.4 Dye formation

Coupler 5 (3.5 g, 0.015 mol) was dissolved in ethanol. p-Phenylediamine developer 

(4.29 g, 0.02 mol) was then added with stirring at room temperature. An aqueous 

solution (30 ml) of potassium carbonate (6  g) and potassium persulphate (4 g) was 

added to the initial mixture and the resultant solution was heated on a steam bath and 

stirred for ca. 1 h. The product was collected by filtration and washed with dilute 

hydrochloric acid, then recrystallised from ethanol to give the PT azomethine dye, 

compound 6 as a blue amorphous solid (2.3 g, 38.2%).

E t0 H /K 2 C 0 3 /K 2 S 2 0 8

f
Me

Ph
(6)

Scheme 2.4
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3.2 Dye characterisation

The following four tables give data from NMR spectroscopic and mass spectrometric 

analyses for the four dyes synthesised. Full spectra are given in the appendix. 

Elemental analysis for the 6 -Me dye is also given.

Table 3.1: Spectroscopic data for 6 -Me.

a) ‘H N M R

Proton No. Chemical shift and structure

H -l developer ethyl CH3 group 1.2 (t)
H-2 R6 substituent on coupler 2.5(s)
H-3 methyl group adjacent to 2 .6 (s)

azomethine bond on developer
H-4 developer ethyl CH2 group 3.5(m)
H-5 proton on developer phenyl group 6 .6 (d)
H -6  proton on developer phenyl group 6 .8(dd)
H-7 m,p protons on phenyl moiety on 7.5(m)

coupler
H -8 o-protons on phenyl moiety on 8.3(m)

coupler
H-9 proton adjacent to azomethine bond 9.25(d)

on developer
(s-singlet, d-doublet, dd-double doublet, t-triplet, m-multiplet)

b) Mass spectrum (Cl): Molecular ion present at m/z 372.3.

c) Elemental analysis: Calculated: C 70.97%, H 6.45%, N 22.58%.

Found: C 70.04%, H 6.49%, N 22.24%.
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Table 3.2: Spectroscopic data for 6-Ph.

a) 'H N M R

(6) (8)

Proton No. Chemical shift and structure

H -l developer ethyl CH3 group 1.3(t)
H-2 methyl group adjacent to azomethine 2 .6 (s)

bond on developer
H-3 developer ethyl CH2 group 3.5(m)
H-4 proton on developer phenyl group 6.7(d)
H-5 proton on developer phenyl group 6 .8 (dd)
H -6  m,p protons on R$ substituent 7.4(m)
H-7 m,p protons on phenyl moiety on 7.5(m)

coupler
H -8  o-protons on R6 substituent 8 .2 (m)
H-9 o-protons on phenyl moiety on 8.3(m)

coupler
H-10 proton adjacent to azomethine 9.4(d)

bond on developer

b) Mass spectrum (Cl): Molecular ion present m/z at 434.3.
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Table 3.3: Spectroscopic data for 6-CONH2.

a) ‘H N M R

(1)
,CH

,CH

S p )

NH-

Proton No. Chemical shift and structure
H -l developer ethyl CH3 group 1.5(t)
H-2 methyl group adjacent to azomethine 2 .6 (s)

bond on developer
H-3 developer ethyl CH2 group 3.5(m)
H-4 amide protons on R6 substituent 6 .1(m)
H-5 proton on developer phenyl group 6.7(d)
H -6  proton on developer phenyl group 6.9(dd)
H-7 m,p protons on phenyl moiety on 7.5(m)

coupler
H -8  o-protons on phenyl moiety on 8.5(m)

coupler
H-9 proton adjacent to azomethine bond 9.5(d)

on developer

b) Mass spectrum (Cl): ion present at m/z 402.3 representative of the quasi molecular ion

(M+H*) [4],
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Table 3.4: Spectroscopic data for 6-COOH.

a) !H N M R

(1)
,CH

CH

(8)N

HO
(9)

Proton No. Chemical shift and structure
H -l developer ethyl C H 3 group 1.2 (t)
H-2 methyl group adjacent to azomethine 2 .6 (s)

bond on developer
H-3 developer ethyl CH2 group 3.5(m)
H-4 proton on developer phenyl group 6 .6 (d)
H-5 proton on developer phenyl group 6 .8 (dd)
H -6  m,p protons on phenyl moiety on 7.5(m)

coupler
H-7 o-protons on phenyl moiety on 8.3(m)

coupler
H-8  proton adjacent to azomethine bond 9.5(d)

on developer
H-9 hydroxyl proton on carboxylic acid Exchanged in solution-no signal

R6 substituent

b) Mass spectrum (Cl): Molecular ion present at m/z 402.2.
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3.3 Ground state studies

3.3.1 NMR spectroscopy

The position of the nmr signal assigned to the developer proton adjacent to the 

azomethine bond (shown as H* in figure 3.1) is of interest. Azomethine dyes can 

exist in syn or anti configurations and they undergo syn-anti photoisomerisation 

(figure 3.1). Pauwels has used the position of the resonance of the analogous H* 

proton in the pyrazolone azomethine dyes as a diagnostic tool in determining absolute 

configuration [5, 6 ]. Douglas et al. [7] used NOE studies of this proton to show that 

PT dyes exist in the syn conformation in solution (figure 3.1).

Figure 3.2 shows that there is some correlation between X,max and the chemical shift of 

H* which may suggest that the perturbing influence of R$ on the ring current of the 

[5,5] heterobicycle affects the NMR properties of this proton. This may be due to a 

decrease in electron density in the pyrazolotriazole ring system when the 

substituent is electron withdrawing (e.g. 6 -CC>2Et) which leads to the H* proton 

becoming more strongly deshielded and therefore shifted downfield.

Ph Dli

anti syn

Figure 3.1: PT dye isomerism. NOE studies of proton H* show that the syn 

conformation is the preferred arrangement in room temperature 

solution.
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3.3.2 X-ray crystallography

Fortunately, the 6 -Me dye gave crystals of suitable quality for x- ray analysis. The 

molecular structure is shown in figure 3.3. Crystallographic data are given in table 

3.5. The crystal packing is shown in figure 3.4.

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a = 19.5222(4) A alpha = 90 deg.

b = 16.6104(3) A beta =123.8811(12) deg.

c = 14.2768(3) A gamma = 90 deg.

Volume 3843.44(13) A A3

Z 8

Density (calculated) 1.287 Mg m3

Absorption coefficient 0.080 mm' 1

F(000) 1584

Crystal size 0.30 x 0.05 x 0.05 mm

Theta range for data collection 2.99 to 26.12 deg.

Index ranges -24 <h < 24, -20 < k < 20, -17 < 1 <17

Reflections collected 35577

Independent reflections 3804 [R(int) = 0.1836]

Absorption correction None

Max. and min. transmission 0.9960 and 0.9763

Refinement method Full-matrix least-squares on F

Data / restraints / parameters 3804 / 0 /253

Goodness-of-fit on F 0.979

Final R indices [I>2sigma(I)] R1 =0.0598, wR2 = 0.1186

R indices (all data) R1 =0.1276, wR2 = 0.1401

Extinction coefficient 0.0040(5)

Largest diff. peak and hole 0.253 and -0.308 e A'3

Table 3.5: Crystal data and structure refinement for the 6 -Me dye.
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Figure 3.4: Crystal packing of the 6 -Me dye.
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It is worth noting that in the solid state the dye is in the syn configuration and that it is 

planar except for the ethyl groups on the developer where one of the terminal C H 3 

groups points up and the other points down with respect to the plane of the rest of the 

molecule.

3.3.3 Molecular orbital calculations

Figures 3.5 and 3.6 show the calculated minimum energy ground state configurations

for 6 -Me and 6 -CN dyes, obtained using CNDO-VS [8]. AMI (Austin Method 1) and

PM3 (Parameterisation Method 3) methods were used to optimise the geometry [9]. 

(Thanks to Dr James Padfield for his assistance with this work.)

For both dyes the syn arrangement is more stable than anti by ca. 17 kJ m oH , results 

which are consistent with the detection of only one isomer in the NMR spectra, and 

NOE studies [7]. In the calculated minimum energy conformation the developer and 

coupler rings are twisted at an angle of 40° for the 6-Me dye and 32° for the 6 -CN 

dye.

A comparison between calculated transition energies (given in nm) and absorption 

maxima in hexane gives:

6 -Me, calculated 572 nm, observed 542 nm;

6 -CN, calculated 623 nm, observed 622 nm.

The predicted and experimental values are in good agreement for both dyes, with the 

values for the cyan 6 -CN dye being remarkably close.

Also shown are the relative electron densities in the ground and excited states. Red 

indicates a positively charged atom (relative to the neutral atom) while blue represents 

a negatively charged atom. The relative amount of charge is indicated by the radii of 

the coloured circles. The essence of the transition is the transfer of electron density, 

primarily from the coupler group but with some contribution from the carbon atom at 

the 6 -position of the PT ring, to the azomethine nitrogen and the PT nitrogen at the 5- 

position of the PT ring. There is little change in electron density at the 3-position. 

These calculations are in line with the observation that a change of substituent at the 

6 -position makes a big difference to hue, with electron withdrawing groups shifting it
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to lower energy, whereas the effect on the hue of the substituent at the 3 position is 

very small [1].

Figure 3.5: Ground state (top) and excited state (bottom) charge densities for the 

6-Me dye (Red = +ve/ Blue = -ve).
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Figure 3.6: Ground state (top) and excited state (bottom) charge densities for the 

6-CN dye (Red = +ve/ Blue = -ve).
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Table 3.6 compares the bond lengths obtained from molecular orbital calculations 

with those measured from the x-ray crystal structure.

Parameter gas Dhase hexane x-rav data
AMI PM3 AMI PM3

N (l)-C(l) 1.403 1.392 1.402 1.389 1.356(3)
N(l)-N(4) 1.355 1.421 1.356 1.422 1.411(3)
N(2)-N(3) 1.321 1.333 1.322 1.336 1.391(3)
N(4)-C(ll) 1.333 1.322 1.333 1.324 1.304(3)
N(5)-C(13) 1.401 1.420 1.403 1.421 1.370(3)
C(l)-C(2) 1.456 1.454 1.456 1.455 1.466(3)
C(10)-C(ll) 1.541 1.515 1.541 1.515 1.474(3)
C(18)-C(19) 1.484 1.487 1.484 1.487 1.505(3)
N(l)-C(8) 1,452 1.417 1.452 1.415 1.358(3)
N(2)-C(l) 1.381 1.370 1.381 1.371 1.335(3)
N(3)-C(8) 1.351 1.345 1.350 1.344 1.326(3)
N(5)-C(10) 1.281 1.287 1.280 1.287 1.307(3)
N(6)-C(16) 1.392 1.448 1.389 1.446 1.367(3)
C(8)-C(10) 1.481 1.462 1.481 1.463 1.460(3)
C(ll)-C(12) 1.475 1.476 1.474 1.475 1.491(3)

Table 3.6: Comparison of selected bond lengths (A) obtained from molecular orbital 

calculations and x-ray crystallography respectively.

In the crystalline state the molecules are essentially planar, i.e. there is a developer- 

coupler twist angle of ca. 0°. The M.O. calculations for the free isolated dye show the 

angle to be ca. 40°. This difference presumably arises due to the intermolecular forces 

in the crystalline state. This may also explain the relatively large difference between 

the calculated bond lengths obtained from the M.O. calculations and those observed in 

the solid state for the C13-N5 bond, which is the bond about which the developer- 

coupler will twist. The indication that these forces are sufficient to force planarity 

when the free isolated dye has a significant developer-coupler twist angle suggests a 

relatively shallow potential energy curve along the twist angle.
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3.4 Aggregation studies

3.4.1 Absorption studies

It has been noted by workers in Kodak Ltd. that the UV/Vis spectra of the 6 -COOH 

dye shows unusual solvent dependent features and that the absorption maximum of 

the 6 -CONH2 dye is at a longer wavelength than expected based on the 

electronegativity of this substituent. It was suggested by D.Clarke and C.Winscom of 

Kodak Ltd. that aggregation might be the reason for the unusual behaviour of these 

dyes; this may also be a factor in terms of photostability [10]. While the UV/Vis 

spectra of the dyes are discussed in more detail in chapter 4 it was important at this 

early stage in the work to investigate this suggestion of aggregation of the dyes in 

solution, and a study of the concentration dependence of the UV/Vis absorption 

spectra of the 6 -COOH and 6 -CONH2 PT dyes in a polar, ethanol, and non-polar, 

toluene, solvent was undertaken.

3.4.1.1 Results and discussion

The absorption spectra for the 6 -CONH2 PT dye (shown in figures 3.7 and 3.8) 

showed only one absorbing species in both ethanol and toluene, with the more polar 

solvent pushing dye hue bathochromically (this will be discussed in more detail in 

chapter 4). Concentration does not affect the shape or position of the spectrum in 

either solvent. There is no evidence for any aggregation equilibria over the 

concentration range ca. 2 x lO^to 5 x 10'6 mol dm'3. While this does not prove that in 

this concentration range the dye is present as a monomer, it is unlikely that any 

aggregation equilibria will lie so far in favour of the aggregate in both polar and non­

polar solvents to be undetected across this concentration range.

The situation is not as clear for the 6 -COOH dye. In most cases carboxylic acids form 

stable dimers, so stable that usually in some solvents the monomer cannot be detected

[11]. Figure 3.9 shows that the concentration does not affect the shape and position of 

the spectra in ethanol implying that only the monomer is absorbing.

However, in toluene as the concentration is decreased it seems that two species are 

resolving into one, which implies that in non-polar solvents the equilibrium favours 

the dimer at high concentrations.
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re 3.7: Normalised spectra of the 6 -CONH2 dye at various concentrations in 

toluene. (Legend shows concentration in mol dm' .)
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Figure 3.8: Normalised spectra of the 6 -CONH2 dye at various concentrations in 

ethanol. (Legend shows concentration in mol dm'3.)
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3.4.2 Infrared

Infrared spectra for the dyes were also obtained in order to investigate whether the 

dyes may be hydrogen bonding and therefore aggregating/dimerising. (These spectra 

are given in the appendix.)

3.4.2.1 6-C 02Et

In carbonyls a weakening of the carbon-oxygen double bond results in the signal 

moving to a lower frequency [12]. One of the factors that can cause this is the effect 

of p-conjugation on the C=0 vibration. The frequency for the carbonyl vibration in 

saturated esters is around 1735 cm' 1 [13]; the value obtained for the 6-C02Et dye is 

1715 cm' 1 which correlates well with the effect of the N=C bond present in the 

pyrazolotriazole ring system, p to the ester substituent. There is no evidence of any 

association occurring between C 02Et moieties.

r  M

Figure 3.10: Effect of P-conjugation on C=0 stretching frequency in the 6-C02Et 

dye.

N—N, N
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3.4.2.2 6 -CONH2

There is no obvious evidence of association. The stretching frequency for the C=0 

functionality is at a slightly higher frequency than expected, at 1690 cm'1; this can be 

attributed to the conjugation effect of the double bonds present in the pyrazolotriazole 

system.

3.4.2.3 6 -COOH

The stretching frequency present at 1760 cm' 1 is characteristic of monomeric 

carboxylic acids. The absence of any bands in the 1700-1725 cm' 1 region suggests 

that the dimer is not present. A closer inspection of the peak shows some broadening 

which may suggest some association occurring between the COOH functional groups.

70 -1

60

50
c
.2 40 </)(A
I  30

k-
20

10

1600 1650 17501700 1800

Frequency/cm*1

Figure 3.11: Broadening of stretching frequency at 1760 cm' 1 possibly due to 

association between COOH groups.
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3.5 Conclusions

The dyes synthesized for study vary only by the substituent at the 6 -position of the 

pyrazolotriazole azomethine [5,5] heterobicycle ring system. The substituents vary in 

terms of their electron donating/withdrawing effects which have a direct effect on dye 

hue, giving hues which stretch from the magenta into the cyan.

Infrared studies suggest that no association occurs in the solid state for the 6 -C0 2 Et 

and 6 -CONH2 dyes. The broadness of the characteristic stretching frequency for the 

6 -COOH dye implies that although the monomer predominates, some dimer may be 

present.

NMR spectroscopic studies provide a tentative relationship between the R6 substituent 

and the chemical shift of a characteristic proton adjacent to the azomethine bond.

Structural and molecular orbital studies agree with previous work in that the most 

stable conformer is syn with respect to the azomethine bond, and also that in 

crystalline form the 6 -Me dye is essentially planar. M.O. calculations indicate the 

lengthening of the C-N bond (in the gas phase and in solution) about which molecular 

flexion occurs; this is reasonable as molecular flexibility would be restricted in the 

solid state leading to a shortening of the bond.
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Chapter 4
4.1 Introduction

In photographic terms the singlet states of an image dye are vitally important, as dye 

hue is influenced primarily by the most probable So-Sn electronic transition (Kiax), and 

the molar absorptivity of image dyes needs to be high in order for effective silver to 

image dye conversion.

PT dye hue can be ‘tuned’ by varying the R6 substituent [1-3]. Electron donating 

groups in the 6 -position on the pyrazolotriazole ring system (e.g 6 -OMe) give a dye 

with a magenta hue, while electron withdrawing groups in this position (e.g 6 -CN) 

push the hue well into the cyan. This can be seen in the absorption spectra for the six 

dyes used in this study (figure 4.1), and also from a correlation of absorption maxima 

and Hammett functions in figure 4.2. (The six dyes were chosen from the nine 

available on the basis of dye hue and steric considerations.)

i

| 1.2
[6-CON H2]

[6-Me] [6 _ph] £6_Co 2Et]

[6-OMel
[6-CN]

0.8

0.6

0.4

0.2

500 550 600 650450 700 750400
Wavelength/nm

Figure 4.1: Normalised absorption spectra for six PT dyes in ethanol.
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650 -

600
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Figure 4.2: Correlation between a para Hammett parameters and absorption maxima in
•y

methylcyclohexane for the dyes studied (R = 0.939).

4.2 77 K absorption characterisation

4.2.1 Introduction

Furya et al. [4] studied the effects of low temperature on PT dyes in EPA. Berry 

comprehensively studied the effects of decreasing temperature on indoaniline dyes 

[5], and he observed a narrowing of absorption spectra as well as a bathochromic shift 

in absorption maxima as the temperature decreased.

For PT dyes at RT in solution the discreet vibrational bands are generally masked and 

transitions over a range of energies ‘overlap’ each other. This combined with 

interaction between the excited state of the dye and the solvent environment results in 

characteristic broadening of the spectrum [6 ].

77 K absorption studies are useful as they help resolve vibrational band structure. At 

low temperatures the population distribution in energy levels becomes narrower
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compared to those recorded at room temperature where the population distribution of 

energy levels is wider [7].

4.2.2 Experimental

Absorption spectra at RT and 77 K were recorded using a Perkin Elmer Lambda 9 

UV/Vis/NIR spectrophotometer. The solvent of choice was EPA (a 2:5:5 mix of 

ethanol:isopentane:diethyl ether) as this consistently provided the best glass at 77 K 

[2 ]-

C 'J
About 1 ml of dye solution (ca. 2x10' mol dm’ ) was added to a quartz tube with an 

internal diameter of 3 mm. This was then plunged directly into liquid nitrogen held in 

a custom made quartz dewar. In order to consistently align all samples correctly in 

the beam of the spectrophotometer a PTFE fitting was made which enabled safe 

attachment of the dewar to the base of the spectrophotometer and correct alignment 

during the experiment.

4.2.3 Results and discussion

The absorption maximum for all of the dyes shifts bathochromically upon cooling to

77 K and 8 max increases. The absorption spectrum becomes sharper with a relatively

well defined vibrational progression becoming evident (figures 4.3-4.8). A 

comparison of the integrated area of the absorption band shows that the transition 

probability does not change significantly upon cooling.

Table 4.1 summarises the RT and 77 K frequency maxima, as well as the difference in 

energy between the frequency at maximum absorption and the shoulder (which is 

more clearly resolved at 77 K) on the high energy side of the spectrum.
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Chapter 4

At all temperatures the solvent-solute interaction needs to be considered [8]. Recent 

work by Boxer and Bublitz [9] has shown that the polarities of frozen glasses are 

significantly higher than those of the corresponding liquids at room temperature. This, 

together with the shift in distribution of conformers around the twist of the 

azomethine bond explains the bathochromic shift of all the dyes at 77K as this is 

characteristic for PT dyes when the polarity of the solvent medium is increased [1,2].

The vibrational spacing in an absorption spectrum is characteristic of the dye excited 

state [6]. Although the data are far from precise there does appear to be a trend in that 

both electron donating and electron withdrawing substituents give larger excited state 

vibrational spacings than substituents with a small or neutral electronic effect.

The data suggest that either an electron donating or withdrawing group has a similar 

effect in terms of compressing the excited state potential energy surface, and therefore 

widening the vibrational intervals relative to dyes with electro-neutral substituents 

which are postulated to have shallower potential energy wells in the excited state.
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4.3 77 K emission and excitation spectra

4.3.1 Introduction

In an organic glass at 77 K, PT dyes are locked in a rigid matrix and therefore the 

molecular flexion around the azomethine bond is inhibited. At these low temperatures 

a major route for deactivation of the excited state is fluorescent emission from the Si 

state and, for those predominantly magenta PT dyes studied to date, fluorescence 

quantum yields close to 1 have been measured at 77 K [10].

4.3.2 Experimental

Fluorescence emission and excitation were recorded using the same quartz dewar 

described in section 4.2.2 positioned in a Jobin-Yvon JY3D spectrofluorimeter. Data 

were collected via a Picolog data logger connected to a PC for ease of analysis.

Samples were prepared with absorbances of <0.1 (in the 3 mm quartz tube) at the 

excitation wavelength, which was 520 nm for 6 -OMe and 6 -Me dyes and 580 nm for 

the remainder of the dye series. Emission slits were 8 nm and excitation slits were 4 

nm.

Excitation spectra were corrected by using methylene blue and rhodamine B quantum 

counters using the method outline by Demas et al. [11]. Emission spectra were 

corrected for photomultiplier response (see section 2.3.3). Uncorrected and corrected 

emission spectra for 6 -Me and 6 -C0 2 Et are shown in figures 4.9 and 4.10.
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Figure 4.9: Uncorrected (bold lines) and corrected (dashed line) emission spectra for 

6 -Me.
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Figure 4.10: Corrected (dashed line) and uncorrected (bold line) emission spectra for 

6-C02Et.
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There are many difficulties with fluorescence standards at 77 K [12], a problem 

compounded by difficulties in finding standards for use in the spectral range in which 

PT dyes emit. However two suitable standards were found for this work, 6 -*Butyl PT 

dye and cresyl violet. b^Butyl PT (77 K Of] = 0.9 (±0.1) [10]) was used as a standard 

for studies with the magenta dyes 6 -OMe and 6 -Me. For the cyan dyes cresyl violet 

(RT Of] = 0.54 [13], 77 K Of] =0.9 (±0.1)) was used as reference.

0.6

0.5

3W
© 0.4 (/) c oQ.U)
£ 0.3
c©
£
-  0.2

0.1

610590 630 650 690 710 730670 750
Wavelength/nm

Figure 4.11: Corrected, room temperature (solid line) and 77 K emission 

spectra (dashed line) of cresyl violet.
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4.3.3 Results and discussion

As would be expected, the emission spectra are roughly mirror images of the 

excitation spectra [14] (see figures 4.12-4.17).

The energy difference between the vibrational bands of the emission spectrum gives 

information about the ground state potential energy curve. As the data in table 4.1 

show there is little systematic variation in ground state vibrational spacing. This 

suggests that the depth and shape of the ground state potential energy wells do not 

vary as much across the dye series when compared to the excited state.

Dye kmax emission 
(nm)

On at 77K 
(ca.10%)

Stokes shift 
(±1  nm)

6 -OMe 573 1.1* 2

6 -Me 599 1* 17

6 -Ph 618 1* 8

6-C 02Et 639 0.9* 20

6 -CONH2 651 0.7* 1

6 -CN 651 0 .6* 3

6 -lButyl PT dye as standard [6], cresyl violet as standard [15]. 

Table 4.2: Summary of 77 K Ofl for the dye series.

The data show a clear trend: as the wavelength of the emission and excitation maxima 

increases the quantum yield of fluorescence decreases (figures. 4.18 and 4.19). There 

is a trend also in terms of the Stokes shift, with the largest shift evident for dyes with 

mid range 7,max values i.e. 6 -Me, 6 -Ph and 6 -C0 2 Et dyes, while a smaller shift is 

present for substituents which are significantly electron donating or withdrawing and 

have absorption maxima at either side of the Xmax range .
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Figure 4.18: Correlation between Of i and excitation maximum at 77 K.
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Figure 4.19: Correlation between Of i and emission maximum at 77 K.
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4.4 Room temperature absorption studies

4.4.1 Introduction

Magenta PT dyes are characterised by their high extinction coefficients (ca. 3.5-6.8 x 

104 mol' 1 dm3 cm'1) [1], broad absorption bands which show some vibrational fine 

structure in non-polar solvents, and a bathochromic shift in absorption maximum as 

solvent polarity increases [1-3].

Townsend [2] studied the interaction between PT dyes and their solvent media. Polar 

solvents containing a strong permanent dipole will have a greater interaction with the 

dissolved dye than non-polar solvents, and this interaction will be greater if the solute 

also has a permanent dipole. Minimisation of energy occurs as the polar solvent 

molecules arrange themselves around the solute, to give a ground state which is 

stabilised in comparison to that in a solvent of lower polarity. The Franck-Condon 

principle states that upon light absorption the transition between ground and excited 

states will occur so quickly that no reorganisation of the solvent can occur around the 

now excited solute. So a bathochromic shift in the spectrum, relative to an ‘ideal’ 

vapour state spectrum without solvent-solute interaction, will occur when the dye 

ground state is less polar than the excited state and a hypsochromic shift when the 

ground state is more polar than the excited state. The fact that polar solvents shift 

absorption maxima towards the lower energy part of the visible spectrum indicates 

that upon excitation the dipole moment is strengthened along the direction of the 

ground state dipole, an observation in accord with the M.O. calculations [2].

4.4.2 Experimental

All absorption spectra were recorded on a PC controlled Perkin Elmer Lambda 9 

UV/Vis/NIR spectrophotometer using quartz 10 mm cuvettes.

4.4.3 Results and discussion

Figures 4.20-4.25 show normalised absorption spectra for the dye series in ten 

solvents of varying dielectric constant and polarisability. A summary of the 

absorption characteristics of the dyes studied is given in table 4.3.

103



Chapter 4

Dye min and max 
absorption 

wavelengths/nm 
(solvent shown in 

brackets)*

X max variation 
across range of 

solvents (nm)

X max
ethanol

(nm) Average E/104 
(mol'1dm3cm'1)

6-OMe 528(1) -> 554 (2) 26 546 5.12(±0.62)
6-Me 542(1) -► 576 (2) 34 562 6.03(±0.46)
6-Ph 561(1) -> 597 (2) 36 584 5.42(±0.46)

6-C 02Et 584(1) -> 622 (3) 26 606 6.61 (±0.68)
6-CONH2 596(1) -> 630 (3) 34 623 6.50(±0.60)

6-CN 622(1) -> 647 (2) 25 633 5.03(±0.44)

*(1, methylcyclohexane; 2, dimethylsulphoxide; 3 , 1-chloronaphthalene)

Table 4.3: Summary of RT absorption maxima and extinction coefficients.

The average extinction coefficient has been calculated through considering 

the absorption spectra in the ten different solvents.
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Chapter 4

The vibrational transitions are generally resolved more clearly in non-polar solvents, 

particularly where the R6 group is electron donating (note 6 -OMe, 6 -Me and 6 -Ph 

dyes in methylcyclohexane), for 6 -CN the vibronic structure remains resolved even in 

polar solvents.

Figure 4.26 below shows the correlation between dielectric constant and absorption 

maximum for 6 -CN and 6 -Me.

660 i

640

620

600
OMe 
□  CN

x
<0

580

560

540

520
0 10 20 30 40 50

dielectric constant

Figure 4.26: Correlation between absorption maximum and dielectric constant for 

6 -CN and 6-Me.

There is good correlation between the solvent dependent absorption maxima and the 

solvent polarity as measured by the Et (30) solvent polarity scale [16] (figure 4.27).
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640

630 6-CONHj

620

610

600

590 6-Ph

570
6-Me

560 3

550

540

530
0.1 0.50 0.2 0.3 0.4 0.6 0.7 0.8 0.9

Et (30)-Normalised

Figure 4.27: Correlation between absorption maxima and normalised E t (30) values 

(Where tetramethylsilane = 0 and H2O = 1) for four of the dyes studied. 

E t (30) values for chloronaphthalene were not available. The point 

for DMSO has been removed as the E t (30) data cannot be used, 

possibly due to water being present in the solvent.

4.5 Room temperature fluorescence

4.5.1 Introduction

Room temperature quantum yields for magenta PT dyes in typical fluid solutions are 

~1 x 10'4 [3]. These low quantum yields can be attributed to radiationless 

deactivation of dye excited states at room temperature by molecular flexion around 

the azomethine bond. Quantum yields as low as this present some experimental 

problems arising from interference from scatter light, Raman bands, and even minor 

fluorescent impurities. Workers in Kodak Ltd. have been using /?-dodecylphenol as a 

high viscosity solvent for fluorescence studies of flexible dyes and that has been the 

solvent of choice for the work presented here.
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4.5.2 Experimental

All room temperature (22-24°C) emission experiments were carried out using a Perkin 

Elmer MPF 44E fluorimeter. Emission spectra for samples with low quantum yields 

of ca. 10 '4 are difficult to obtain; in an attempt to increase the quantum yield, the 

viscous solvent PDP (p-dodecylphenol) was used. Due to the low emission yields it 

was not practical to use optically dilute solutions and therefore all samples and 

standards were prepared to give optical densities of 0.3 at the excitation wavelengths. 

However all emission spectra were corrected for the quantum efficiency of 

photomultiplier response and for self-absorption.

70 

60 
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0)(/>
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Figure 4.28: Corrected for photomultiplier response (filled squares) and uncorrected 

(unfilled diamonds) emission spectra for 6 -Me PT dye.

Rhodamine B (in degassed ethanol) was used as the quantum yield standard (Of 1= 

0.61 [13]) and emission and excitatation slits were 5 nm in all cases. Absorption 

spectra were recorded using a PC controlled Perkin Elmer Lambda 7 UV/Vis

750
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spectrophotometer. Corrections for the conversion of wavelength into frequency were 

used in order to ensure that calculations of the radiative rate constants, krad, using the 

Strickler-Berg equation [17] were correct. (Note section 2.3.3).

4.5.3 Results and discussion

A summary of singlet state characteristics is shown below and the normalised 

emission spectra for the series are shown in figure 4.29.

Dye ^max Calculated Relative <[>» Calculated Calculated t s

emission
(nm)

krad 
(x 108 s'1)

(x 10-4) ^ r a d  
(x 1 0 '9 s)

(ps)

6 -OMe 575 2.4 6.3 4.2 2.7
6 -Me 601 2.1 3.7 4.8 1.8
6 -Ph 619 1.9 2 .0 5.2 1.0

6-C 02Et 625 2.1 2.3 4.7 1.1
6 -CONH2 663 1.6 6.3 6.1 3.9

6 -CN 657 1.1 3.8 9.3 3.6

Table 4.4: Singlet state properties for the dye series (errors are estimated 

to be ca. ±20%) in PDP (p-dodecylphenol).

Q 1
For most dyes the radiative rate constants are similar ca. 1.9 x 10 s' . However the 

value for 6 -CN is significantly lower. The quantum yields measured are ca. five times 

higher than those reported previously using C C I 4  as solvent [3]. This can be attributed 

to the use of the more viscous solvent PDP which inhibits molecular motion, the main 

route of deactivation, and therefore increases the quantum yield of fluorescence. The 

most interesting feature of the data in table 4.4 is the variation in the calculated 

emission lifetime. The pattern seen in both the excited state vibrational spacing and 

Stokes shift is repeated here, with dyes bearing either electron donating or electron 

withdrawing substitutents showing relatively long lifetimes while those with electro­

neutral substituents having significantly shorter lifetimes. There is a good correlation 

between emission maxima and singlet lifetimes. (Note figure 4.30)
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Figure 4.30: Correlation between singlet lifetime and emission maximum.
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The data obtained from both the low temperature and room temperature studies can be 

used to contrast the effect that electron donating/withdrawing substituents have on the 

shape and position of the potential energy wells in the excited state.

A dye bearing a substituent which is strongly electron donating or withdrawing {e.g. 

6 -CN) appears to have a compressed potential energy well in the excited state, which 

leads to wider vibrational spacings and longer singlet lifetime. Conversely, a dye with 

a substituent such as 6 -Ph which has little effect in terms of donating or withdrawing 

electron density appears to have a shallower well in the excited state, leading to a 

shorter singlet lifetime and also a shift in the excited state potential energy well 

(relative to the ground state) which is evident in a larger Stokes shift (note figure 

4.31).

4.6 Single Photon Counting

4.6.1 Introduction

Previous work using picosecond single photon counting showed that the fluorescence 

decay of PT dyes is non-mono-exponential at temperatures ranging from 77-297 K. 

This was attributed to emission from different geometric configurations as the dye 

relaxes along the isomerisation coordinate. [10].

4.6.2 Experimental

All of the single photon counting experiments were undertaken at the University of 

Coimbra (see 2.3.4 for details). Due to the lack of sensitivity in the photomultiplier for 

regions above 600 nm, only the 6 -OMe and 6 -Me dyes provided useable data, as 

emission signals for the dyes which emitted in regions above this {e.g. 6 -Ph, 6 -C0 2 Et, 

6 -CONH2 and 6-CN) were masked by the excitation pulse. The lowest temperature 

which could be maintained with any stability was 173K at which temperature EPA is 

a glass, although not such a hard glass as is obtained at 77 K.
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ca. 1000  cm' {

fluorescenceabsorption

ca 1440 cm ' 1

absorption fluorescence

Figure 4.31: Potential energy curves for the 6 -Ph (top) and 6 -CN dyes (bottom).
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4.6.3 Results and Discussion

Both dyes gave non-mono-exponential decays. The decay curves could be reasonably 

well modelled using a double exponential fit as shown in table 4.5. An example of 

the data obtained is given in figure 4.32.

Dye ti (ns) t2 (ns)

6 -OMe 0.36 (96.4%) 3.42 (3.6%)

6 -Me 0.36 (88.6  %) 4.31 (11.4%)

Table 4.5: Single photon counting data.

While a double exponential analysis is experimentally convenient it is not clear what 

the two discrete emitting species could be. Furthermore it is generally found that 

emission across a distribution of emitting states often gives a decay curve which can 

be reasonally well fitted using a double exponential function. In the light of our 

knowledge of PT dye photophysics a distribution of emitting states across a potential 

surface is a more likely possibility.

With this in mind it is interesting to note that of the two dyes studied it is the 6 -Me 

which shows greatest deviation from a mono-exponential decay and, if a distribution 

is an approporiate interpretation, therefore the widest distribution of emitting states. 

This would seem to be consistent with the general trend of the 6 -Me dye having the 

shallower, looser, excited state potential energy surface of the two dyes.
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Chapter 4

4.7 Conclusions

Electron donating substituents in the 6 -position push dye hue bathochromically for the 

complete dye series at RT and 77 K.

At 77 K there is some evidence to support the notion that electron withdrawing and 

donating moieties have a similar effect on the excited state potential energy well by 

compressing it and therefore widening the vibrational intervals.

Room temperature dye hue is clearly affected by solvent polarity, with solvents of 

increasing polarity comparatively stabilising the excited singlet state pushing dye hue 

toward the red.

Room temperature fluorescence quantum yields are low for the entire series ranging 

from 2-6.8 x 10'4, but at 77 K these increase to between 0.6 and 1. These data support 

the proposal that deactivation of excited states of PT dyes is primarily driven by the 

flexibility around the azomethine bond, which results in anti(exCited stater*s>W(ground state) 

isomerisation. This flexibility and configuration change cannot occur at 77 K 

resulting in deactivation via a radiative transition.

The RT singlet lifetimes also suggest that the potential energy surface of the excited 

state is more compressed in dyes which contain R6 substituents that significantly 

donate/withdraw electron density from the pyrazolotriazole ring system.

Singlet photon counting experiments for two magenta PT’s imply that the kinetics of 

singlet decay are complex, but at a temperature of 173 K they may be fitted to a 

double exponential expression.
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Chapter 5

5.1 Introduction

There has been much work into the mechanisms of syn-anti photoisomerisation of PT 

dyes, and the reverse thermal reaction [1-6 ].

NEt2

Me

Ph N
N

syn anti

Figure 5.1: Photoisomerisation and thermal equilibrium of a PT dye

Three mechanisms for isomerisation about the azomethine bond have been proposed:

1) rotation;

2 ) inversion;

3) a biradical mechanism.

II

Figure 5.2: Isomerisation mechanisms for azomethine dyes; 

(a) rotation, (b) inversion, (c) biradical mechanism [5].
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The rotation mechanism is driven by heterolytic cleavage across the azomethine bond.
• * 2The inversion mechanism is reliant on the rehybridisation of the nitrogen sp state to

an sp state, which results in the movement of electron density from the nitrogen into 

delocalisation across the aminophenyl developer. The biradical mechanism is caused 

by homolytic fission which enables rotation to occur. A number of studies including 

measurement of volumes of activation, substituent and solvent effects suggest the 

inversion mechanism as most likely [4, 5, 7].

X-ray crystallography shows that the 6 -Me PT dye exists in the syn conformation in 

its solid state [8], and NOE studies have shown that the 6 -H dye exists as the same 

conformer in solution [9]. It is reasonable to assume this is the case for all of the dyes 

discussed here.

The site of protonation of these dyes has also been studied by NMR and UV/Vis 

spectroscopy [9], with two protonation sites identified. The first protonation occurs at 

the azomethine nitrogen and the second, at higher proton concentrations, at the 

phenylamine nitrogen. The first protonation occurs at the azomethine bond, and since 

this is the site of isomerisation protonation affects the isomerisation kinetics [10].

5.2 Experimental

5.2.1 pKa and protonation studies

Absorption spectra were recorded using a Perkin Elmer Lambda 9 UV/Vis/NIR 

spectrophotometer and a 1 cm quartz cuvette.

Spectral titrations were carried out on dye solutions at concentrations of ca. 2 x 10' 5 

mol dm' 3 by the addition of pi amounts of either trifluoroacetic acid (TFAA) or 

hydrochloric acid. The acid was added using a pi Hamilton syringe to give in all 

cases a final acid concentration which was significantly greater than that of the dye. 

All solvents were either 99%+ or Analar grade. A variety of solvents was used 

including chloroform stabilised with amylenes. Initially there was a concern because 

of an inability to reproduce earlier work using chloroform as solvent [9], but dye 

protonation equilbria are strongly solvent dependent and it was discovered that 

previous workers had used Spectrosol grade chloroform [9] which is stabilised by
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ethanol, and it was then possible to reproduce their results when using this solvent. 

While attempting to find reasons for this discrepancy with previous work some 

experimental runs were repeated with acid added by weight from a glass pipette in 

order to confirm that any interaction between the acid and the metal syringe needle 

was not an important factor. In all cases the results from addition by weight 

corresponded to those from addition by volume.

5.2.2 Isomerisation kinetics

Nanosecond flash photolysis experiments were carried out as described in section 

2.3.5. Difference spectra were obtained by measuring the change in absorbance at 10 

nm intervals. When the transient isomer is absorbing less light than the initial species 

then the absorbance is negative. The wavelength chosen for monitoring the 

isomerisation kinetics was set at ca. 50 nm to the red of the room temperature 

absorption maximum, where the unstable isomer absorbance is at its peak. Slit width 

was set at 4 nm. Room temperature experiments were at 23(±2) °C. For the Arrhenius 

plots, the 1 cm quartz cuvette was held in a Beckmann temperature control unit which 

is precise to ±0.1 °C.

5.3 Protonation equilibria

A simple acid-base equilibrium between proton and dye is as follows:

Dye HT Dye + H+ 5.1

with the acid concentration equilibrium constant:

_ [Dye][H+] 
a [DyeH+]

5.2

incorporating activity terms:

5.3
aDyeH+
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At comparatively low proton concentrations (<1 x 10'4 mol dm'3) in water, activity 

coefficients are ~ 1; so that activity can be well approximated by concentration. 

Therefore equilibrium constants can be discussed in terms of concentration, so that:

pKa = pH + log ([Dye H+]/[Dye]) 5.4

However the situation is different in non-aqueous media where activity and 

concentration are not so easily related. In non-aqueous solutions, where activity 

coefficients are not readily available pKa is difficult to determine. Therefore 

throughout this work data are reported in terms of the easily accessible experimental 

value Pacid5o which is the negative log of the acid concentration when the dye is 50% 

protonated.

In this work the linear method previously used by Couture [10] to analyse absorbance 

titration data was initially used. This was developed further by using the sigmoidal 

curve fit of Jandel Scientific’s Table Curve 2D computer programme (TC2D) to 

calculate Pacid50 values and the number of protons involved in the transition. The 

Jandel Scientific programme gives a fit to the data in the form of the equation [11]:

b
y  = a + --------- — ------— 5.51 ( - (x -c ))

1 + exp — ------—
F d

This equation can be expressed in terms of absorbance to give the Pacid50 value:

Absorbance = + -----------4™*.. 4 ^     5 .6

1 + exp 2.303 ([acid] + PaadM)
1

For a single protonation the denominator in the exponential term is one, and the factor 

of 2.303 is necessary to convert natural logarithms to log to base ten as used in pH.
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5.4 Results and discussion

5.4.1 Protonation equilibria and acid induced degradation

The dyes can be placed in two groups depending upon the effect of the addition of 

acid to solutions of the dyes. The 6-OMe, 6-Me, 6-H and 6-Ph PT dyes show 

reversible protonation equilibria while the 6-CC>2Et, 6-CONH2 and 6-CN dyes 

undergo an irreversible reaction.

5.4.2 pKa transitions of 6-OMe, 6-Me, 6-H and 6-Ph PT dyes

Figures 5.3-5.6 show pH titrations for the 6-OMe, 6-Me, 6-H and 6-Ph dyes in 

dichloromethane. Spectra for the addition of small amounts of acid show a pH 

reversible shift in A,max to higher wavelength, an increase in emax and a reasonable 

isosbestic point. Upon further additions of acid the shift in Xmax continues in part but 

the isosbestic point is lost, and at even higher acid concentrations the dye irreversibly 

degrades. This behaviour has been shown to be due to a combination of two 

protonations with the second leading to irreversible degradation. The first protonation 

causes the shift in Xmax seen in figures 5.3-5.6, and the combination of a second 

protonation and resultant degradation causes the loss of the isosbestic point at higher 

acid concentration [8].

Figure 5.7 shows a simple linear analysis in order to compare the Pacid50 values 

obtained when plotting the absorbance values before and after the isosbestic point is 

lost in order to observe the effect that a second protonation equilibrium has on Pacidso* 

Analysis including the absorbance values after the isosbestic point is lost results in a 

decrease in Pacid50 of around 10%. This can be accounted for by an overlap in the first 

and second protonation equilibria. Therefore in order to maintain accuracy all of the 

values quoted in table 5.1 are calculated while the isosbestic point is present, therefore 

only taking into account the equilibrium of the first protonation.

For all of these dyes addition of an organic base, such as tetrabutylammonium 

hydroxide, resulted in the dye reverting to its original unprotonated form and provided 

not too much acid was added and the solution was not left at low pH for any length of 

time the resulting absorption spectra were identical to the initial spectra when no acid 

was added.
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The increase in resolution of the vibrational bands in the protonated species is 

interesting. It seems likely that protonation will limit the range of twisted 

conformations which can be adopted by the dye around the azomethine bond, and a 

narrowing of vibrational bandwidths would be consistent with this.

Curve fitting analysis of acid concentration against absorbance change at a specific 

wavelength (usually the A.max for the protonated dye) enables a value of Pacid5o to be 

obtained (figure 5.8) .The plot itself is obtained by measuring the absorbance of the 

dye when the first protonation is complete (̂ max of protonated dye), and then the 

absorbance at that wavelength when less acid is present so that a plot of absorbance 

against acid concentration can be obtained. Table 5.1 displays values for Pacid50 and n 

(the number of protons involved in the 1st protonation step.)

I
i
I
i
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1.5

3.5 4.52.5
-0.5

-log [acid]

□  Isosbestic region only A Isosbestic region + isosbestic shift

Figure 5.7: Comparison of data from the linear analysis of two different regions of 

the titration spectra. (Triangles-slope of 1.03, squares-slope of 1.46.)

0.7

a>o

S 0.4.a
<

0.1

1.5 2 2.5 3 3.5 4 4.5 5

-log [acid]

Figure 5.8: Typical sigmoidmal curve fit data. Analysis of the change in 

absorbance of 6-H in chloroform/TFAA at 602 nm (X̂ ax of 

protonated dye). Pacid50 =3.3.
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Solvent media 6 -OMe 6 -Me 6 -Ph 6 -H

P acidSO 
(±0 .1 )

n
(±0 .1 )

P acid50 
(±0 .1 )

n
(±0 .1 )

P acid50 
(±0 .1 )

n
(±0 .1 )

P acid50 
(±0 .1 )

n
(±0 .1 )

Dichloromethane3 4.1 1 4.2 1 3.8 1 3.8 1.1

Chloroform3 3.7 0.9 3.7 0.9 3.6 1 3.3 1

Dibutylphthalate3 1.5 1 1.7 1.1 1.5 1.1 1.5 1

THF3 0.2 1.5 0.2 1.5 0.2 1.7 0.3 1.6

EtOH/H20  (95:5)d - - 1.7 1 - - 1.7 1.3

EtOH/H20  (9:1)° - “ 1.3 1 - - 1.4 1.1

Table 5.1: Pacid50 data for the dye series (a TFAA used,b HC1 used).

n is the best fit for the no. of protons involved in the transition.

Pacid5o is strongly solvent dependent with more polar solvents giving both lower Pacid50 

values than dichloromethane or chloroform, and in some cases, notably when using 

THF as solvent, giving n values from curve fitting significantly higher than 1. It is 

difficult to unravel the variation in specific solvent dye interactions in these polar 

solvents especially as the medium changes as acid is added. One factor which will 

contribute is protonation of the solvent itself e.g. THF has a pKa = -2.1 [12] which, 

although very low is still important because of the very high solvent concentration.

However as table 5.1 shows, for any given solvent there is no significant difference in 

the Pacid50 value for any of the dyes studied, and with the exception of THF as solvent 

n is close to one.
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5.4.3 Effect of protonation on the 6 -CC>2 Et, 6 -CONH2 and 6 -CN dyes

For 6 -CC>2Et, 6-CONH2 and 6 -CN dyes there is no characteristic red shift upon 

addition of acid. For these dyes the absorption maximum shifts to the blue and 

addition of base does not reverse the effect. Figure 5.9 shows, for comparison the 

effect of additions of acid to the spectra of both the 6 -Ph dye (figure 5.9(a)) and 6-CN 

dye (figure 5.9 (b)). Although this has not been examined in detail it is thought it 

could be due to hydrolysis of the 6 -position substituent to give the 6 -COOH dye. 

Because of this behaviour no further protonation work was carried out using these 

dyes.

5.5 Effect of acid on isomerisation kinetics

5.5.1 Difference spectra

Figures 5.10 and 5.11 show the isomer difference spectra and isomer decay curves for 

the 6 -H and 6 -Ph dyes in methylcyclohexane with no acid present. The isomer signal 

from 6 -H is much stronger than that from 6 -Ph; furthermore the lifetime of the 

unstable isomer is much greater for the 6 -H dye which back-reacts over a timescale of 

seconds than for 6 -Ph which decays over the millisecond time scale [5]. These 

differences in behaviour are probably due to the small steric effect of the H 

substituent and the long lifetime of the 6 -H dye unstable isomer makes this dye 

suitable for a study of the effect of protonation on the isomerisation of PT dyes.
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Bathochromic shift on 
increase in pH1.2
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0.8
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0
480 530 580 630

Wavelength/nm

Figure 5.9(a): Effects of acid on the absorption spectrum of 6-Ph in THF 

(-log [acid] values are given in the key).

No acid

500

1.2
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on in c r e a s e  in pH

1

0.8

0.6

0.4

0.2

0

No acid

550 600

W avelength/nm

650 700

Figure 5.9(b): Effects of acid on the absorption spectrum of 6-CN dye in THF 

(-log [acid] values are given in the key).
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2.5

a>ocCO.Q1_oCOn
<

0.5

550 600400 450 500 650 700
Wavelength/nm

Figure 5.10: Absorption and isomer difference spectra for 6-H in 

methylcyclohexane.
II

1.6

1.4

1.2

0.8

0.6

0.4

0.2

500 550 600450 650400 700 750

Wavelength/nm

Figure 5.11: Absorption and isomer difference spectra for 6-Ph in 

methylcyclohexane.
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5.5.2 Effect of acid on difference spectra

Addition of acid does not seem to have the same effect on the anti isomer absorption 

spectrum as is seen for the stable syn isomer. This is clear from the isomer difference 

spectra shown in figure 5.12, where even high concentrations of acid do not result in 

the well defined bathochromic shift characteristic of protonation of the syn isomer 

(see figures 5.3-5.6).

1.2

1

0) 0.8o
« 0.6
owAa
TJ<D(0

0.4
0.2

0
E -0.25?%
o
2  -0.4 

- 0.6 

-0.8

m - .

i > 
< / 

i t

v *

— 1------------ f$ ~
550

.-X

L X 

'a '&-

650 700

x-x-x .X

7 iO

• - - x- -- No acid

---A- - 2
- —G—-1.6
— O---- 1

Wavelength/nm

Figure 5.12: Acid effect on isomer difference spectra for the 6-H dye in chloroform, 

with varying amounts of TFAA added (-log [acid] values are shown).

In fact the spectra suggest that protonation of the anti isomer causes both a narrowing 

of the absorption band and a shift in Xm&x to the blue.

5.5.3 Kinetics of the thermal back reaction

Figure 5.13 shows the effect of acid on the isomerisation kinetics of the 6-H dye in a 

number of solvents.
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Chapter 5

Initially addition of acid causes a rapid increase in isomerisation rate but this effect 

levels off at high acid concentrations.

The kinetic scheme below has been postulated to describe the catalytic effect of an 

increase in proton concentration on the rate of isomerisation [10].

D Y E ^ -^D Y Emlj
5.7

DYE^,, ->DYEsyn 5.8

5 9
f a s t

DYE- + H+« D Y E H ^

5.10
[d y e h ;„ ]

[DYE^JtH*]

k. DYEĤ. .  . .
DYEH* -> I  fast 511

a n ti
D Y E _ + H +

, k 3“ k l i
kobs = --------;—  + k i

1 +
j __

K[H+]

5.12

5.13
1 1 1+

K f r j - k o p r ]  k3 - k ,
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The kinetic scheme above assumes that the protonated anti form of the dye relaxes to 

the protonated syn conformer (k3). However the equilibrium between the non- 

protonated and protonated forms of the isomers is expected to occur much faster than 

the isomerisation and so the essence of the reaction is isomerisation from one 

equilibrium mixture of protonated and deprotonated dye in the anti conformation to 

an equilibrium mixture of protonated and deprotonated dye in the syn conformation.

k i  (equation 5.8) is the rate of isomerisation with no acid present, while k 0bS increases 

with addition of acid until it approaches the limiting value k3 corresponding to all anti 

dye in the protonated form The catalytic effect of proton addition is clear as even at 

low acid concentrations the observed rate constant quickly reaches the limiting rate k3. 

Figure 5.14 gives a plot of 1 / ( k 0bs -  kj) against (1/[H+]) giving a straight line with the 

slope l/[K(k3-ki)] and intercept of l/(k3-ki).

The effect of acid can also be modelled using a curve fit analysis in essentially the 

same way as the pH dependent spectra. This is shown in figure 5.15. The same 

sigmoidal shape is evident, as seen previously in figure 5.7 for a simple absorption 

titration for the syn isomer in the same solvent system. The same expression as used 

for the syn isomer can be used but in this case c is equal to Pacid50 for the anti isomer.

y  = a +--------- — ------— 5.14
, (-(x  -  c))
1 + exp—  —

F d

(where a is kobs, b is [acid] and c is Pacid5o)-

Table 5.2 summarises the kinetic data and the PaCidso values for both the syn and anti 

isomers, using the sigmoidal fit method.

Solvent P
17 acid 50 

DYE ana 
(±0.1)

P
acid 50

D Y E ^
(±0.1)

kj/s'1
(±0.2)

k3/xl03 s'1 
(±5%)

Chloroform 1.6 3.3 2.9 33
9:1 EtOH: Water 2.2 1.4 2.7 10

THF 0.4 0.3 2.4 0.4
dibutylphthalate 1.8 1.5 3.2 1.7

Table 5.2: Summary of kinetics for the effect of acid on the isomerisation of 6-H 

in a variety of solvents.
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Chapter 5

Figure 5.16 displays typical Arrhenius data for the 6-H dye. Thermodynamic 

parameters for two solvent systems are summarised in table 5.3. A high pre­

exponential factor for the protonated form of the dye in ethanol:water was measured, 

suggesting that the isomerisation occurs via a singlet state mechanism [5]. The lower 

pre-exponential factor measured for both dye forms in chloroform may suggest the 

possibility of a triplet biradical.

CHCI3/TFAA EtOH-H20  
(9:1, v-v)/HCl

DYE DYEH+ DYEH+
log A (± 0.4) 10.8 11 13.6
A G V kJm ol'^ i 1) 60.1 38.5 50
AH*/ kJ mol_1(± 1.5) 61.5 40.3 52
AS VJ mol'1 K-1(± 3) -4.6 -6.1 7

Table 5.3: Summary of thermodynamic parameters for 6-H.

Unfortunately the data reported here do not take into account the temperature effects 

on the equilibrium between protonated and unprotonated dye. In order to investigate 

this further data need to be obtained, particularly full sigmoidal plots (note figure 

5.15) at varying acid concentration for temperature effects on the rate of 

isomerisation.

Even so the free energy decrease when comparing protonated and non-protonated 

forms compares with work by Hessler et al. where a value of the free energy decrease 

of around 12 kJ mol'1 was measured when the imine group of a phenylguanidinium 

salt was protonated [10, 13]. This process is thought to occur via a rotation 

mechanism [14].
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5.6 Oxygen quenching of isomer yield

Oxygen is an efficient quencher of triplet states, and oxygen quenching of a 

photochemical transient can often be used to determine whether or not the transient 

originates from the singlet or triplet state.

In previous work White [15] found that both UV and visible light-induced 

isomerisations of the 6 -H and 6 -Me dyes were not oxygen quenched while UV 

induced isomerisation of 6-C02Et was. White has suggested [15] that the behaviour of 

the 6 -C0 2 Et dye is due to excitation of a localised triplet state on the carbonyl group 

of the ester which undergoes intramolecular energy transfer into the PT triplet levels. 

The 6 -H dye does not have such a substituent-localised triplet state and this, he 

suggests, is why the isomer ratio is independent of excitation wavelength. Douglas 

found a small but reproducible oxygen quenching effect for the visible induced 

isomerisation of a number of PT dyes including 6 -Me [16]. These previous workers 

used broad band flash excitation, and it was considered worthwhile to examine the 

effect of monochromatic visible and UV excitation from a Nd/YAG laser. Table 5.4 

collects data from White, Douglas and this work.

Dye
Excitation wavelength or 
wavelength range (nm)

Abs(N2)/Abs
(air)

6-C02Et 532 1.13 (0.04)
>400 [151 1.00(0.05)
335 1.90 (0.12)
>330 [15] 1.40 (0.05)
>300 [151 2.6 (0.3)
>200 [15] 3.8 (0.3)

6 -H >400 [15] 1.0 (0.05)
>330 [151 1.0 (0.05)
>300 [15] 1.0 (0.05)
>200 [15] 1.0 (0.05)

6 -Me >400 [151 1.07 (0.02)
620 [161 1.07 (0.04)

Table 5.4: The effect of varying the excitation wavelength on the ratio: isomer yield 

in solution under nitrogen/isomer yield in air-equilibrated solution. 

(Numbers in bold represent this work.)
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The results obtained here using monochromatic excitation confirm those obtained 

previously. For all dyes photoisomerism due to visible excitation, either broad band or 

monochromatic, is quenched slightly by oxygen while for the 6-C02Et dye UV 

induced photoisomerisation is significantly quenched by oxygen. These results 

confirm that there is some triplet formation upon visible excitation and, assuming 

dynamic quenching, that the triplet lifetime is sufficiently long to be quenched by 

oxygen at ca. 1 x10 '  mol dm' (assuming a concentration of oxygen in air equilibrated 

ethanol of 2 x 10'3 mol dm’3 [17]). The direct isomerisation quantum yields of PT 

dyes are generally small, while triplet-sensitised quantum yields of isomersation are 

much higher [16]. Since, for visible excitation, oxygen quenching removes only a 

small fraction of the isomer yield, triplet quantum yields from visible excitation are 

themselves probably only small. Estimating the triplet lifetime from these data is 

difficult because the quantum yield is not known but a minimum lifetime of a few ns 

is implied by the fact that oxygen at ca. 1 x 10 mol dm' quenching at a diffusion 

controlled rate constant of ca. 1-3 x 1010 s '1 does give a measurable decrease in 

isomer yield. Triplet lifetimes could be much higher but if this is the case then the 

yield must be less than a few percent otherwise these triplet states would be easily 

detected by ns flash photolysis and to date there are no reliable reports of the direct 

detection of PT dye triplet states in flash photolysis even though a number of workers 

have looked for them by this method [2, 3,17].
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5.7 Conclusion

The rate at which PT dyes back-isomerise from the less stable anti isomer to syn 

following flash excitation can be catalysed by the addition of acid. In chloroform the 

rate of isomerisation for the 6-H dye increases by a factor of around 10000 when the 

concentration of acid is raised to ca. 0.02 mol dm' . A kinetic analysis shows this 

effect to arise from protonation of the azomethine bond, and that the protonated dye 

isomerises much fast that the unprotonated dye.

The protonation equilibria are not significantly affected by the substituent (which 

controls dye hue) but are very dependent upon solvent.

For the 6-H dye using kinetic data and transition state theory to calculate the ground 

state barrier to isomerisation together with the minimum energy difference between 

syn and anti isomers from NMR studies gives a barrier height > ca. 70 kJ mol'1. This 

can be compared to a triplet energy of ca. 110 kJ mol'1. It is known that this dye will 

isomerise from the triplet state but it is still not clear whether the well in the triplet 

state PE curve associated with isomerisation is deep enough to bring triplet and 

ground state surfaces into contact (note figure 5.17).

anti
syn

isomerisation coordinate

Figure 5.17: Proposed potential energy surfaces for the triplet (dotted line) and

protonated (bold black line) and unprotonated (bold grey line) ground 

states of the 6-H dye [5].
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Isomerisation yield can be quenched by oxygen. Although the effect is generally 

small this is strong evidence for triplet state formation in fluid solution. The size of 

the effect together with the inherently low quantum yield for isomerisation suggest a 

low triplet quantum yield. The fact that the triplet state is quenched suggests a 

lifetime of at least a few ns. The failure to detect the triplet state directly by ns flash 

photolysis also suggests the combination of a low triplet yield and a lifetime less than 

ca. 100 ns.

i
I
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Chapter 6

6.1 Introduction

For many dyes and polyaromatic hydrocarbons photo-induced fading through the self­

sensitised generation of singlet oxygen ( ^ 2) [1-4] is an important photodegradation 

route. It has been suggested that this route might also be important for PT dyes and 

azomethine dyes in general [5-9]. The relevant photochemistry is given in figure 6.1.

Schmidt and Schweitzer [2] and Gorman and Rodgers [3] supply a detailed discussion 

of the characteristics of singlet oxygen, while Wilkinson et al. provide a 

comprehensive summary of the rate constants for the decay and reactions of the 

lowest electronically excited state of molecular oxygen in solution [4].

The essential characteristics of ground state and singlet oxygen of relevance to the 

work presented here are as follows. The spin forbiddenness of both radiative and 

non-radiative routes of deactivation of ^ 2  result in comparatively long lifetimes in 

solution {ca. 10 ps in ethanol, ca. 60 ps in acetonitrile) [2] . Chemical quenching of 

*(>2 can lead to oxidation and dye degradation and therefore affect the light fastness of 

photographic systems (note figure 6.1).
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Chapter 6

The amount of singlet oxygen produced will depend upon the triplet characteristics of 

the dye. One of the key considerations is the energy of the triplet state, whether it lies 

‘above’ or ‘below’ that of singlet oxygen. A dye with a triplet energy (Ej) 

significantly higher than 94.7 kJ mol'1 would be expected to be a more efficient 

singlet oxygen sensitiser than one with a triplet energy less than 94.7 kJ mol'1.

The rate constant for energy transfer quenching of singlet oxygen by the dye will also 

depend on the energy for the dye triplet state. Dyes with triplet state energies less 

than singlet oxygen are expected to be efficient singlet oxygen quenchers, while those 

with triplet energies significantly greater than 94.7 kJ mol*1 are expected to show low 

singlet oxygen quenching rates.

6.2 Triplet Energy Estimations

6.2.1 Indirect Measurements of Ex by energy transfer

Measuring PT dye triplet energies is difficult for the following reasons.

a) The dyes do not phosphoresce and hence the triplet energies cannot be measured 

directly [10,11].

b) Triplet state yields and lifetimes are such that there have been no reliable reports of 

detection of dye triplet states by direct excitation using flash photolysis.

c) The short triplet lifetimes preclude triplet state detection by energy transfer in fluid 

solution, although triplet state involvement in sensitiser quenching is indicated by 

efficient triplet-sensitised syn-anti isomerisation [10,12-16].

It is, however possible to use triplet-triplet energy transfer rate constants to make an 

estimate of dye triplet energies. If the E j of the donor lies above that of the acceptor 

then the rate of energy transfer will occur at close to the diffusion controlled limit, 

which can be calculated using the Stokes-Einstein relationship. However, if the 

acceptor Et lies above that of the donor then the rate of energy transfer will be well 

below that of a diffusion controlled process. Therefore by using donors or sensitisers 

of known triplet energy (such as porphyrins, naphthalocyanines and phthalocyanines), 

it is possible to estimate the dye triplet energy by a consideration of the rate of energy 

transfer between sensitiser and dye.
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The kinetic scheme is summarised below [17]:
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SENS S0 + hv  ---------------► SENS^y* 6.1

isc
SENS Sj* ---------► SENS Tj * 6.2

"■relax
SENS T] * ---------------► SENS S0 6.3

kq
SENS Tj * + DYE S0 --------- ----- ► SENS S0+ DYE Tj* 6.4

isc - intersystem crossing; k reiax - rate constant for radiationless decay; kq - rate 

constant for quenching; * - signifies an excited state.

If the triplet lifetime of a sensitiser is measured as a function of dye concentration 

then the following expressions can be used to obtain the quenching rate constant.

d[SENS]/dt = k reiax [SENS T i * ]  +  k q [DYE] [SENS T ! * ]  6 . 5

and therefore:

kobs”  kreiax ̂  kq [DYE] 6.6

A plot of kobs against [DYE] is linear, kq is given by the slope and k reiax is the intercept.

Balzani proposed the following general kinetic scheme for the energy transfer process

SENS Tj* +  DYES0 [SENS 7}* ••••DYESy - [SENS So ••••DYET1*] - ^  SEt&S0+  DYE7}*
k-d -̂en

6 . 7

where kd is the diffusion controlled rate constant and ken is the pre-exponential factor 

for the forward energy transfer.

From this he derived the following equation which gives the variation in rate constant 

for energy transfer, between an excited state donor, D* (in our case a triplet sensitiser)
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and ground state acceptor, A (in our case a PT dye), as a function of donor and/or 

acceptor excited state energies, and the “reorganizational energy” for the process.

k  = ------------------------------------------------------- =-------------- — ----------     =r 6 .8

1 + exp(AG/RT)+ (k_d/£en) exp
AG+ (lnl/2^G* (0).ln[ 1+ exp(-AG In2/AG* (0))]

RT

Where: kq is the observed quenching rate constant,; kd is the rate constant for diffusion 

controlled encounter between ground state dye and excited state sensitiser; k_d is the 

rate of separation of the encounter pair which, as obtained from geometric arguments, 

is ca.XA5kd [18,19]. ken is the pre-exponential factor for the forward energy transfer 

as given by, ken = ktrans-kBT/h (where ktmns is the transmission coefficient, and ke and h 

the Boltzmann and Planck constants respectively), AG is the difference in energy of 

the two states involved, i.e. E a * - E d*; and AG*(0) is the reorganisational energy for 

the energy transfer process. When AG is adequately large and negative then equation

6.8 reduces to give equation 6.9

kq(max) k d /(1  "I- k -d /^ en) 6 . 9

where kq(max) is the maximum observed rate constant. The experimental method used is 

to measure kq for a range of sensitisers of varying triplet energy but other molecular 

properties as similar as possible and then to analyse the variation in kq with sensitiser 

triplet energy using equation 6.8. In order to estimate triplet energies for the dyes of 

interest here, which can be estimated to be ca. 90-120 kJ mol'1 [5, 9, 11] triplet 

energy transfer measurements were obtained using a series of porphyrin, 

phthalocyanine and naphthalocyanine sensitizers.

A similar approach was used by Herkstroeter [11] for studies of yellow, magenta and 

cyan azomethines, and Douglas et a l for studies of magenta PT dyes [10], although in 

these studies a simplified form of the Balzani equation, the Sandros equation 

(equation 6.10) was used.

* £ r = * V ( 1 + e i° " i7') 6-10
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However Berry et a l [9] used the full Balzani equation for work with cyan 

indoaniline azomethines, as did Abu-Hasanayn and Herkstroeter [20] with yellow 

dicarbonyl azomethines. It is from these studies that the triplet energies given in table 

1.1 in the introduction are taken.

6.2.2 Experimental

The sensitisers chosen for the energy transfer studies were as follows:

Sensitiser Triplet energy/kJ mol'1

PdTPP [21] 174

ZnTPP [22] 153

TPP [23] 139

ZnP [24] 109

CAP [1] 105

GaNC [23] 81

SnNC [23] 79

Table 6.1: Triplet energies of the sensitisers used.

SnNC - tin naphthalocyanine, GaNC - gallium naphthalocyanine,

CAP - chloroaluminium phthalocyanine, ZnP - zinc phthalocyanine,

TPP - tetraphenylporphyrin, ZnTPP -  zinc tetraphenylporphyrin,

PdTPP - palladium tetraphenylporphyrin.

Nanosecond flash photolysis experiments were carried out using 532 or 355 nm 

radiation from an Nd/YAG laser (Spectron Lasers) and an Applied Photophysics 

Laser Kinetic Spectrometer. The unfocussed excitation beam was ~ 1 cm in diameter, 

with a pulse duration of ~ 16 ns, and pulse energy of 15 mJ. Samples were contained 

in 1 cm or 0.5 cm cells and the transmission monitored at 90° to the excitation pulse. 

Transient kinetic data were recorded on a Gould OS4072 digital oscilloscope and 

transferred via a Picolog data logger to a PC for kinetic analysis. A pulsed xenon arc 

source was used as monitoring beam for studies in the microsecond time domain, and 

either this lamp in continuous mode, or a stabilized 100 W tungsten lamp, was used
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for studies in the millisecond time range. All energy transfer studies were carried out 

using solutions deoxygenated by purging with nitrogen.

Choice of solvent was dictated by dye and sensitiser solubility. In particular SnNC 

and GaNC are insoluble in most solvents and show a propensity to aggregate even in 

solvents in which they appear to dissolve [17]. In order to prepare solutions of SnNC 

and GaNC free of aggregation these sensitisers were dissolved in 1-chloronaphthalene 

with refluxing at 180°C for 2 hours. The 6-CN dye has poor solubility in ethanol and 

therefore acetone was used as solvent for studies with this dye. For energy transfer 

studies with 1-chloronaphthalene as solvent 532 nm excitation was used; for energy 

transfer studies in other solvents 355 nm excitation was used. For porphyrin 

sensitisers the decay of sensitiser triplet states was followed at the triplet-triplet 

absorption maximum, ca. 450 nm, while for phthalocyanine and naphthalocyanine 

sensitisers recovery of the ground state absorption was used. Error estimates are 

given as one standard deviation.

6.2.3 Results and discussion

In all cases the only transients observed were those due to the triplet state of the 

sensitiser and the isomer of the dye which is formed as a result of both triplet 

sensitized isomerisation and direct isomerisation by dye absorption of some of the 

excitation pulse. No long-lived products other than the dye isomer, and no obvious 

degradation of either dye or sensitiser was observed.

Typical kinetic data are shown in figure 6.2 and table 6.2 collects quenching rate 

constants for all of the dye-sensitiser combinations used. For high energy sensitisers 

the rate constants are essentially independent of sensitiser energy and constant at ca. 

1/3-1/2 of the full diffusion controlled rate constants, kd, as calculated using the 

simple Stokes-Einstein relationship, which, for the three solvents, used are: ethanol

5.8 x 109; acetone 2.2 x 1010; 1-chloronaphthalene 2.2 x 109 mol dm'3 s’1 at 22°C [25]. 

For lower energy sensitisers the rate constants decrease with decreasing sensitiser 

energy.
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All data was fitted using Jandel and microsoft Excel computer programmes. ken values 

and other parameters for energy transfer quenching by the dye series are collected in 

table 6.2. There is little variation in ken with dye-sensitiser combinations with ken = 

3.4-5 x io9 s '1. This gives a value for k trans of only ca. 0.001, but values of this 

magnitude are common for triplet-triplet energy transfer rate constants and are taken 

to reflect the stringent orbital overlap criterion for such processes [19, 20]. In 

analyzing the data to obtain AG and AG*(0) it is important to note that there are 

relatively few data points which explore the region in which AG is small and positive, 

and therefore determination of AG*(0) is difficult. However, for none of the data for 

quenching of porphyrin or phthalocyanine sensitisers in ethanol or acetone is it 

necessary to invoke a AG*(0) value much greater than a few kJ mol'1.

The largest value necessary to give a good fit to the data is 3 kJ mol'1, and that is for 

the 6 -CC>2Et dye when we include the quenching rate for singlet oxygen from 

previous work is included as a data point in the analysis [5]. This generality of 

behaviour with regard to both ken and AG*(0) is apparent in figure 6.3 which shows 

data for all dyes in the form of log kq vs AG plots using best fit dye triplet energies. 

The lines are theoretical curves for the average ken value, with AG*(0) = 0, and the 

Stokes-Einstein diffusion rate constants for ethanol and acetone. Triplet energies of 

the dyes, calculated for both AG*(0) =0, and where appropriate AG*(0) * 0, are 

included in table 6 .2 .

Of all the sensitisers used ZnPC gives the greatest dye to dye variation in kq, and 

analysis of rate constants for quenching of this one sensitiser using the Balzani 

equation give estimates of dye triplet energies in which experimental variations are 

minimised. Values calculated in this way, with AG*(0) = 0, are also included in table 

6.2. They differ little from those calculated for each dye from the Balzani equation, 

but they do show a somewhat wider spread of energies.

In an attempt to obtain energy transfer data with lower energy sensitisers studies were 

carried out using tin and gallium naphthalocyanines in 1-chloronaphthalene. Only 6 - 

C0 2 Et and 6 -CN gave measurable quenching constants with these sensitisers, and of
*2 ♦ 7 *

these only 6 -CN gave measurable quenching for both SnNC and GaNC . In order
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to estimate kq(max) for these reactions kq for quenching of 3PdTPP* by dye 6 -CC>2Et 

was measured in 1-chloronaphthalene. The ken value obtained in this way is ca. 1/5 of 

that for the other sensitisers in ethanolic or acetone solutions, and the quenching rate
1 ♦ 7 *

constants are very high considering the low energies of SnNC and GaNC . The 

highest triplet energies, i.e. those with AG*(0) = 0, consistent with these experimental 

data are 84 kJ mol'1, much lower than those suggested by data in ethanol or acetone. 

The need to change solvent introduces the complicating factor of a shift in Â ax, and 

possibly dye triplet energy, to lower energy (see table 6 .2), but, from the shift in Ê max 

this is estimated to be at most 4 kJ mol'1, too small to cause the effect seen. The fact 

that ken is solvent dependent may indicate that dye reorganisational energies are 

solvent dependent.

For the 6 -OMe, 6 -Me, 6 -Ph and 6 -CONH2 dyes the quenching data in ethanol allows 

some confidence in the triplet energies, and the general observation of a low or zero 

AG*(0) as given in table 6.2. For 6 -CC>2Et previous data [5] supports the assignment 

of the triplet energy in ethanol as 103 kJ mol'1, with AG*(0) = 3 kJ mol*1. However, 

for 6 -CN the E t estimation in acetone relies heavily on just one data point close to 

kq(max), and it should be noted that these data could be fitted well using lower triplet 

energies provided AG*(0) is increased to compensate (e.g. with E t = 84 kJ mol' 1 and 

AG*(0) = 7 kJ mol'1). For this reason 107 kJ mol' 1 is considered to be an upper limit 

for the triplet energy of 6 -CN and 88 kJ mol' 1 to be a reasonable estimate of the 

lower limit for E t for this dye in acetone.
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v d v d<D <D3 ĉ3-+-»Jh ac <S
C3 cc$<D 3> ~o a00 CO-t—> iVOC/5<uJ3

aa>C/5<L>t-H

l-H
a
a

H
w

Oh<Dt-4
D

03T3
t-i<L>

xi a <2■+-» <U00 'O .5tg • ̂
‘3 o

C/3 T3<L>
T3<D
3yH

O
II

X!
8
Q3 o 'O

3o
++
O 1 C/D

O
<

<3
T3
S

’eT3
toa
’3

TO
'o
g00 in ONOctf

a"

II
T3

X
(DOo 00

hJ ^3 in

nj-VO

^  6o|

ro
v©
vu
S0£



Chapter 6

6.2.4 Correlation between absorption maximum and triplet energies of 

azomethine dyes

Figure 6.4 gives a plot of energy of Xmax against triplet energies for azomethine dyes 

for which these data are available in the literature. (While X̂ ax corresponds to the most 

probable transition rather than the 0-0 transition, it is both experimentally easily 

accessible and it is the technologically more relevant property.) The data show a 

reasonable correlation between absorption energy and triplet energy if the higher of 

the two triplet state energies obtained for the yellow azomethines, i.e. those accessible 

by adiabatic energy transfer, are used. The relationship between dye triplet state 

energy and dye singlet state energy is given by equation 6.11.

Et = 0.69(±0.04) E>.max -  33(±9) kJ mol'1 6.11
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Chapter 6

6.3 Quenching of singlet oxygen by PT dyes

6.3.1 Introduction

The main routes of physical quenching of lC>2 are by either a charge transfer or energy 

transfer mechanism. Charge transfer mechanisms generally predominate when a 

molecule has a triplet energy significantly higher than that of l 0 2  and also a low 

oxidation potential which encourages exciplex formation.

For molecules which have E t close to, or below 94.7 kJ mol'1, the mechanism of 

energy transfer generally predominates and follows a similar pattern as given 

previously (note section 6.2.1). *(>2 behaves as a sensitiser (such as a porphyrin or 

phthalocyanine) and reactions will proceed at close to the diffusion controlled limit. 

When considering a dye series of known triplet energies a clear pattern should 

emerge, that as the dye Et moves further from the energy level of singlet oxygen so 

too should the rate of quenching decrease in magnitude.

It must be noted that the interaction between singlet oxygen and a quencher cannot 

always be explicitly classed as ‘charge transfer’ or ‘energy transfer’. Rajadurai and 

Das [26], when discussing the physical quenching of nickelocene attributed both 

energy and charge transfer as components of the quenching process .

Encinas et a l [27] detailed the mechanism for quenching of singlet oxygen by 

hydroxylamines, with the formation of a free radical being important in the charge 

transfer interaction.

A comprehensive overview of singlet oxygen quenching by hydrazines was 

undertaken by Clennan et a l [28]. In a more complete description of the charge 

transfer process, the mechanism was characterized as a ‘contact charge transfer spin- 

orbit coupling induced process’, whereby the singlet and triplet state oxygen- 

hydrazine complexes are coupled via spin-orbit interaction, which then dissociate to 

form ground state oxygen and hydrazine.

Darmanyan et a l [29] described the charge transfer relationship between singlet 

oxygen and amines/aromatic hydrocarbons as occurring via reversible charge transfer 

involving an exciplex.
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Recent work, measuring the rate of singlet oxygen quenching for a range of cyanine 

dyes [30] compared the rate of quenching and absorption maxima, and the rate of 

quenching and dye oxidation potentials. Smith et al. [6 ] measured the quenching rate 

constants for a number of azomethine dyes with absorption maxima stretching from 

yellow to cyan. He concluded that a combination of charge transfer and energy 

transfer mechanisms contributed to the quenching process. An investigation of the 

triplet states of yellow dicarbonyl azomethine dyes concluded that interaction between 

dye triplet states and ^  occurred via energy and electron transfer reactions [2 0 ].

In further work on the mechanism of the physical quenching of singlet oxygen by PT 

dyes, it was found that the 6 -CC>2Et dye isomerised as a consequence of quenching 

singlet oxygen (Quenching rate = 6 (±1) x 107 mol^dm3 sec' 1 [31]). It is known that 

for this dye isomerisation can be triplet sensitised. This isomerisation process, 

combined with the absence of any transients during photolysis experiments support an 

energy transfer mechanism in this case.

‘0 2* - > 3C>2 6.12

‘0 2* + DYE -> 30 2 + ISOMER 6.13

‘0 2* + ISOMER -> 30 2 + DYE 6.14

ISOMER DYE 6.15

6.3.2 Experimental

Singlet oxygen yields were obtained using an Applied Photophysics laser 

flash photolysis equipment using the third harmonic of a Nd:YAG laser (Spectra 

Physics) with excitation wavelength of 355 nm. The phosphorescence of singlet 

oxygen was monitored at 1270 nm. Phenalanone (concentration ca. 1 x 10' mol dm' ) 

in air equilibrated acetonitrile (x *02 = 60ps[2]) was the sensitiser used to generate
1 t o
O2, and dye was added to provide a concentration range of 1-8 xl O' mol dm .

The kinetic traces at various dye concentrations were then used to calculate kq. Each 

trace is an average of 32 ‘shots’. Examples of the traces obtained are shown in figures 

6.5 and 6 .6 .
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Chapter 6

6.3.3 Results and discussion

Figure 6.7 gives plots of the rate constant for the decay of singlet oxygen against dye 

concentration: as dye concentration increases, so too does the rate of quenching !0 2 . 

Table 6.3 gives measured oxygen quenching rate constants. In general as the dye 

absorption maximum moves toward the cyan, and dye triplet energy decreases the 

quenching rate increases. Also included in table 6.3 are the expected rate constants 

calculated using the Balzani equation with the kinetic parameters, kd, ken, k.d, used in 

the triplet energy transfer studies described in section 6.2.3

Dye Ej 

(kJ mol'1)

•̂max

(nm)

Observed kq (x 108) 

(mol-1 dm3 s'1)

Calculated kq (x 108 ) 

(mol'1 dm3 s'1)

6-OMe 112 541 0.13 (±0.08) 0.02

6-Me 111.5 555 0.89 (±0.20) 0.03

6-Ph 111 580 0.43 (±0.13) 0.03

6-C02Et 106 605 1.98 (±0.14) 0.19

6-CONH2 109 616 1.02 (±0.12) 0.06

6-CN 107 635 1.36 (±0.15) 0.04

Table 6.3: Summary of ^  quenching kinetics for the dye series.

Et values taken from table 6.1.

In general as dye triplet energy decreases the quenching rate increases. The value for 

6-C02Et is also in good agreement with previous recorded values [5] of 2 (±0.2) x 108
o 1 3  1

and 9 (±5) * 10 mol' dm s' for the quenching rate constant of this dye. Previous 

work, using both steady state and flash photolysis methods gave only an upper limit 

for 6-Me of 6 x 107 mol"1 dm3 s'1 [5], which is slightly lower than the value of 

8.9(±0.2) x 107 mol^dm3 s'1 measured here.
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Figure 6.7: lC>2 quenching data of the dye series.

6-OMe (top), 6-Me (middle), 6-Ph (bottom).
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Figure 6.7: *02 quenching data of the dye series.

6 -C0 2 Et (top), 6 -CONH2 (middle), 6 -CN (bottom),
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Smith et a l [6] discussed the relationship between absorption maxima and quenching 

rate constants, noting that a plot of absorption band energy against quenching 

efficiency had a very shallow slope (-0.09 mol/kcal), much less than would be 

expected if the energy of the state involved in energy transfer changed in parallel with 

the absorption maximum and the reaction followed the Arrhenius equation (-0.73 

mol/kcal). Kanofsky et a l [30] in discussing singlet oxygen quenching by cyanine 

dyes also found a shallow slope for the same plot, reporting values of -0.11 mol/kcal.

The relationship between absorption maxima and quenching efficiencies for the PT 

dye series is given in figure 6.8. (The predicted slope of -1/2.3RT is also shown.) 

The slope of -0.11 mol/kcal is in excellent agreement with the work of both Smith 

and Kanofsky.

9

8.5 'Ideal Fit' for complete 
energy transfer 
(dashed line) 

SLOPE = -0.73CN •

8 Me •*.CONH

Ph •
7.5

Actual fit of experimental data 
(solid line)

SLOPE = -0.1077 t  OMe
7

6.5
44 46 48 50 52 54 56

Absorption Band energy/ kcal mol*1 

Figure 6.8: The relationship between absorption band energy (obtained from Â ax in 

acetonitrile) and quenching efficiency. Note that energy values are given 

in kcal/mol to enable ease of comparison with previous work [6, 30].
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6.4 Correlating singlet oxygen quenching data and triplet energy transfer data

As table 6.3 shows a cursory comparison between observed quenching rate constants 

and those calculated using dye triplet energy and the Balzani equation with 

parameters appropriate for triplet energy transfer between dye and 

porphyrin/phthalocyanine sensitisers indicated that the observed rate constants are 

much higher than expected using this calculation. This discrepancy may arise because 

of changes in quenching mechanism or changes in the Balzani parameters. There is 

no evidence for electron transfer products arising from dye quenching of singlet 

oxygen and therefore the Balzani parameters have been looked at.

One of the key components in the Balzani equation is the term used for the diffusion 

controlled rate constants kd and k-d. Generally kd is obtained from Stokes’ law and the 

following expression

kd = %RT /3 tj 6.17

(where r| is the viscosity, R the gas constant and T the temperature).

However, Ware [31], whilst measuring the diffusion controlled rate of singlet state 

quenching by oxygen in various solvents, concluded that kd is higher than that given 

by the simple Stokes equation because of the high mobility of the small O2 molecule. 

He calculated that the diffusion controlled limit of *(>2 quenching in common organic 

solvents at room temperature is 3 x 1010mol dm’3 s '1 [2, 31]. Changing kd alone is not 

enough to bring the singlet oxygen data in line with triplet sensitiser quenching. 

However an examination of the Balzani equation shows that the maximum possible 

rate constant is given by equation 6.9 :

kq(max) — k d / ( l +  k-d/&en) 6 . 9

and as this equation shows ken can also be a significant factor in determining the rate 

constant. In particular the ratio of ken to k-d influence the highest rate constant 

obtainable. If ken »  k-d then the maximum rate constant is the diffusion controlled 

rate constant, if ken = k-d then the maximum rate constant is XA that for diffusion
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control, and if ken«  k-d the maximum rate constant will be significantly less than that 

for diffusion control. In the triplet sensitiser study ken was found to be similar in value 

to k-d, and the transmission coefficients for these reactions were therefore typically ca. 

0.001. However examination of a range of reactions in which oxygen acts as a 

quencher [25] shows that such reactions often have rate constants as high as k_d 

obtained for oxygen by Ware, and, as equation 6.9 shows, this necessarily means that 

both ken»k-d and the transmission coefficient is much greater than the value of 0.001 

for quenching of porphyrin and phthalocyanine sensitisers by PT dyes. It would 

appear then that for many excited state reactions involving oxygen both ken and the 

transmission coefficient are significantly higher than those from triplet-triplet energy 

transfer. Using these ideas we have correlated the triplet sensitiser quenching data 

have been correlated with the singlet oxygen quenching data by using higher kd and 

ken values for the latter. Table 6.4 displays the values used for the best fit, while 

figure 6.9 shows typical data, obtained for the 6 -CN dye.

Dye Ex 

(kJ mol"1)

AG*

(kJ mol"1)

ken

(x io V )
kd*

(x 1 0 V )
ken*

(x lO11^ 1)

kd*

(x lO10^ 1)

6 -OMe 112 7 5 5.8 2 3

6 -Me 111.5 15 8 5.8 4 3

6 -Ph 111 8 4 5.8 1.2 3

6-C02Et 106 5 5 5.8 1 3

6 -CONH2 109 6 4 5.8 0.8 3

6 -CN 107 2 20 5.8 4 3

Table 6.4: Best fit values for the six dyes studied. * denotes values used for porphyin
a iand naphthalocyanine sensitisers, for O2 as sensitiser. Average ken for 

the former = 7.7 x 109 s'1, average ken for the latter = 2.2 x 1011 s'1.

Figure 6.10 shows a Balzani plot using singlet oxygen only as sensitiser and the dye 

series as quenchers using the average ken value from table 6.4. The reasonable fit 

further underlines the need for an increase in ken values when using singlet oxygen as 

a sensitiser.
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Chapter 6

6.5 Quantum Yields of singlet oxygen production

Several attempts were made to measure the singlet oxygen production of the dye 

series. Direct irradiation, even with a high intensity Xenon Arc lamp did not yield 

measurable amounts of singlet oxygen (measured by monitoring the loss of DPBF as 

a singlet oxygen acceptor). Singlet oxygen luminescence techniques were also not 

sensitive enough to measure any production of 1C>2. Therefore only an upper limit can 

be given for the quantum yields of singlet oxygen production by the dye series, of <1 

X KT4 [32],
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6.6 Conclusions

Triplet energy transfer measurements from porphyrin and phthalocyanine sensitisers 

indicate the triplet energies of six pyrazolotriazole azomethine dyes with absorption 

maxima in ethanol of 546-633 nm lie in the range 115-88 kJ mol"1. The energy 

transfer rates can be well approximated using the Balzani equation with a zero or 

small reorganization energy, and a transmission coefficient ca. 1/1000 that of the fully 

adiabatic value of keT/h. Comparison of all the available data on triplet energies of 

azomethine dyes suggests a relationship between the dye absorption energies and dye 

triplet energies of the form: Ex = 0.69(±0.04)(E^max) ~ 33(±9) kJ mol"1.

• • o  .
The rate of oxygen quenching by the dye series is in the range 0.13-1.89 xlO kJ mol . 

The correlation between absorption energy and quenching rate constant reveals that 

complete energy transfer between dye and 1C>2* does not occur.

In order to correlate singlet oxygen quenching data and triplet energy transfer data the 

values for ken and kd need to be altered in order to compensate for mobility of the 

comparatively small l 0 2  molecule (when compared to the bulkier porphyrin and 

naphthalocyanine sensitisers).

The quantum yield of !02 production could not be measured leading to an estimate of 

<1 xlO"4 for the dye series.
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Fade studies in preformed dye coatings



Chapter 7

7.1 Quantum Yields of fade

7.1.1 Introduction

Although determining the photophysical and photochemical properties of image dyes 

in solution is important, it is also vital to compare these characteristics to the 

behaviour of these dyes in photographic environments i.e. suspended in an emulsion 

and coated onto a transparent base so as to mimic a photographic coating. Once a 

coating of the model dye has been made it is possible to measure one of the most 

important physical characteristics of an image dye, its light fastness.

Smith et al. [1] measured the fading efficiencies of pyrazolone dyes in oil-in-gelatin 

dispersions, and they concluded that this dye class fades via a triplet and singlet state 

mechanism. More recently Townsend [2] studied the fade characteristics of a 

ballasted PT dye with and without a stabiliser present using both SANS (Simulated 

Artificial North Sky) and HID (High Intensity Daylight) techniques. Kucybala et al. 

[3] studied the bleaching of azomethine dyes in solution and this work supported 

Smith’s assumption that photofading was dependent on both the triplet and singlet 

states of the dye. Interestingly it also showed that when isomerisation about the 

azomethine bond is prevented/restricted then photofading occurs at a faster rate, 

implying that when this route of deactivation is not present, self-sensitising fading 

processes are more likely to occur.

Parmar [4] used rapid fade and HID techniques to measure the effect of aggregation 

at the oleophilic-aqueous interface on dye light stability. He concluded that 

aggregation does not have a great effect on lightfastness in either oxidative or 

reductive conditions, and that for oxidative conditions an important parameter is the 

rate at which oxygen diffuses through the air-gelatin interface.
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7.1.2 Experimental

In order to compare the light fastness of the dye series, as well as trying to deduce 

whether the primary fade mechanism of the dyes is oxidative or reductive, the dyes 

were incorporated into an oil in gelatin emulsion, coated onto a transparent base and 

subjected to high intensity light under a nitrogen or oxygen atmosphere at different 

humidities. The optical density was monitored regularly at set time intervals in order 

to calculate the quantum yield of fade.The experimental details for the set up of the 

rapid fade are found in the experimental chapter, this includes details of any filters 

used, as well as the calibration of the light source in order to maintain constant photon 

flux for all of the coatings studied.

The preformed dye coatings were prepared as follows. 10 g of 2.5% gelatin w/w was 

added to 40 ml of 4% sodium dodecylsulphate solution and the resultant solution was 

gently warmed until all of the gelatin had melted.

35 mg of PT dye was then mixed well with 200 mg of p-dodecylphenol (PDP); 2 ml 

of ethyl acetate was added and the resultant solution was warmed on a hotplate, taking 

care that the ethyl acetate did not completely evaporate. 20  g of the gelatin-surfactant 

melt was then added to this dye-coupler solution, and together the mixture was 

ultrasonically dispersed using a soniprobe (Dawes 7530A) at full power (ca. 6 amps) 

for 5 minutes.

This dispersion was then kept warm in a custom made block (ca. 22°C), then 0.1 ml 

of hardener was added for each 3 ml portion of solution. Around 0.8 ml of this 

solution was then injected out onto an estar® base which was clamped onto a custom 

made PC controlled SSC (small scale coater). The coating was then ‘rolled’ onto the 

transparent base using a 100 pm roller. The coating was then left to dry at room 

temperature (20-22°C). Coatings for four of the dyes were made (6 -OMe, 6 -Me, 6 - 

CC^Et, 6 -CONH2). The 6 -Ph dye could not be coated onto the estar base as it 

crystallised out of the gelatine melt immediately and not enough 6 -CN dye was 

available for coating by this process.
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The preformed coatings were then subjected to irradiation from a high intensity ‘rapid 

fade’ light source (details of which are given in Chapter 2) and the quantum yield of 

fade (Ofade) calculated by measuring the decrease in absorbance maxima as a function 

of time. Results from a typical example of a PT dye coating fade are shown below.

1.4

1.2 t=0 m ins

a>ocm
S3k.

0.8

o£ 0.6 
<

t=15min!

t=25m in0.4

t=35m ins0.2
t=55m ins

550 700400 500 600 650450
wavelength/nm

Figure 7.1: Absorbance spectra for a preformed coating of 6-Me, subjected to rapid 

fade in a ‘dry oxygen’ atmosphere.

In order to measure the Ofade a computer program was used [5] which takes into 

account the experimental data (time and absorbance of the sample) and the following 

expressions [4]:

I V ,  = 7.1
a

where Rjoss is the rate at which degradation of dye molecules occurs and 7a is the rate 

at which photons are absorbed.
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Rioss is obtained from the initial rate of loss of absorbance R od , usually measured over 

the first 10% of fade, the dye extinction coefficient, 8, and the irradiation area A irr. (A

factor of 1000 is necessary to rationalise for the units of S.)

R A_ OP ' irr

loss ~ 1000s 7.2

R\oss is the no. of molecules destroyed per unit time, and R od  is the initial rate.

It must be noted that it is assumed that the no. of photons absorbed remains the same 

throughout the initial fade. This cannot be the case as the absorbance is decreasing as 

a result of dye degradation. However due to high concentrations of the coatings this 

does not lead to significant errors in the calculations.

7.1.3 Results and Discussion

Typical experimental data are shown for four of the dye series in figures 7.2-7.5, and 

the data are summarised in table 7.1. The quantum yields of fade are, as expected, 

very low.
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Chapter 7

An important question which these data might shed some light on is which excited 

states, singlet or triplets, are involved in dye photodegradation. It was hoped that a 

comparison of fade data with excited state properties such as lifetimes and energies 

would show correlations which might indicate which states are involved.

7.3.1.1 Fade rates under nitrogen

Only for the 6 -OMe dye is there any significant difference in quantum yield under wet 

or dry nitrogen, and even here it is only a factor of three. There is no correlation 

between quantum yield and dye triplet energy, dye singlet energy or quantum yield; 

but rather intriguingly there is a correlation with the calculated singlet lifetime (see 

table 7.1). With only four data points it is difficult to draw definitive conclusions but 

the data suggest that under nitrogen dye fade goes via a singlet state mechanism and 

the fade rate is dependent upon the singlet state lifetime. It is interesting to note that 

fading of the 6 -Me dye is insensitive to whether the nitrogen is wet or dry, but dyes at 

the extremes of the absorption range show reversed sensitivities i.e. for the magenta 

6 -OMe the fade under dry nitrogen is ca. three times that under wet nitrogen while for 

cyan 6 -C0 2 Et and 6 -CONH2 dyes the quantum yields under wet nitrogen are ca. twice 

those under dry nitrogen.

7.3.1.2 Fade rates under oxygen

The fade rate under oxygen is an order of magnitude greater than that under nitrogen. 

Whether the fading is carried out under dry or wet oxygen makes little difference to 

the fade rate. The data show correlations between quantum yield of fade under 

oxygen and dye triplet energy, but not calculated singlet lifetime, or the calculated 

rate constant for generation of singlet oxygen from triplet dye. The ca. twenty fold 

variation in fade rate across the dye series is difficult to rationalise in terms of 

variation in singlet state energy, but could be understood in terms of a self-sensitised 

triplet mechanism in which quenching of singlet oxygen by dye is a determining 

factor.
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The relatively high triplet energies suggest that all of the dyes will be comparably 

efficient at generating singlet oxygen from dye triplet, but they show very different 

singlet oxygen quenching rate constant. In the absence of data to the contrary the 

gross assumption will be made then that the quantum yield of singlet oxygen 

production is similar for all four dyes. Once generated, singlet oxygen can decay via 

three routes: reaction with the dye with a rate constant k r, physical quenching by the 

dye with a rate constant kq, or deactivation by either physical or chemical reaction 

with other materials such as coupler solvent etc. The quantum yield of fade is then 

given by:

kr[Dye]
kd + kr[Dye\ + k [Dye]

7.3

In the oil droplet of the photographic emulsion the concentration of dye is so high that 

quenching by dye could well be the limiting reaction which determines the lifetime of 

singlet oxygen in the droplet. If kq[Dye]> kd, and kr[Dye] then this gives:

« V *  = ^ ° 2  ~  1 A
%

and a plot of quantum yield of fade against l/kq gives a zero intercept and slope of 

quantum yield of singlet oxygen generation x kr. Such a plot is shown in figure 7.6. 

The data are consistent with this interpretation, which of course requires that kr for the 

dyes does not vary significantly. Using a singlet oxygen generation quantum yield of 

ca. 1 x 10*4 as the upper limit gives the lower limit of kr to be 1 x 106.

194



Chapter 7
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Figure 7.6: Correlation between the reciprocal of the *02 quenching rates and 

G>fade in dry oxygen.
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7.4 Conclusions

The quantum yield of fade of four PT dyes in model photographic coating has been 

determined for fading under wet and dry nitrogen and wet and dry oxygen. The 

quantum yield of fade under oxygen is about an order of magnitude higher than that 

under nitrogen.

Under nitrogen the fading of the 6 -Me dye is insensitive to whether the nitrogen is 

wet or dry, but dyes at the extremes of the absorption range show reversed 

sensitivities i.e. for the magenta 6 -OMe the fade under dry nitrogen is ca. three times 

that under wet nitrogen while for cyan 6 -C0 2 Et and 6 -CONH2 dyes the quantum 

yields under wet nitrogen are ca. twice those under dry nitrogen. The variation of 

quantum yield of fade with those photochemical parameters of the dyes discussed 

suggests that under nitrogen fading occurs via a singlet state route and that the 

quantum yield of fade is determined by the singlet state lifetime. Under oxygen 

whether the gas is wet or dry does not make a significant difference to fade efficiency. 

In this case the variation in quantum yield of fade with those photochemical 

parameters discussed earlier in the thesis suggests that fading under oxygen goes via a 

self-sensitised triplet state mechanism. Here, because of the high dye concentration in 

the oil droplet in the photographic dispersion the lifetime of singlet oxygen is 

determined primarily by the rate of quenching by dye, and it is the variation in the 

efficiency of this “self-protection” that determines the relative fade efficiencies of PT 

dyes.
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