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Film and dispersion coatings of two pyrazolotriazole azamethine (PT) dyes are used to study the effect of
increasing the surface-area-to-volume (SA : V) ratio of the oil/aqueous (solvent/gelatin) interface on non-
oxidative and oxidative fade characteristics. High concentration solutions of the dyes in a poly(vinyl acetate)–
dicyclohexylphthalate mixture as solvent are coated on glass substrates with a gelatin overcoat to produce thin
film coatings and are also dispersed in gelatin to create ‘‘oil-in-gelatin’’ dispersion coatings. It is calculated that
the dispersion coatings possess a SA : V ratio of approximately 20� greater than the film coatings. In non-
oxidative fade conditions both the film and dispersion samples possess similar quantum yields of fade, implying
that the presence of a solvent/gelatin interface does not significantly affect any electron transfer fade mechanisms.
However, in oxidative fade conditions increasing the SA : V ratio of the interface by 20� leads to an increase in
the quantum yield of fade of only a factor of 1.5–2. This disproportionate increase in the fade kinetics in
dispersion coatings is explained by a kinetic scheme modelling oxygen diffusion through the coatings. It shows
that the rate determining step for dye fade starts to become the diffusion of oxygen through the air/gelatin
interface, and explains why changes in the SA : V ratio are not fully transferred to the quantum yield of fade.

Introduction

The light stability of colour photographs has received much
interest from the imaging technology community.1–3 Modern
colour photography is based on the subtractive process, where-
by layers of yellow, magenta and cyan azamethine dyes are
used to record three colour components of an image.4 Histori-
cally, the azamethine dyes used in the magenta record possess
poor light stability relative to those used in cyan and yellow,
and much photophysical and photochemical work has been
carried out to try to explain this.5–9

In a particular colour layer of an exposed and fully
developed multilayer photographic coating, the dyes reside
at fractional molar concentrations in oleophilic droplets of
diameters on a sub-micron level. Prior to processing, these
droplets, which are dispersed in gelatin using a suitable
surfactant, contain the corresponding dye couplers (precur-
sors). Therefore upon processing, these conditions lead to a
significant proportion of dye molecules at the interface
between the oleophilic droplet and aqueous gelatin. There
are several ways that this interface can induce photo-
physical changes to the dye molecules in its vicinity. These
include changes in dielectric constant, local viscosity,
and concentrations of active species capable of causing
changes to the dye structure—such species include protons
and hydroxyl ions.

Previous work has shown that the molecular photophysical
properties of magenta pyrazolotriazole azamethine (PT) dyes
are significantly affected by both the dielectric constant and
viscosity of the solvent, with the latter promoting a rigidisation
of the dye.10–12 Two typical PT dye examples are shown in
Fig. 1: dye A, which is a 7H-pyrazolo[1,5-b][1,2,4]triazole aza-

methine dye, and dye B, which is a 7H-pyrazolo[5,1-c]
[1,2,4]triazole azamethine dye.
By dissolving dyes A and B (10 mM) in surfactant (Triton

X-100)–buffer solutions ranging from pH 3 to 10, we have noted
that changes in proton and hydroxyl concentration have little
effect on the photophysical properties. However, in a previous
article we modelled experimentally the oil/aqueous interface
and observed the formation of luminescent aggregates of both
dyes A and B at solution/hydrated glass interfaces, caused by
rigidisation and adsorption of the dye molecules at the inter-
face.12

In this article we discriminate between the light stability of
those dye molecules in the bulk oleophilic droplet and those
residing at the interface and look further at the effect of
oxidative and non-oxidative conditions on the fade character-
istics of the dyes in these different environments.

Light fade

The loss of dye can be initiated both chemically and photo-
chemically. Since only the latter is being studied, the quantum
yield of fade, ffade, can be defined as

ffade ¼
kloss

Ia
ð1Þ

where kloss is the rate of destruction of dye molecules and Ia is
the rate of absorption of photons which is expressed as

Ia ¼
1

NA

Zl2
l1

SlTlAl

El
dl ð2Þ

Here, NA is Avagadro’s constant, Sl (W nm�1 cm�2) is the
spectral radiant flux of the light source per unit area, El is the
energy of a photon at wavelength l, Tl is the transmittance of
any filters placed between the light source and sample, and
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Al is the amount of light absorbed by the sample, which is
defined as

Al ¼ 1 � 10�Abs (3)

where Abs is the absorbance of the sample.
kloss can be determined by measuring kAbs, the rate of loss of

absorbance per unit area of sample, and prior knowledge of
the maximum molar decadic absorption coefficient, emax

(M�1 cm�1).

kloss ¼
kAbs

103emax
ð4Þ

Oxidative fade

The loss of dye through an oxidative light fade mechanism
usually involves singlet oxygen, O2 (

1Dg). Electron-rich double
bonds in conjugated polymer and polynuclear aromatic mole-
cules are particularly prone to attack by this species. Practically
all chromophores fall within these structural categories.13

Eqns. (5)–(10) describe the self-oxidative fade mechanism of
dye molecules (Dye) which generate singlet oxygen, O2 (1Dg),
from triplet oxygen, O2 (

3S�g ) through energy transfer with the
dye possessing a singlet ground state to triplet energy differ-
ence, DET�S, of greater than 94.3 kJ mol�1.14

1Dye þ hn - 1Dye* (5)

1Dye� �!ISC 3Dye� ð6Þ
3Dye� þO2ð3S�g Þ �!

ET 1DyeþO2ð1DgÞ ð7Þ

O2(
1Dg) - O2(

3S�g ) (8)

O2(
1Dg) þ 1Dye - O2(

3S�g ) þ 1Dye (9)

O2(
1Dg) þ 1Dye - PRODUCTS (10)

If DET�S for the dye is close to or less than this energy
barrier then quenching of 1O2 can occur (eqn. (9)). This has
been observed for pyrazolone and indoaniline azamethine
dyes.15,16 For PT dyes DET�S lies in between 100 and 120 kJ
mol�1 making this class of dye more prone to oxidative
fade.17,18

Non-oxidative fade

We define non-oxidative fade as that which arises from excited
state electron transfer processes and results in the net destruc-
tion of dye molecules. These processes can formally involve
both oxidation and reduction through the loss or gain of
electrons in the absence of oxygen and can be more complex
than oxidative fade mechanisms. The dye molecule can act as
an electron acceptor or donor to form a radical ion pair with
another electron donor, ED, or acceptor, EA. This radical ion
pair then disintegrates to destroy the dye.6,19,20 It should be
noted that ED and EA can also quench the excited state of the
dye. Eqns. (11)–(14) summarise non-oxidative fade from the
excited state (singlet or triplet) of Dye.

Dye* þ ED - Dye�� ED�1 (11)

Dye* þ EA - Dye�1 EA�� (12)

Dye�� ED�1 " Dye�� þ ED�1 - PRODUCTS (13)

Dye�1 EA�� " Dye�1 þ EA�� - PRODUCTS (14)

For azamethine dyes non-oxidative fade is most likely to
occur from the singlet excited state, since the quantum yield of
triplet state formation is very low.21 In photographic coatings
molecules that can act as electron donors/acceptors include
residual components from photographic development such as
the imaging dye precursors or impurities in the photographic
material. Other ground state dye molecules within the vicinity
of a photo-excited dye molecule can also act as electron donors
/acceptors. It is difficult to isolate particular species responsible
for the loss of dye. However, experiments performed on
pyrazolone and PT dyes with specific electron donating species
incorporated into dye solutions show that non-oxidative fade
can be induced in these systems.7

It must be stressed that the occurrence of fade through
distinct mechanistic pathways cannot be assumed. Aono
et al. have studied the light stability of several azamethine
dye classes in photographic media, and in particular, ways to
inhibit oxidative fade mechanisms.22 Their experiments
showed that by enclosing the film with a transparent polymer
coating, acting as a barrier to oxygen, the rate of fade is not
suppressed but is in fact enhanced for some dye classes,
indicating that non-oxidative fade mechanisms flourish in the
absence of oxygen. This implies that oxidative and non-oxida-
tive fade mechanisms compete with each other rather than
acting co-operatively, and once one of these is inhibited, the
other will prevail.
In this article we have performed experiments in two distinct

conditions where non-oxidative and oxidative fade may indi-
vidually thrive in the absence of the other. Strong light
intensities and an inert nitrogen atmosphere are used to
promote non-oxidative fade, and relatively weaker light inten-
sities with normal atmospheric conditions are used to reduce
the fade rate to a level that is controlled by the rate of diffusion
of oxygen through the coatings.

Experimental

Fading apparatus

Non-oxidative fade. Light from a quartz-halogen lamp (Gen-
eral Electric, 15 V, 150 W, with dichroic reflector) was passed
through several air-cooled heat-filters and channelled through
a flexible liquid light pipe (Oriel, diameter 8 mm, length 1 m).
The combination of filters and liquid light pipe remove high
energy UV (o350 nm), and IR light (4730 nm).
The liquid light pipe entered a sample chamber (Fig. 2) and

passed through a 5 mm aperture, with the optical surface of the
light pipe positioned 3.5 mm away from the surface of the
coating. Housed inside this gap were a gas-inlet to flush
nitrogen at a constant rate (2 dm3 min�1) to create an

Fig. 1 The chemical structures of the two PT dyes.
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oxygen-free atmosphere around the sample, and also an optical
fibre channelled to a CdS light dependent resistor (NORP12) to
monitor the light intensity falling on the sample. During rapid
fade, the voltage of the lamp was continually adjusted to
maintain a constant resistance across the sensor. The tempera-
ture of the cuvette was thermostatically regulated at 24 1C by
circulating distilled water through two syringe needles pierced
through a Subaseals stopper that sealed the top of the cuvette.

Absorption spectra were recorded at 30 min intervals on a
Perkin-Elmer Lambda 5 spectrophotometer for a period of 4 h.
During each absorption measurement the water circulator was
switched off to minimise distortions to the background of the
measured spectrum.

Oxidative fade

The high intensity daylight (HID) fadeometer is a standard 100
KLux instrument for fading experiments.5 It is essentially a
light box with a spherical inner surface for sample mounting,
containing a normal atmosphere that has regulated tempera-
ture and humidity. The light source is a high power xenon arc
lamp which is placed in the centre of the sphere, and is filtered
accordingly to mimic as closely as possible the spectral profile
of sunlight. Samples are placed equidistant from the lamp on
the inner spherical sphere surface, which rotates around the
light source to eliminate any radial non-uniformity in the
output of the lamp. Sample absorption spectra were recorded
at weekly intervals on a Hewlett Packard HP89532A diode
array spectrophotometer.

A comparison of the spectral irradiance curves from the
rapid fadeometer and the HID fadeometer, in Fig. 3, shows
that a sample in the HID fadeometer experiences approxi-
mately 50� less light than the rapid fadeometer, which results

in fading experiments taking weeks rather than hours to
perform.

Sample preparation

The method that is employed for this study uses a concentrated
solution of dye in a suitable solvent system to create two
samples that have a difference in SA : V ratio of 20 : 1.z
The first is a thin film of concentrated dye in a poly(vinyl
acetate)–dicyclohexylphthalate solvent mixture coated on a
substrate, which has a constant SA : V ratio, since there are
only two active interfaces separated by a small path length. The
second is a coating of the same dye in the same solvent–
polymer system which is dispersed in gelatin, with a similar
absorbance to that of the film sample. By keeping the concen-
tration of the dye in the oleophilic solvent identical to that in
the film and subjecting both samples to an intense light source,
the quantum yield of fade of both sample types can be directly
compared and from it the effect of the significance of the oil/
aqueous interface can be examined.
This method for comparing the fade characteristics of inter-

facial and bulk dye molecules is preferred, to say, making a
range of dispersion coatings with different surfactants to
change the size, and hence the SA : V ratio, of the oleophilic
droplets. The Poissonian droplet size distribution is broad and
using different surfactants will not induce changes in size
significant enough to observe substantial differences in the
rates of fade of dyes at the interface compared with the
droplets-versus-film strategy of our experiment.
Although the samples described here are not truly represen-

tative of photographic coatings, the study was only a compar-
ison of fade characteristics of the dyes in the vicinity of the
interfacial region with those in the bulk droplet, in the absence
of all other effects.
Therefore, as a sample form, a single layer coating contain-

ing a dispersion of preformed photographic dye in a coupler
solvent was preferred to a multilayer photographic coating,
where the dyes would be generated photographically. This
sample form provided a physically analogous environment,
but without the complication of the presence of residual
chemistry following processing, arising not only from the
colour layer of interest, but also from the adjacent layers.
The chosen solvent, dicyclohexylphthalate (DCP), is a par-

ticularly viscous member of the phthalate class, representative
of coupler solvent classes used by the photographic industry.
This solvent is crystalline at room temperature but can be
melted and coated onto glass or quartz substrates as a film, as
well as dispersed in gelatin with a suitable surfactant. But
under an intense light source the solvent melts making it
unsuitable for photobleaching experiments. However, using a
1 : 1 (w/w) mix of DCP with poly(vinyl acetate), PVAc, leads
to films that are able to withstand intense light sources, and
which can also be dispersed in gelatin. The absorbed light
dissipated as heat in the sample may be removed by water
cooling the reverse side of the substrate.

Non-oxidative fade experiments

Dispersion coatings. A concentrated dye solution was pre-
pared by warming (50 1C) the relevant dye, DCP and PVAc
(30 mg, 65 mg, and 65 mg, respectively) in butyl acetate

Fig. 3 Spectral irradiance curves of HID and rapid fadeometer.

Fig. 2 Schematic diagram of sample chamber for non-oxidative fade
experiments. (1) Water in. (2) Water Out. (3) Fibre optic to light
dependent resistor. (4) Filtered light source through a liquid light pipe.
(5) Nitrogen gas inlet. (6) Aperture (5 mm diameter). (7) Coating on
surface of cuvette.

z Assuming a photographic coating contains spherical oil droplets of
average radius of 0.15 mm, this leads to a SA : V ratio of 2 � 107 m�1.
For a film coating with concentration of dye at 0.25 M, absorption
coefficient of 50 000 M�1 cm �1, and a maximum absorbance of 1, this
give a pathlength of approximately 1 � 10�6 m. The film has a single
accessible surface A, and so the total volume is A � 1 � 10�5, which
leads to an SA : V ratio of 106 m�1. This leads to dispersion samples
possessing a SA : V ratio of approximately 20� greater than film
samples.
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(3 cm3). 1.5 cm3 of this dye solution was added dropwise to a
warmed di-isopropyl naphthalene sulfonic acid, DPNS, sur-
factant (0.75% v/v) gelatin (5% w/w) solution, and mixed
thoroughly. The coarse dispersion was then subjected to
sonication for approximately 5 min before total frothing
occured, and then stirred continuously on the water bath until
all residual butyl acetate evaporated. Dispersion coatings with
maximum absorbance of approximately 1 were fabricated by
coating the warm dispersion solution (0.2 cm3) with a warm
aluminium plate across polished faces of clean quartz cuvettes
(1 cm pathlength). The coatings were dried and stored in the
dark at ambient temperature until required for use.

Thin film coatings. Thin films were fabricated by spreading
gently the warmed concentrated dye–DCP–PVAc solution
(0.2 cm3) across polished faces of clean quartz cuvettes (1 cm
pathlength). Once all the butyl acetate evaporated, a uniform
thin film with a maximum absorbance of approximately 1 was
achieved. The films were dried at room temperature before
applying an overcoat of gelatin (5% (w/w) gelatin, 0.75% (v/v)
surfactant solution).

The composition ratio of dye and DCP in film and disper-
sion samples was confirmed by HPLC measurements by using
a methanol–acetonitrile–acetic acid–water (60 : 25 : 6 : 9
(v/v)) to extract both components from film and dispersion
samples. This extraction mixture was passed through a reverse
phase silica column, with a mobile phase of acetonitrile/water
(98 : 2 v/v). The ratio of peaks heights suggested a 20% loss of
dye in dispersion samples compared with film samples for both
dyes, suggesting that although ballasted some dye escapes from
the oil phase during sonication in the dispersion preparation.

Oxidative fade samples

Dispersion coatings and thin films were fabricated on glass
microscope slides using the same coating techniques described
above.

Analysis of absorption spectra

Multiple even derivative sharpening (MEDS). Two methods
were used to analyse the absorption spectra of the dyes in film
and dispersion coatings. The first was multiple-even derivative
sharpening, MEDS, which utilises derivative-spectroscopy
to extract weak underlying absorption bands.23 Briefly, the me-
thod consists of a linear combination of even-derivatives to
extract the overlapping bands without introducing extraneous
features, which is the inherent disadvantage of using only the
second-order derivative of a spectrum for analysis. MEDS was
applied to each individual absorption spectrum to ascertain the
number of underlying components.

Principal component analysis (PCA). The second method
used was PCA,24 a matrix based statistical tool which has been
used to analyse overlapping bands in absorption spectra25,26 as
well as those in chromatography.27 The method is more
powerful with a large array of data sets, where each data set
contains varying degrees of the same principal components. In
that respect, it is ideal for a global analysis of fade data, which
was preferable for the quantitative aspects of this study.

The software used to perform PCA was a Microsofts Excel
Add-In called XLSTAT 4.4 written by Thierry Fahmy, and the
third derivative of a factor indicator function was used to
determine the number of significant principal components that
account for all spectral features.28 The data set used for each
dye was a combination of the 9 absorption spectra recorded for
film and dispersion samples during the non-oxidative fade
experiments leading to a total of 18 absorption spectra for
global analysis.

PCA was used in conjunction with MEDS to determine the
number of components describing the absorption spectra of
film and dispersion coatings. With any statistical fitting tool, n
data points can always be fitted with an equation containing n
parameters. Therefore, for sensible interpretations of the data,
the number of significant principal components that account
for all observations, r, should not approach n; indeed, from our
experience the safe upper-limit is r ¼ n/3.

Spectral fitting

Once the number of absorbing species in the photographic
coatings was ascertained, the spectra were fitted using an
asymmetric Gaussian function, described by a convolution of
a hypsochromic, Fh(n), and a bathochromic lineshape, Fb(n). A
is the amplitude of the Gaussian band, n is energy in cm�1, n0 is
the energy at amplitude A.

FhðnÞ ¼ A exp � logeð2Þ
n � n0
Dnh

� �2
 !

ð15Þ

FbðnÞ ¼ A exp � logeð2Þ
n � n0
Dnb

� �2
 !

ð16Þ

An asymmetric function is preferred since in absorption spec-
troscopy an unresolved vibronic progression causes the ap-
pearance of an asymmetric absorption profile. It is known that
many photographic dyes, especially PT dyes, show this asym-
metry.
The absorption spectra for each fade set were analysed

globally with linewidths and positions of bands fixed for all
the spectra. Only the amplitudes were allowed to vary in the
set, which provided a robust fit of the data. A least-squares
minimisation procedure, based on the root-mean-square error,
RMSE, function was used as the fitting routine.29

Antonov and Stoyanov30 independently arrived at a similar
algorithm for the analysis of absorption spectra by applying
derivative spectroscopy to locate positions of features, and
using an appropriate function to fit the spectra.

Calculation of quantum yields of fade

The quantum yields of fade were determined by interpolating
the absorbance–time plots and calculating at incremental time
intervals Ia and kloss which both change during fade. By
integrating the increments the quantum yield of fade was
determined. To determine kloss the values of emax for the dyes
in dibutylphthalate were used since in DCP–PVAc this could
not be determined accurately.
For aggregate absorption bands the quantum yields of fade

assumed that the contribution to the total oscillator strength of
a dye molecule residing within an aggregate is identical to that
of one that exists solely as a molecular entity, i.e. the absorp-
tion coefficient per molecular unit at maximum absorbance is
identical for all bands. This implies that individual dye mole-
cules are destroyed, whether these reside within an aggregate or
as separate entities, with the aggregate acting as a reservoir and
fragmenting during photo-excitation.

Results and discussion

Rapid fade: a non-oxidative fade study

Fig. 4 shows the absorption spectra and MEDS analysis of film
and dispersion coatings of dyes A and B. MEDS reveals 4
absorbing species in all samples, with 2 strong bands at ca. 500
and 545 nm and 2 smaller bands at ca. 425 and 625 nm being
revealed for both dyes, suggesting aggregation in all samples.
PCA indicated a 4-component interpretation for the absorp-

tion spectra for dye A, which is consistent with the MEDS
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analysis, but for dye B it suggests an additional component not
resolved by MEDS. This anomaly was investigated further by
identifying the molecular absorption for each dye in the DCP–
PVAc solvent system at a dilute concentration (200 mM)—
these are offset in Fig. 4. The position of maximum absorbance
of the molecular entity for dye A is extracted fairly well by
MEDS analysis, but for dye B the molecular species remains
unresolved in the face of a strongly ovelapping bathochromic
feature. This supports the 5-component PCA result for dye B,
with the additional component being attributed to the presence
of J-aggregate absorption within 30 nm of the molecular entity
band.

Although both MEDS and PCA suggested a 4-component fit
for dye A coatings global spectral fitting of fade sets of both
film and dispersion coatings of dye A preferred an additional
absorption band bathochromic to the molecular absorption for
statistically reproducible fits. Therefore dye fade data sets
containing 18 absorption spectra of both film and dispersion
coatings were analysed globally using 5 components, the
parameters of which are presented in Table 1. The peak
positions and hypsochromic and bathochromic half linewidths,
HHW and BHW, respectively, were fixed for all the absorption
spectra with only the amplitudes varying across the data set.
Since the position and linewidth of the molecular entity
absorption band are known for both dyes, these were fixed,
with other bands positioned about this to describe the entire
absorption envelope. Fig. 5 shows the behaviour of the ampli-
tudes during fading for the 3 major bands.

Band 3 is the molecular absorption with bands 2 and 4
assigned as H- and J-aggregate absorption, respectively. As
Table 1 shows these bands are narrower than band 3, which is
consistent with the notion of the narrowing of the aggregate
bands compared with those for molecular species.31 Bands 1
and 5 are small relative to the 3 major bands and remain
constant in amplitude throughout fade. They are either higher
order H- and J-aggregates, artefacts caused by the digitisation
of the absorption spectra, or low concentrations of absorbing
impurities of the dyes. Regardless of the origin of these bands,
they are small and remain relatively constant compared with
the stronger bands, which fade much more significantly, and so
are not relevant to any further discussion.

Fig. 5 shows that none of the species drops to less than 50%
of their original values in the timescale of measurement. Dye B
coatings possess a greater proportion of J-aggregates T
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Fig. 4 Absorption spectra (line) and MEDS analysis (dashed) of (a)
dye A dispersion, (b) dye B dispersion, (c) dye A film, (d) dye B film
coatings. The lowest curves are the molecular absorption ban of the
dyes in DCP–PVAc thin films (200 mM).
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compared with dye A, which is consistent with previous studies
on these dyes,12 while dye A forms a greater proportion of
H-aggregates. Moreover, the comparison demonstrates clearly
that film samples of both dyes contain more aggregates than
dispersion samples. This is caused by a small loss of dye during
sonication when preparing dispersion samples.

Within the error of determination, bands 2, 3 and 4 decay
linearly in absorbance. For the molecular species (band 3)
where the starting absorbance is approximately 1, the initial
rate of fade will be approximately constant, whereas for the
aggregate species (bands 2 and 4), where the starting absor-
bances are much less than 1, the rate or fade will be propor-
tional to species concentration. Quantum yields of fade for the
individual bands are presented in Table 2 which show that in
all samples, the H-aggregate absorption (band 2), has a larger
quantum yield of fade than the molecular entity and J-aggre-
gate absorption (bands 3 and 4, respectively). This can be
explained by either accelerated photo-dissociation of the
H-aggregates,19 or by a simple chemical equilibrium between
aggregates and molecular species.

Both types of aggregates are expected to be in dynamic
equilibrium with molecular species, and when the latter are
being photochemically destroyed, the equilibrium will counter-
act accordingly, leading to fragmentation of aggregates, and
hence a loss in absorbance. This would lead to the quantum
yield of fade for aggregate absorption bands being artificially
large to maintain the molecular–aggregate equilibrium rather
than destruction of aggregates through light fade. Conse-
quently, the quantum yield of fade for the molecular species
would be smaller than expected, since the equilibrium is always
trying to replenish the faded molecular entities. However, the
values for band 4 are similar to band 3, which suggests that the

J-aggregate-molecular entity equilibrium is kinetically much
slower in responding to any changes in concentration than the
H-aggregate-molecular entity equilibrium. Nevertheless, trying
to disassemble and quantify this is problematic and rather
complex, and as the system will always try to maintain the
dynamic equilibrium, the aggregates cannot be isolated from
the molecular species.
What the values do show is that within experimental error

the differences in SA : V ratio between film and dispersion
samples of both dyes do not significantly affect the non-
oxidative fade characteristics (in Table 2 see band 3 values
for each case). As stated previously non-oxidative fade involves
electron transfer and the formation of radical ion pairs. There-
fore, depending on the redox potentials of specific electron
transfer reactions, it is plausible that the aggregates of PT dyes
may be able to shuttle electrons efficiently to and from sur-
rounding aggregates and molecular entities to cause the de-
struction of the dye. It is understood that the mechanism of
sensitisation of silver halide depends upon the efficiency of
electron transfer from the excited state of the sensitising dye
aggregates to the silver halide grains,32–34 which suggests that
dye aggregates could take part in a non-oxidative (electron
transfer) fade mechanism. This is supported by the work of
Furuya et al. who have shown that in dispersion samples the
rate of dye fade can be suppressed by quenching the PT dye
aggregate fluorescence with spiroindane derivatives.8

Kucybala et al. have focussed on the light stability behaviour
of numerous magenta azamethine dyes in the presence of an
electron donor, N-phenylglycine, in dilute ethyl acetate solu-
tions.7 The work also includes the study of a model PT dye and
a value of ffade of 6.3 � 10�6 is estimated from their studies.
This value is at least an order of magnitude larger when
compared with those calculated here, but this difference is
unsurprisingly owing to the presence of N-phenylglycine,
which accelerates dye fade by approximately two orders of
magnitude relative to a dilute solution of dye only.

HID fade: an oxidative fade study

With the presence of a normal atmosphere and longer overall
fade times dye loss is now not limited by oxygen availability.
Such conditions encourage an oxidative fade mechanism.
Using the positions of maximum absorbance and linewidths

from Table 1, the oxidative fade results were analysed in a
similar fashion to those of the non-oxidative fade experiments.
Fig. 6 shows the results of the analysis with only the 3 major
components shown for 3 sample types for each dye: a film
coating, a dispersion coating, and a dispersion coating with an
additional gelatin overcoat. The gelatin overcoat on the dis-
persion has the effect of acting as a barrier to reduce oxygen
diffusion through to the dispersion coating, although Duxbury
has shown that gelatin is still permeable to oxygen.19

In dispersions, Figs. 6a–d, the overall fade is rapid; each
species falls to approximately half its initial concentration
within the first 2 weeks. Fig. 6b shows that the dispersion
without gelatin overcoat of dye B reaches this position within
the first week. Within this timescale, the fade behaviour is
similar to that in the non-oxidative fade study. The fade curves
and the quantum yields of fade in Table 3 show that the
presence of the gelatin overcoat uniformly reduces the quan-
tum yields of fade of the 3 relevant species by 20–30%, by
increasing the diffusion length of oxygen from the atmosphere
to the dye in the dispersion.35

In contrast to the dispersion samples, the film samples of the
two dyes, Figs. 6e and 6f, show a more distinctive behaviour.
The film samples of dye B, Fig. 6f, are not much different from
the corresponding dispersion samples, apart from the slightly
slower initial fade rates, causing a ‘‘flattening’’ of the fade
curves. However, for the film samples of dye A, Fig. 6e, the
fade behaviour is more unusual. The initial fade rate of the

Table 2 Non-oxidative fade results. Quantum yields of fade of

dispersion and film samples

107 ffade (�25%)

Dye A Dye B

Band 2 Band 3 Band 4 Band 2 Band 3 Band 4

Dispersion 1.1 0.4 0.4 2.5 2.2 1.7

Film 1.8 0.6 0.4 4.6 1.9 2.3

Fig. 5 Non-oxidative fade analysis of dispersion and film coatings of
dye A (a and c) and B (b and d)—band 2 (unfilled circles), band 3 (filled
circles), band 4 (filled triangles).
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molecular species (band 3) is retarded, accelerating after 3–4
weeks, while the J-aggregate (band 4) shows an extremely slow
fade rate.

The typically retarded fade behaviour exhibited by the
molecular species is often explained by the presence of a
sacrificial antioxidant. However, since both dispersion and film
samples are made from the same parent oil it is difficult to
identify such a species present in film samples but not in the
dispersion samples. Our preferred explanation is that the
H-aggregate of dye A decays upon excitation by first dissociat-
ing molecular entities. The relatively high initial concentration
of H-aggregates provides a significant supplementary increase
of the molecular species in the initial phase (0–3 weeks) of fade.
Thereafter, the molecular species decay at a rate dominated by
their own fade photochemistry. The value for this component,
Table 3, dye A film, band 3, is determined on this assumption.
Similar mechanisms have been proposed by others who have
studied dye fading.19,36 However, in addition to this disaggre-
gation mechanism, it is tempting to speculate that a secondary

effect derived from the concentration enhancement of the mol-
ecular species, in turn, supplements the J-aggregate (band 4),
resulting in its unusually low quantum yield of fade.
Table 2 shows that the rapid disappearance of the H-

aggregate is also observed to some extent in non-oxidative
fade, which provides some evidence for fade quenching of the
molecular species by the H-aggregates. However, as stated
previously, re-equilibration between aggregates and molecular
entities complicates the issue and cannot be separated, making
it difficult to verify the hypothesis.
The oxidative fade results show that dye A film samples fade

approximately twice as fast as the corresponding dispersion
samples, implying that the different SA : V ratios affect the
fade chemistry. However, although the results for dye B film
samples suggest the same trend, these are not as clear-cut. This
discrepancy between dye A and dye B is thought to be due to
different aggregation/de-aggregation kinetics rather than dif-
ferent quantum yields of singlet oxygen production between
the two dyes as this would not have any effect on the com-
parative fade performance in the different sample forms. Pre-
vious studies have shown that the formation of J-aggregates by
dye B is much more facile in non-polar solvents and at oil/
aqueous interfaces compared with dye A.12 This is supported
by inspection of the amplitudes of the individual components
in Figs. 5 and 6. It is thus feasible that the aggregate–molecular
entity equilibrium for dye B responds to changes in relative
concentration better than dye A. During fade this would
implicate a faster response by the aggregates of dye B to the
loss of molecular entities compared correspondingly with dye
A, where de-aggregation is the rate-determining step. This
difference would manifest itself in greater loss of dye in coating
samples of dye B compared with dye A, which is observed. As
stated previously for non-oxidative fade, trying to isolate these
different effects is problematic.
Overall, the results do indicate that dispersion samples show

accelerated fade compared with film samples. Although the
difference in the SA : V ratio between dispersion and film
samples has been estimated to be a factor of 20, this has clearly
not translated into the quantum yields of fade. There may be
several reasons that cause this.
A number of groups have investigated oxidative dye fading

and it has been recognised that in microheterogeneous media,
such as dispersions, oxidative fade kinetics can be complicated
by singlet oxygen being able to escape from the locus of
generation.37 In dispersions singlet oxygen formed may travel
to other oil droplets through the aqueous gelatin phase prior to
being quenched or deactivated. This makes oxidative fade in
dispersions independent of the source of singlet oxygen pro-
duction. It is generally agreed that the main factors governing
it are the rate of diffusion through the sample, the concentra-
tion of oxygen at specific interfaces, and the ability for oxygen
to penetrate those interfaces.35,38,39

For our oxidative fade results, we propose to explain the
difference between film and dispersion samples using a kinetic
model to describe oxygen diffusion through a coating contain-
ing different interfaces (Fig. 7). The model applies a simple

Table 3 Oxidative fade results. Quantum yields of fade of dispersion (with and without gelatin overcoat) and film samples

107 ffade (�25%)

Dye A Dye B

Band 2 Band 3 Band 4 Band 2 Band 3 Band 4

Dispersion (without gelatin) 11.3 7.5 8.1 16.0 9.2 11.0

Dispersion (with gelatin) 9.7 5.2 5.8 13.3 6.8 8.1

Film 3.8 2.6a 0.7 11.3 5.0 6.5

a This is calculated after the first 4 weeks of fade.

Fig. 6 Oxidative fade analysis of dispersions without gelatin overcoat,
dispersions with gelatin overcoat and films of dye A (a,c,e) and B
(b,d,f)—band 2 (unfilled circles), band 3 (filled circles), band 4 (filled
triangles).
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adsorption isotherm to describe the diffusion of oxygen
through each interface, but excludes any consideration of
singlet oxygen migration beyond individual solvent/droplet
boundaries. From air, r1a and r1d are the rates of adsorption
and desorption of oxygen at the air interface and are expressed
simply as

r1a ¼ k1Nag(1 � x)PO (17)

and

r1d ¼ k�1Nagx (18)

where the equilibrium constant at the air/gelatin interface, K1,
is defined as

K1 ¼
k1

k�1
ð19Þ

Here PO is the partial pressure of oxygen in air, Nag is the total
number of vacant sites per unit area, x is the fractional
occupancy of the vacant sites by oxygen, and k1 and k�1 are
the corresponding rate constants for adsorption and desor-
ption at the air/gelatin interface.

From the gelatin, adsorption and desorption at the gelatin/
air interface, the complimentary expressions are

r2a ¼ k2Nag(1 � x)cg (20)

and

r2d ¼ k�2Nagx (21)

where the equilibrium constant at the gelatin/air interface, K2,
is defined as

K2 ¼
k2

k�2
ð22Þ

Similar expressions can be derived at the gelatin/solvent
interface, to obtain r3a, r3d, r4a, and r4d which take an analo-
gous form to eqns. (20) and (21). cg and cs are the respective
concentrations of oxygen in gelatin and the solvent phase and
together with Ngs vacant sites, and a fractional occupancy of y,
yield the equilibrium constants K3 and K4.

This leads to the overall kinetic model expressed by eqns.
(23)–(25).

@ca
@t
¼ r1d � r1a ¼ k�1Nagx� k1Nagð1� xÞPO ð23Þ

@cg
@t
¼r2d � r2a þ r3d � r3a

¼k�2Nagx� k2Nagð1� xÞcg þ k�3Ngsy� k3Ngsð1� yÞng
ð24Þ

@cs
@t
¼ r4d � r4a � r5

¼ k�4Ngsy� k4Ngsð1� yÞcs � k5cs ð25Þ

Here ca is the concentration of oxygen in air and r5 repre-
sents the rate of formation of dye fade products from the
photochemical reaction of oxygen with the dye in its excited
state. It should be noted that k5 is an approximate rate
constant and is actually a convolution of the concentration
of ground state dye, photon flux and the intrinsic rate constant
for the destruction of dye. However, since we are working in a
near-steady state regime k5 can be taken to be constant.
In the absence of illumination, k5 ¼ 0, the equilibrium

concentration of oxygen in the organic phase is ca. 10� greater
than in the aqueous gelatin phase40 and the steady state
concentrations of oxygen in the gelatin and solvent phases
are given by:

c0s ¼
K3

K4

� �
c0g ¼

K3

K4

� �
K1

K2

� �
PO ð26Þ

In the presence of constant illumination, k5 a 0, new quasi-
steady state concentrations of oxygen in the gelatin and solvent
phases are established. In the solvent phase this takes the form:

ceqs � Aþ B
k5

Nag

� �
þ C

k5

Ngs

� �� ��1
ð27Þ

where

A ¼ 1

c0s
ð28Þ

B ¼ 1

K4c0s
þ 1

� �
1

k�2

� �
ð29Þ

and

C ¼ 1

K4c0s
þ 1

� �
1

k�3
þ 1

k�4

� �
ð30Þ

This leads to a particularly clear expression for the rate of
fade:

rs ¼
A

k5
þ B

Nag
þ C

Ngs

� ��1
ð31Þ

Under weak illumination conditions, it is expected that the
A-term dominates this expression, whilst at very high intensity
illumination it becomes insignificant compared with the B- and
C-terms. The experience in the photographic industry is that
HID conditions offer something of a compromise between
allowing a linear dependence of fade rate vs. intensity in
dispersion coatings (A-term dominant) and the shortest rea-
sonable duration for fade testing purposes (B- and C-terms
dominant), where a bottleneck at either the air/gelatin or
gelatin/solvent interfaces may become apparent. In reality,
these terms may all be of the same order.
In the film coating (where Nag E Ngs), if reasonable assump-

tions about the relative magnitudes of k�2, k�3, and k�4 are
made the A-, B- and C-terms will all provide roughly equal
contributions to the rate of fade. The dispersion coating
contains the same number of dye molecules per unit area as
the film coating since both have the same optical density, but
the SA : V ratio at the gelatin/solvent interface is greater in the
dispersion case by a factor of ca. 20. Consequently, Ngs

increases by the same amount, so that only the A- and B-terms
will be significant.
The characteristics of this model thus show that, all other

things being equal, increasing the gelatin/solvent interfacial
area will lead to an increase in fade rate, but not directly in
proportion. Our experimental results are consistent with this

Fig. 7 Kinetic scheme of O2 diffusion through coatings. PO—partial
pressure of O2 in air; cg, cs—concentration of O2 in gelatin and solvent
respectively; ra, rd—rate of adsorption and desorption at each inter-
face.
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model, and show that in spite of an increase of ca. 20 in Ngs

going from film to the dispersion sample, only a corresponding
factor of 1.5 to 2 increase in the rate of dye fade is observed.

The model can also be used to explain the difference in the
quantum yields of fade between dispersion coatings of dye A
and dye B, where only the A- and B-terms are significant.
Previous studies of the photophysical properties of the two
dyes strongly suggest that k5 for dye B is approximately a
factor of 2 to 3 larger than that for dye A.12 If the A-term and
B-term are of the same order of magnitude then this translates
into only a factor of approximately 1.3 difference in r5 between
the two dyes, which is observed. However, the comparison
between the dyes in the film-coatings is not as clear-cut due to
the unusual retardation in the initial fade rate of dye A.

Furthermore, the kinetic model shows that provided that
the A-term is comparable with the B-term at HID inten-
sities, and the C-term is smaller than either owing to the
increased SA : V at the gelatin/solvent interface in a dis-
persion situation, then the rate determining step for dye
fade starts to become the migration of oxygen through the
air/gelatin interface.

Conclusions

We have investigated the effect of increasing the SA : V ratio
of the solvent/gelatin interface on the light stability of dyes
dispersed in single-layer gelatin coatings. Two dyes (dyes A and
B) were studied in conditions designed to favour both non-
oxidative fade and oxidative fade.

The non-oxidative fade study demonstrates that in the
absence of oxygen a non-oxidative fade mechanism involving
both aggregates and molecular entities of the dyes is estab-
lished in high concentration environments. It shows that
increasing the SA : V ratio of the solvent/gelatin interface
when going from film to dispersion coatings, does not yield a
significant difference in the non-oxidative fade characteristics
of the dyes. The study also shows that dye B possesses a
quantum yield of non-oxidative fade that is approximately a
factor of 3 greater than that for dye A, which is a manifestation
of the relative difference between the singlet excited state
lifetimes of the dyes.12

The oxidative fade study reveals that PT dyes possess a
dominant oxidative fade mechanism compared with the non-
oxidative alternative. The study has shown that the difference
in photophysical properties of dyes A and B does not fully
translate to the quantum yield of oxidative fade. However,
more importantly, it has shown that there is only a factor of 1.5
to 2 difference between the quantum yields of fade of the dyes
in dispersion and film samples, which is smaller than expected
from simple SA : V ratio considerations. Both observations
can been explained by applying a kinetic model based on a
simple adsorption isotherm to the diffusion of oxygen through
film and dispersion coatings. Moreover, our results and kinetic
model are consistent with the onset of a bottleneck to oxygen
diffusion at the air interface which prevents changes in k5 and/
or Ngs from being fully transferred to the quantum yield
of fade.
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