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INTRODUCTION.
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The fading of coloured materials on exposure to normal
atmospheric conditions is a problem of major concern to the
dyeing, textile and photographic industries, in so far as
the quality of many of the manufactured products depends to
a definite degree on the light stability of the dyes and
pigments used. It is not surprising, therefore, that an
appreciable amount of research has been undertaken, over the
years, in attempts both to elucidate the course of fading
and to improve the light fastness of dyes already available,
The former objective does not seem to have met with great
success, partly because most investigations have been con-~
cerned with the fading of dyes in idealised, isolated
systems rather than under the conditions likely to be met
with in practice, where numerous other influences, e.g.,the
presence of moisture and atmospheric impurities, the nature
of the substrate and the intensity of the illumination,serve
to increase the complexity of the problem.

The following thesis describes investigations carried
out in an effort to discover, firstly, the part played in the
fading reaction by the substrate, and secondly, to what
extent light fastness is influenced by the physical state of
the dye in the dye-substrate system. It was also intended
to attempt the identification of the products of fading of
prarticular dyes following chromatographic separation, but

unfortunately this part of the work had to be omitted,
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and investigations confined to the measurements of fading
rates.
As a guide to experimental work a comprehensive
review of the available literature on the light fading of
dyes was undertaken. This has been summarised in the sub-

sequent pages.

THE MECHANISK OF FADING OI* DYHS,

Absorption and dissipation of light energy.

It is generally accepted that photochemical reactions
are initiated by the absorption of light energy in the high
intensity regions of the spectrum of the absorbing sub=-
stance, corresponding to the " permitted " transitions
between singlet levels. Bowen has suggested that, in
addition, the excited singlet level may pass on to a triplet
1éve1 which may be chemically more reactive and have a much
longer mean life time than the excited singlet level. IHe
further pointed out that the very low quantum yield of a
photoreaction such as that of dye fading (10—6) may quite
possibly be due to the low probability of such a "forbidden"
transition taking place rather than to the very short life
of the excited singlet level, The direct transition from
singlet ground level to triplet level has also been considered
by Lewis,

The electronic energy contained by the excited, let us

say, dye molecule, after an interval of gg.10"8 seconds, can
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be degraded into heat enefgy by intermolecular collision,
retransmitted as resonance or fluorescent radiation or may
initiate chemical and dissociation processes. A number of
formal schemes to explain these latter "electron transfer"
reactions have been presented by Bowen, and are sufficiently
important to merit inclusion here,
The dye molecule Qx , €ither in the excited singlet

level or in the triplet level may react with either
reducing agent A and/or oxidising agent B to give the corres-
ponding reduced Q— or oxidised Q+ dye-radical ion, thus:-

DX + A —e D~ + a4

¥+ B — DX + B
The existence of free radicals in the form of excited dye-
molecules rather than H atoms or CH radicals has been
demonstrated by Hillson and Rideal who detected their presence
by the polymerisation of methylmethacrylate present in the
dye solution, on illumination and to some extent even in the
dye.

A dismutation reaction may occur,

D.X

+ D — DY &+ D7
and the ions so formed may react further to give a semi-
guinone ionisation,
D~ + HY —=1DH
or reformation of the dye, either,

DD 4 BR—» D 4+ B
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or, DH + Dt—e2p + HT
or, DH + O,—= D I O'é'

—= D + HO, —= H202

or, DH + AT—e D +8' + A
or, D¥ #A —= D 4+ a7
Destruction of the dye may take place with the formation of
oxidation products,
¥ & 02-——- oxidation products,
and the ions formed other than dye ions may also react with
each other to form further stable oxidation products, thus:-

+
A + H O2

N\

At 4 02-—> oxidation products.

2

+ O2

Two or more of these reactions can take place simult~
aneously, depending on extraneous conditions such as in the
substrate, leading, as in the case of the more complicated
dyes, to a complexity of final fading products., Were these
to be successfully separated and identified, the actual
mechanism of fading would, in all probability still remain
obscure, as any attempt to name the unstable intermediates

could only be hypothetical.,

Evidence of oxidation in fading.

The evidence available in the literature on the
oxidative fading of dyes considerably outweighs instances

wherein fading takes place by reduction. Thus Hibbert
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obtained isatin from the fading products of indigo-dyed
cotton; Haller and Ziersch obtained oxidation products from
insoluble azo dyes dyed on cotton, while Harrison found that
both in sunlight and in shortwave ultra-violet light,
Methylene Blue dyed on cotton apparently faded by oxidation.
A number of other dyes on cotton did not fade at &ll when
exposed to sunlight in evacuated or nitrogen filled glass
tubes. Many other investigators, e.g., Gebhard and Lazarev
have shown that fading does not occur in the absence of
oxygen, though this does not necessarily prove that fading
is itself an oxidation process, liounier, on the exposure
to mercury vapour lamp of certain acid and basic azo dyes,
in both oxidising and reducing atmospheres, found that only
in the oxidising atmosphere was there any increase in
fading rate., The same effect was obtained when oxidising
agents were added to fibres dyed with the same dyes.
Further, the colour reactions of the degraded products were
the same as those obtained from the dyes faded in solution
and by peroxide degradation. Couper, in a recent invest-
igation into the fading of 1:4 bis(methylamino)anthra-
quinone on cellulose, succeeded in separating and
identifying the majority of the products to be expected
from oxidative fading.

Mudrovic reported that the polymethin dyes such as

Pinacyanol or pinachrome bleach much more readily in the
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presence of sensitisers, such as Methylene Blue, than in
their absence. The lethylene Blue is reduced to the leuco
form and according to ludrovic the pinacyanol is oxidised.
Marney records that, after exposing wet patterns to arclight,
certain vat blue dyes changed shade in the direction of their
oxidation products, the original shades being restored by a
weak reducing agent.

According to Desai and Giles, substituent groups, €.g.,
nitro- and chloro- groups, which increase the resistance to
oxidation of azo dyes, also appear to increase their light
fastness on cellulose. Pinte and Millet at about the same
time, and Atherton and Seltzer, and later Atherton and Peters,
also confirmed the beneficial effects of these groups on
light fastness and the adverse effects of electropositive

groups, €.g.,methoxy and methyl groups.

Evidence of reduction in fading processes,

Van HNostrand and Stillings showed that, on exposure to
shortwave ultra-violet light, cellulose was considerably
degraded both in a nitrogen atmosphere and to a greater
extent in an oxygen atmosphere with a conseguent drop in the
degree of polymerisation and &-cellulcse content, and
liberation of CO and CO,e Earlier Harrison had obtained the
same result and found that the reaction is accelerated by

the presence of certain dyes e.g., Benzo Violet, Diamine Sky
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Blue #% ( C.I. No. 518 ) and Methylecne Blue, even in vacuo
and that the dyes are simultaneously faded, apparently by
reduction., Indigo ( C.I. No. 1177 ) and Crystal Violet (C.I.
No. 681 ) were not faded in this way., It appeared also, in
other experiments, that nitro- groups in aromatic compounds
suffered reduction in u.v. light in presence of cotton, but
that amino~ groups were oxidised.

By the Grotthus-Draper law, only light which is
absorbed by a substance can ceuse decomposition. Cellulose
shows strong absorption of shortwave u.v. light (< 2000A)
(Kujirai) and it must be this absorption which causes the
marked photochemical oxidation of the fibre under the above
conditions. Its absorption of longer wave radiations is very
weak or nil, so that in sunlight or longwave u.v. radialion
little direct photochemical degradation of the fibre, or
consequent reduction of the dyes thereon, should occur, and
oxidation of dyes should predominate in fading. Indeed,
Harrison noticed this when using lethylene Blue. There is,
nevertheless, some evidence that reduction can occur even
under normal exposure ccnditions,

Neuweiler studied the photochemical bleaching of a large
number of dyes in the presence of zinc oxide and Eosin.

Both these substances sensitised the reduction of the dyes
to an extensive degree, In the presence of " anodic

depolarisers " such as cane sugar or glycerine, the dye
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Victoria Blue becomes reduced to the leucg form on eXxposure
if either Eosin or zinc oxide is present, these last
suffering no change. Azo dyes become irreversibly reduced
to amines under analagous conditions, Thus photochemical
reduction rather than oxidation takes place. Gelatine may
take the place of the anodic depolariser., Mounier, and
Seyewitz and Mounier found that certain nitrohydrocarbons
were decolourised when irradiated on cotton, silk or wool.
The reasction was found to be sensitised by reducing agents
and inhibited by oxidising agents,and it was attributed to
reduction to azoxy and hydroxyazo compounds, at least on
cotton, from which fading products were isolated, but not
definitely characterised. It was suggested that subsequent
fading might be due to oxidation of the latter. The reduction
was considered to take place at the expense of the fibre
itself and of some of the nitro compound.

On irradiation of azobenzene in iso-~octane, Blaisdell
obtained as final fading products, aniline and hydrazo-
benzene, the latter being a likely intermediate product to
expect in the reduction of azobenzene to sniline. With
L-amino-4'-nitroazobenzene in isopropyl alcohol the products
obtained were aniline, p-phenylenediamine and acetone, the
expected products of reduction of the dye and oxidation of
the solvent respectively. Vhether reduction takes place first

at the nitro group or at the azo group has not been settled.
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The reaction is assumed to follow a free radical mechanism,
the excited dye in each case reacting with the solvent to
give a reduced dye free radical, which further reacts with
the solvent to give the substituted hydrazine, the probable
first stable product in the photoreduction of an azo dye to
its substituted aniline.

Atherton and Seltzer, in their work on the fading of
aminoazo dyes on cellulose acetate, attributed the fading
reaction to oxidatipn, but Atherton and leters noted that
dyes containing any one of three particular substituents,
viz., w-NO, , p~NO, or R—GOCHB had anomelously low light
fastness, which they attributed to these groups being
partially reduced to give compounds more fugitive than the
originals, as a first step in fading.

In light of wavelength > 3400A. ( sunlight or mercury
vapour light behind glass ), which must be quite unabsorbed
by pure cellulose, some photolytic degradation of undyed
cotton takes place in air or oxygen ( Egerton 1947). Thie
has been attributed either to the presence of light absorbing
impurities or to an initial thermal oxidation whereby small
numbers of aldehyde or carboxylic acid groups are introduced
into the cellulose chain. 7These will abeorb radiation at
longer wavelengths and so may be photolytically degraded,
thereby initiating a chain reasction involving other parts of

the molecule., Certain polymers can undergo photolytic
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degradation in light which they do not normally absorb, by
a mechanism of this type ( Burgess ). This explanation is
supported by the observation by Egerton that the extent of
degradation of cotton behind glass is negligible in absence
of oxygen.

It would appear that, in normal sunlight, even if the
dye itself is not a photolytic sensitiser, some photolytic
degradation of dyed cellulose fibres may occur with sub-
sequent formation of reducing substances, as found by
Harrison (1912), thus accounting for the reduction of nitro
groups in aromatic compounds when faded on such substrates.

The available evidence on the fading of dyes by reduction
on substrates other than cellulosic e.g., protein, is meagre.
Potassium dichromate, however, is reduced to chromic salts
when irradiated in gelatine, which is therefore insolub-
ilised. BRiltz and Lggert found that the guantum yield of
ammonium chromate converted to an insoluble form by
radiation of 4360A., is 0.5 and that for the amount of
gelatine rendered non-swelling is O.3. This means that two
molecules of gelatine react with one molecule of insoluble
chromic chromate to give a non-swelling adsorption complex,
The hydrogen for reduction was assumed to come from the
gelatine. These high values, compared with those normally
obtained in dye fading, may mean that the mechanism of

energy dissipation by the excited molecule of chromate is
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much less efficient than that of a dye molecule,

The oxidising action of H292 and activated oxygen.

Since, in certain circumstances, the formation of
hydrogen peroxide and/or activated oxygen has been observed
to accompany the fading of dyes, it has been suggested that
these agents are a primary cause of fading by oxidation.
Thus on irradiation of Acriflavine, dispersed on dry silica
dust in dry oxygen at low pressure, a volatile oxidising
agent was formed capable of oxidising leugo Malachite Green,
and which was suggested to be a metastable form of oxygen
formed by transfer of energy from the excited dye to oxygen
of the air, ( kgerton ). The dye was found not to form H,O0,
on irradiation{ Kautsky et al.). Hydrogen peroxide is
formed on irradiation of aqgueous solutions of osin and
Fluorescein ( C.I. Ho. 766 ) in air (Blum and Spealman ),
and by irradiation of aqueous serum albumin sclution at
2536A. H,0, has only been indentified as a fading agent in
the special case of photolytic sensitisation of cellulose.

The tendering action of certain vat dyes on cellulose
and thelr catalytic fading effects on other, contained dyes
on irradiation in air, has been the subject of considerable
investigation ( Egerton, Scholefield and Patel, Lanigan ).
The same effect is obtained in the presence of zinc oxide

and titanium dioxide which absorb in the near u.v. All these



substances, whether dyes or white pigments f'orm HEOQ when
irradiated in aqueous suspension, Cellulose itaself showing
little ebsorption of viesible or near u.v. cannot seriously
be tendered thereby. It has been shown that the tendering
action is due to H,0, and/or activated oxygen, probably
formed in the presence of the above sensitisors. 'The altlack
can extend to undyed fibre very close to, but nol in contact
with the irradiated material.

Other dyes, particularly basic and sulphur dyes and Lhe
thiazole direct dye Primuline ( C.I. No. 8612 ) can also act
a8 photolytic sensitisers for cellulose but the azo dircct
cotton dyes appear to have no sensitising action; in fuct
they tend to decrease the activity. Insoluble azo dyeps show
similar inactivity( Ashton, Clibbene and Probert ), although
Ashton and Probert have recently shown in more aextensive
tests that insoluble azo dyes on cotton do, in fact, show
tendering activity, but of a much lower corder than that
associated with active vat dyes. 1In both classes of dye
there was observed to be a close statistical correlation
between extent of fading and tendering. Both effects are
increased by an increase in relative humidity. A complsX
relation was also cobserved between degradation by certain
vat dyes and relative humidity, sugpesting that at least
two different factors may be responsible, esach affected in &

different manner by humidity.
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The mechanism of photolytic tendering of cellulose by
vat dyes has been studied by Bamford and Dewar, who have
compared the tendering activity of many such compounds with
their aebility to photosensitise the auto-oxidation of
tetralin, They concluded that the tendering action is caused
by the intermediate formation of hydrogen peroxide, and have
suggested that the primary step is the oxidation of the
hydroxyl ion by excited dye:-

DX

+ OH — D + OH

because both tendering and hydrogen peroxide formation had
been shown to be promoted by alkali ( Egerton ). The low
guantum yields would be explained by primary recombination of
D and OH . The hydroxyl radicals might oxidise the cell~
ulose directly, or by first combining to form hydrogen per-
oxide. In absence of water the initial reaction might be:-

DX

+ Cell-H —=DH + CellX,
(where Cell~-H represents Cellulose). Since the dye and
cellulose cannot diffuse apart, they can recombine more
readily. Tendering could be supposed to be due to :=-

Cell, + 0, —= Cell. O,

Cell.0, + DH —= Cell.OH + D
followed by breakdown of the cellulose peroxide. No
hydrogen peroxide is detectable under dry conditions

( Egerton ). This mechanism could account also for the

observed tendering of cellulose acetate and nylon which are
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stable to hydrogen peroxide,and the greater degree of
téndering of nylon would be accounted for by the point of
attack being hydrogen atoms on carbon atoms adjacent to a
carbonyl group. This would break the molecular chain of

nylon, but not that of cellulose acetate.

The nature of the fading reaction.

A considerable amount of discussion has been devoted to
the actual mechanism ( usually oxidative ) by which dyes
break down under irradiation, but much of it is speculative
and inconclusive, though the general opinion seems to be
that some form of activated oxygen or a free radical
derived from water or hydrogen peroxide is involved.
Recently, Hillson and Rideal measured the photocurrent pro-
duced when each of a number of dyes of the triphenylmethane
and azo series, absorbed on an electrode, was illuminated.
The direction of the photocurrent so produced showed that
the dye can be either oxidised or reduced depending on the
conditions., Of the dyes investigated the triphenylmethane
were generally the more reactive., Immersed in alkaline
solution a2ll were oxidised and all except two were reduced
in acid solution. The two exceptions were oxidised.
Reduction was found to occur only when the dye was in
immediate contact with the platinum electrode, but oxidation

could occur when the dye was at a distance from the electrode
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in the bulk of the solution or contained in a film coating
on the electrode.

The authors concluded that reduction took place by
direct transfer of an electron from the electrode to the
excited dye molecule :~

DX

+ HY +e — DH
Oxidation, however, followed a quite different course, the
dye reacting with either hydroxyl ions or water molecules
in the bulk of the solution :-

D + hv = DX

p* + HOH =% DOH + H_

The mechanism may be expressed diagrammatically for a

typical azo dye :-

O-N.—.N- ~0H  dye molecule.

Waxoline Red BN,

hv l chemical ecllisions

r 1
<::::>—NF*Nh - OH excited radical

primary reduction step primary oxidation step +H20 at
+e+HTat electrode only l electrode and in solution.

N
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¥ iy
ON”NO OH D—N—N-: >0 + H
+e+H+ The free radicals are + OH
unstable and react
further,
OH CH

H H
Pt

hydrazo compound. O—l\{‘a 8OH + 2H

azoxXxy compound.

Triphenylmethane dyes follow a similar scheme except

that the oxidation leads to the complete disruption of the

molecule,

CH3
wlne

- /

CH thermal hv
collisions,.

X

Fuchsin. D excited radical.
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2e+H+ at the p* excited radical,

| o, electrode ij
@Y
HG~—<::::>-NH2 H20 at the electrode
NHZQ/ and in solution.
Hs

Y

Leuco~base, Oxidation products + 2H.

Under certain conditions photo-oxidation may be masked
by photoreduction e.g., when the rate of reduction is
increased by an increase in concentration of hydrogen ions in
acid solution, as above,

The authors suggest that, in solution in the absence
of an electrode, oxidation may take place until a photo-
stationary state is established containing a finite number of
free hydrogen atoms, and when illumination is interrupted the
oxidised dye is reduced by the hydrogen atoms to restore the
original equilibrium. A net fading would then result if
some of the hydrogen atoms are removed by side reactions and
some of the excess dye-hydroxyl radicals are completely and
irreversibly oxidised., The most likely mechanism for
hydrogen atom removal is held to be reaction with oxygen to
give H02 radicals which may react further to give H202.

The authors suggest that conditions on a textile fibre
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are very similar to those in agueous solution and that some
hydroxyl radicals may be supplied by the fibre molecules
themselves, e.g., cellulose fibres which possess a large
number of hydroxyl groups. In certain solvents which give
hydrogen atoms more readily than hydroxyl, fading would occur
by a reductive mechanism, c.f. Blaisdell.

These suggestions are in fair agreement with the facts
summarised above, which indicate that fading on cellulosic
fibres involves dye oxidation, and also with the known fact
that fading is usually accelerated by increase in moisture
content of the fibre. ( Brownlie showed that moisture is
essential to the fading of direct dyes on cotton ). Yet
they do not account for the fact that the presence of oxygen
has several times been shown to be necessary before fading on
fibres can occur, unless this promotes a different type of
fading whenvno water except that which is very firmly bound
is present in the fibre,

Atherton and Seltzer, purely speculatively, suggested
the initial formation of an azoxy compound. Desai and Giles
suggested a hydrolytic attack on the hydrazone form of the
dye to give a guinone, and,first,a phenylhydrazine derivative
which oxidises to a diazo compound, thus accounting for the
reported detection of diazo compound and quinone after

fading (Haller and Ziersch ). Rowe and Dangerfield had
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suggested a similar hydrolytic mechanism to account for the
breakdown of some azo dyes in boiling water or acid, Fierz-
David et al.have reported that the hydrolysis of the azo dye,
sulphanilic acid~—,3-naphthol by aqueous acids promotes
primary fission at the >C=N link of the hydrazone form,

and this can give a quinone and sulphanilic acid, which later
loses ammonia to form the amino sulphonic acid. But the azo
form can also fearrange to give a substituted aminoquinone,
which later decomposes into a hydroxygquinone and sulphanilic
acid. Burawoy et al.have shown, however, that those groups
which generally retard oxidative fading, e.g., EQQ, increase
the proportion of hydrazone tautomer of certain dyes in
certain solvents. If this is also trus of the dyee in their
solid state in the fibre, it would mean that the azo and not

the hydrazone tautomer is the form most readily attacked.

The guantum efficiency of fading.

From the Stark-Einstein law of photochemical equi~
valence each molecule taking part in a photochemical reaction
absorbs one qguantum of the radiation causing the reaction i.e.

E = Nhv = Nhe/A = 2.847/A x10° Keal,/mol.
where, E = energy avbsorbed by each molecule,
N

= Avogadro's number,

[¢]
"

velocity of light.

>
i

wavelength of light.

h = Planck's constant.
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The quantum efficiency (& ) of a photochemical reaction
is defined as the ratio of the number of molecules of the
absorbing material reacting to the number of quanta of energy

absorbed,.e.,

Y= number moles, reacting.
nurmber quanta absorbed.

Measuring absorbed energy in kilocalories and chemical change
in g~molecules destroyed,

¥= 2.847 x105ﬁk X g-mols. reacting/Kcals, absorbed.

The quantum efficiency of normal dye fading is held

to be very low, 1072 4o 1077 ( Morton ) although no accurate
determinations have been published. Yet, a number of
observers have reported a surprising variation in efficiency
depending on the wsvelength of light used in the fading.
Morton, for example, has reported that many dyes fade by the
action of a comparatively narrow band of wavelengths near the
absorption maximum of the dye, visible rather than u.v. light
being the more efficient, though the light in question did "
not extend beyond 3650A. An exception was noted with direct
dyes on cotton, aftertreated with " Fibrofix ", where the
fading depends primarily on the radiation ( 3400A~ 39004 ),
absorbed by the fixing agent itself. Taylor and Pracejus
( 1950 ) state that fading of dyed textiles is principally

due to radiant energy of the visible spectrum. Appel and
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Smith ( 1928 ), however, found that no fading occurred to
certain biue dyes using light of the same wavelength as

the absorption maxima of the dyes. IFurther evidence has
been contributed by Blaisdell who reports that cellulose
acetate and " Terylene " films, dyed with a number of
disperse-type monoazo dyes and exposed at the focal plane

of a spectrograph in mercury vapour illumination, showed
greatest fading at the 3030A and 3130A lines and inapprec-
iable fading at LO50A and 4350A. For the yellow and orange
dyes the most active wavelengths actually corresponded to a
minimum of absorption of the dye-film system. Morton has
ascribed the high rate of fading at 3030A to possible
photolysis of the organic molecule since the absorbed photon
is much larger than the bond energy. He further suggests
that the fading mechanism in the u.v. might be different
from that in the visible corresponding to different absorption
mechanisms in these regions.

Atherton ( given in the discussion of the paper by
Atherton and Seltzer) gives some data based on the relation
between the guantal energies at the various wavelengths of
maximum light absorption, in the series of seven similar
monoazo dyes which they used in their main investigation, and
their initial destruction rates. These data are not very
conclusive, but the author says they may perhaps show that

the photoreaction is most rapid in the region LL4OOA ~ L4504,
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For the fading of certain colour-coupled dyes in
gelatine, Collins found that the quantum efficiency was at
a maximum in the near u.v. and fell almost to zero in the
centre of the visible region. At this point the energy is
ca. 50 Kcal./quantum which is sufficient to break a bond
such as 0-0 (Burgess), and might therefore, be expected to
affect the dye to some extent. Bamford and Dewar measured
the quantum yield of a photosynthesised process of auto-
oxidation of tetralin in the presence of Cibanone Yellow R
at 4500A and LOOOA and found it to be 0.007 and 0.03
reSpectively. The gquantum yields for tendering, using a
series of vat dyes, was of the order of 1072,

The concentrated sunlight instrument ( Heliotest )
was used by Luszcak and Zugriegel to determine the relative
fading rates of some of the blue dyes of the German light
fastness standards. They observed that each dye faded mainly
in a particular waveband appreciably greater than that of
the ultra~-violet absorption maximum (A ). This band has a
fairly definite boundary at 2A,separating it from longer
wavelengths that are almost devoid of fading action. An
explanation of this phenomenon is given in the following
terms: labile intermediate substances are also formed by
radiation which produces fading, but they undergo further
changes in the course of which energy is made available as

a smaller number of larger quanta, than that absorbed,
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probably as ultra-violet luminescence. These quanta then
correspond to wavelengths within the ultra-violet absorption
band of the dye and produce fading. Supporting evidence is
given by the temporary derkening shown by one of the standards
on irradiation, and by "fading at a distance" effects.

Experiments by Hill ( 1927 ) with a number of dyed
woolen patterns exposed to mercury vapour light under several
varieties of glass, demonstrated that fading increased both
with intensity of u.v. radiation and with decrease in its

wavelength,.

Influence of the surrounding atmosphere on fading.

"Gas fume fading" on acetate rayon dyed with certain
blue and violet anthraguinone dyes has been shown by Rowe
and Chamberlain to be due to the combined effects of 802 and
nitrous fumes produced by a combination of nitrogen and
oxygen in the neighbourhood of burning gas flames. This type
of fading appears to be confined masinly to the type of fibre
and dyes mentioned. Couper hzs shown that the products of gas
fume fading of one anthragquinone dye resembles those of light

fading of the same dye.

The influence of temperature and humidity on fading.

The effects of temperature and humidity on the

fading rate of dyes are substantially interdependent since an
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increase in temperature proportionately decreases the
atmospheric humidity. Furthermore, the moisture content

( regain ) of the dyed fibre is correspondingly reduced with
a subsequent decrease in fading rate.

Hedges was able to control humidity values by placing
aqueous solutions of glycerol or certain salts in small
boxes containing dyed patterns fixed behind a " Vita " glass
window for exposure to a " Hanovia " quartz mercury vapour
lamp. The degrees of fading after a given period of time
of a series of patterns exposed under various conditions
were determined using the " Lovibond " colorimeter., The
moisture content and the effect of temperature change at
various humidities were observed and the temperature
coefficient calculated at temperatures ranging from 10 to
50° C. The values obtained were small, lying between 1.03
and 1.12 and are cf the same order of magnitude as the
coefficients for other photochemical reactions, but smaller
than for thermal reactions, ca.1.8 to 4.0 . GEarlier
observations by Schwerzaw are in agreement with these wvalues,

Fading was found to accelerate with each rise in
humidity estsblishing a linear relation between percentage
loss of dye and the moisture content of the sample, down to
5% moisture content for certain dyes on cotton and wool. A
sharp change in this relationship was noted for dyes on silk,

which showed a much steeper colour loss - moisture content
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curve, ( below 10% moisture content ).

As a means of predicting fading under varying
conditions, Hedges proposed the formula, F = %/T(R +C ),
where X and C are constants; F, percentage loss of dye;

T, the temperature; and R, the regain of the fabric. Lead,
however, pointed out that the moisture content of exposed
fabrics cannot k€ directly be determined from the humidity
of the surrounding atmosphrere since the exposed material is
usually at a higher temperature than the atmosphere. This
has been confirmed by Wordhammer who found that the temp-
erature of the samples in the Fadeometer fluctuated at a
temperature as high as 90°C. with a fabric humidity much
lower than to be expected from the condition of the

atmosphere inside the lamp.

Influence of dye concentration.

In examining the fading of wool cloth dyed to
different percentage depths of shade with a number of dyes,
Barker, Hirst and Lambert measured the loss of colour by the
" Lovibond Tintometer ", They found in each case that when
the amount of dye remaining after the exposure,was plotted
( as ordinate ), against the amount originally present, a
straight line was obtained, of slope approx. 1.0 , but not
passing through the origin. ( The line of no fading would

be a line of slope 1.0 passing through the origin ).
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The actual loss of colour is thus approximately the same
whatever the original amount present. They explained this
by saying that a given amount of absorbed energy can cause
only the same destruction of dye, whatever amount may be
originally present. This, of course, is the condition
normally obtaining in photochemical reactions when the whole
of the sctive radiation is absorbed, the number of molecules
decomposed then becoming proportional to the time of
exposure., This is known as a reaction mechanism of zero
order ( c.f. Bowen ), so that, if the dyed fabrics do absorb
the whole of the active radiation, the relationship established
by Barker, Hirst and Lambert is normal.

These workers also observed an empirical relationship
between fading and the square root of the time of exposure.,
Cunliffe and Lambert ( 1932 ) examined this relationship in
more detail, measuring the colour of dyed patterns before,
and at various times during the period of exposure, by the
Guild‘trichromatic colorimeter. As a measure of the degree
of fading they used the percentage decrease in the distance
of the point on the colour chart, representing the dyed
prattern, from that representing the undyed pattern. They
discovered that this point, in most cases, moved steadily
towards " white " with the progress of fading. They

obtained the relation :=

F=a/t + b (i)
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where F = the amount of dye faded and g and b are constants;
this applied to the stages of fading up to ca. 60% and the
relation

F=clogt + d (i)
where ¢ and d are constants, applied also to the fading range
above sbout 25% loss. In addition, they found empirical
equations of other types to hold over a limited range, €.g.,
a linear relation between F and log t for many dyes between
ca. 25- 80% fading. Since, they argue, photochemical changes
always vary in reaction order between the limits of zero
( for total absorption of light ), where

F =kt (iii)
and unity ( for partial light absorption ), where

F = e b ( iv)
then dye fading should also vary in reaction order between
these limits, passing from zero to unity as dye disappears.
With most dyes they did find equation (iii) to hold in the
early stages of fading, and in later stages the exponential
law was found to apply, as predicted. The V/f relation~
ship (i) for medium values of t was shown to be a consequence
of the exponential law.

Cunliffe and Lambert also demonstrated a linear

relation between fading and initial dye concentration. This
is i~

F=-flogC, + g (v)
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where £ and g are constants, the slope £ of the curve
varying from one dye to another.

They combined their empirical equations in one
general expression showing the relation between original dye
concentration, time of exposure and extent of fade :-

. = 100[ 1 - e~tla log Gy + b) ] (vi)

Sommer studied the same subject and noticed ( 1931)

F

an empirical linear relation between amount of fading and
square root of exposure time. We are not aware that since
then any further interest has been taken in this type of
relationship, or that any relationship between concentration
and light fastness grading of a fabric has previously been
determined.

Eaton, Giles and Gordon have found that a linear
relation exists between light fastness grade number and log-
arithm of dye concentration on the fibre. The light fastness
numbers represent a geometrically graded series of patterns
.of increasing light fastness. The test sample is given the
gradeAnumber of the standard which shows the same degree of
fade under egual exposure conditions, the fading being judged
in the early stages. If it be assumed that the percentage
colour loss for a pattern to be judged " faded " is the same
no matter what the grade number, then it follows that there
should be a linear relation between the logarithm of the time

required ( tF) to produce a given percentage loss of any dye
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and the logarithm of its initial concentration ( OO), ie€e,
log t, = a'log G, + b! (vii)

vhere ga' and b' are constants., This is consistent with

equations (ii) and (v) of Cunliffe and Lambert, providing

that their equation (ii) holds down to gquite low degrees of

fading.

Statistical treatment of fastness data: the kinetics of

fading.

Several thousand individual light fastness gradings
published in the trade literature of various manufacturers
have been examined by Baton, Giles and Gordon. Three
grading figures for each dye are published, representing
fastness in pale, medium and heavy shade depths, of given
values., It was found that when the data for each dye/fibre
system are averaged, a linear relation appears between (mean)
log C (initial concentration on the fibre ) and ( mean)n,
the light fastness grade. Iurthermore, the curves for each
dye/fibre system differ in slope and the slope differences
are statistically significant ( Eaton).

It seems probable therefore, that each dye/fibre
system has a characteristic mean slope, about which the slopes
for the individual dyes in the system may be grouped. More-
over, the magnitude of the slope can be shown ( Gordon ) to

be a measure of the apparent reaction order of fading, as
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follows,
The basis of the derivation is the assumption that
the dye disappears in the fading reaction according to the

mass law equation:

u:%%‘ = ka¥ (viil)
where r is a constant representing the reaction order and
k is the reaction constant, which may contain concentration
terms of other species and must also be a function of the
surface area, and A is the (total) dye concentration present
at time t . By integration from t = 0, A = Ao’ to a time

tp when a fraction g of the dye has disappeared, we obtain:

, - 1-r
-1
(o}

By taking logarithms, we obtain:~
log ty = (1-r) log A + (r-1) log (1= a) -~ log(1~r)~log k
Since &, r and k are all constante, this is a linear
expression of the form :
log tp = a''log A, + b'!
where the slope a'' of the curve determines the reaction

order r.

The influence of structural effects on the fastness of nzddyes.

Azo dyes form the largest class of dyes used commer-
cially., They have been used experimentally int he major port

cf this thesis, hence it is advantageous to summarise some
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of the more general effects of structural change on these
dyes,

Azobenzene, the basic unit of azo dyes, appears to be
relatively more stable to certain conditions of oxidation
than more complex derivatives of its class. Thus Seyewitz
and Chaix obtained oxidation products by treating certain
azo dyes with hypochlorite in hydrochloric acid at O ~5%Co
while azobenzene remained unaffected by the reagents used,
It would appear however, that the fastness is reduced by
increasing the number of units in the dye to give the corres-
ponding benzidene disazo compound, possible due to the fact
that the second azo group presents an additional point of
ettack for active reagents. This may be further enhanced
by the partial double bond character of the linkage between
the benzene nuclei. There is some indication that, when t he
2:2'- positions in benzidene dyes are occupied by bulky sub-
stituents making the dye molecule non-planar, the fastness is
less reduced. In this case the inter-nuclei linkage will
have less double bond charescter, Kiprianov and Ushenko,
however, consider that the lowering of the light fastness of
certain dyes of the azo, polymethin and triphenylmethane
classes is due to the distortion of the planar molecule by

substituent groups.
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Influence of a second benzeneazo nucleus in the diazo-

component.

Only one item of gquantitative evidence is available
regarding the effect of a second benzeneazo nucleus in the
diazo component of simple azo dyes. Certain menufacturers!
data show that o-amino azotoluene as a diazo base enhances
the fastness a little, to about the same extent, in fact,

as a m—chloro group.

The influence of meta and para substituents.

The quantitative methods employed by Kienle et al.
and Pinte and Millet, have established the influence upon
fading of substituents m- and p~ to the azo group in
benzeneazonaphthalene dyes. Since the ezo group must be
the point of attack in fading, the effect of g~ and p-
substituents will depend on whether or not they exert a
protective effect on the azo group. Thus the above authors
have shown that electronegative groups, €.g., ggz decrease
the fading rate on non-proteins and increase it on protein
fibres., HElectropositive groups such as QQ!_I_;I'3 behave in the
opposite sense,

In general it has been found that the logarithm of
the relative rate of fading of a series of m— and p-
substituted azo dyes form a linear plot with the d-values,

as determined by Hammett, the sign of the gradient of the
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line obtained varying according to the substrate in which

the dye 1is contained.

The influence of ortho- substituents.

Substituent groups ortho- to the azo-group, if they
can act as hydrogen-bond donors, €.g., amino or hydroxy
groups, aprear to improve light fastness on both protein or
non-protein substrates ( Atherton and Peters, Kienle gﬁ_gl.).
This is attributed by Atherton and Peters to the protection
afforded the azo group by the chelate ring in which it thus
becomes involved. Thus, amongst sulphonated dyes, the ortho-
hydroxyazo compound Orange II ( C.I. No. 151 ) is noticeably
faster than its para~hydroxyazo isomer, Orange I ( C.I. No.
150 ) ( Desai and Giles ). The difference appears also to
hold for a range of sulphonated azo dyes derived from X-
andﬁé—naphthol, respectively, on wool ( Boguslovsky and
Sadov ), and it extends to unsulphonated o- and p-sminoazo
dyes of the benzeneazonaphthalene series on cellulose
acetate ( Atherton and Peters ).

Atherton and Peters also noticed that & methoxy group
improves light fastness in the ortho~-position but lowers it
when meta- or para- and attributed the ortho-position effect
to steric protection of the azo group. It has been suggested
that the protective action of g~OGH3, noticed by Atherton

and Peters might be due to chelation involving a CH...N bond.
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Table 1I.

Fading rate data on sulphonated benzeneazo-
naphthalene dyes(from Kienle et al.).

Group |Position reaction Rate / ;6
(Reciprocal Seconds)

: on wool on gelatin
. OH ortho 2.78 3.45
rﬂeta 3. 02 2. 9).'.
para 2.63 2.54
OCH3 ortho 2.41 2.85
meta 2.08 3.25
para 2.78 3.45
G6H5 ortho 2. 71 3.35
meta 2.94 3435
para 2.28 L.05
CH3 ortho 2.35 3.35
meta 2.09 3.35
para 2.15 3435
Cl ortho 7.10 9.50
meta 2.70 .42
para 2.55 4.19
COCH ortho 1,00 1.92
meta 2.21 3.36
para 2.41 L.25
SOBH ortho 1.56 3,36
meta 2.09 3.75
para 1.61 L.54
N02 ortho L.70 8.00
meta ﬁz.mg 5.25
para 3.02 5.96
H 2.09 3,62
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This is supported by the data of Kienle et al. which
are quoted in Table I. The o-COOH group protects the azo
group and the Q_—OCH3 does so too, but not so effectively.
Both these might be forming chelate rings. The groups, €.g.,
CHE’ C6H5, c1, NOZ’ which do not chelate with the azo group
have no significant protective action when in the o-position,
even though bulky, so that steric effects cannot be operative;
It is difficult to account for the slight protective efrect
of the Q—SOBH group, but this might perhaps be due to the
electrovalent bond it forms with amino-groups in the substrate.
The o~OH group shows no protective action; this again is to
be expected., The OH groups referred to here are in the
benzene nucleus; the o~COH group in the naphthalene residue
is already chelated with the azo group in these dyes and it
is known (Schetty) that in o:otdihydroxyazo dyes only one OH
group is chelated with the azo group.

Badger and Lewis, who found a linear relation between
the rate constants for oxidation (with perbenzoic acid) of m-
and p- substituted azobenzenes, and the Hammett c¢~value for
the various substituents, noticed that the effect of two such
substituents is additive. It has therefore, been attempted
to interpret the influence of o-substituents in o:m~ or o;p-
disubstituted benzeneazonaphthalene insoluble dyes of the
Brenthol class (on cotton ) from the I.C.I. date, by averaging

a number of fastness figures for the dyes from disubstituted
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bases (data from very few monosubstituted bases are avail-
able), on the assumption that the influence of m- or p-groups
would be additive with that of o-groups (Giles), From the
results, however, this assumption does not appear to be
justified, but some interesting, though rather fragmentary,
conclusions emerge. The o-Cl and _Q}NO2 groups, as expected,
increase fastness, the _Q—CH3 and _o_—OCH3 do so too, if there
is NO, meta~ to them (i.e., at position 4 )}, but the effect
of these o-groups and of o0-Cl is reduced or even reversed if
another Cl is present ortho- or para- to them.

The available evidence appears consistent with the
tentative hypothesis that a substituent ortho- to the azo
group increases or reduces light fastness, on any substrate,
according to its electrophilic nature, except when it is
capable of chelation with the azo-group, when it always exerts

a protective effect against light fading.

Influence of the position of sulphonic acid groups.

A relationship between light fastness on wool and the
position of sulphonic acid groups in the naphthalene nucleus
of benzeneazonaphthalene dyes has been reported by Boguslovsky
and Sadov. «&-Naphthol dyes have the highest light fastness
when the sulphonic acid group is in eithér position 4, 5, or
6, and the lowest when it is in positions 2 or 8. Fi—Naphthol

dyes have the lowest fastness when it is in positions 3, 7,
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or 8, It is difficult to see any reason for these differ-
ences, and failing another explanation, we might suggest
that the position of these groups influences fading by
affecting the size and shape of the aggregated dye in the

fibre.



EXPERIMENTAL,
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The source of irradiation.

In the evaluation of light fastness of dyed fabrics
for commercial purposes, sunlight is the obvious choice as
the source of irradiation since the conditions of test
should approximate closely to the actual conditions of
prattice. Indeed, a large number of industrial firms still
prefer sunlight fastness evaluation to that of any other.
Sunlight in itself, however, has several major faults, e.g.,
variations in intensity and spectral energy distribution
with time of day and season of the year. Moreover, fading
by sunlight is usually a slow process, and for this reason
a number of artificial light sources have been developed,
usually of the carbon arc type, though a recent innovation
has been the " Heliotest '" apparatus ( Gasser and Zugriegel)
devised to give a 25-fold increase in intensity of the sun's
emission. Commercial fading lamps usually employ the
enclosed flame arc or the high intensity arc as the light
source, €.g., the " Fadeometer " and " Fugitometer ", but
these generally require a fair amount of attention and are
costly both in initial and running costs, especially for
intermittent laboratory work. Samuels et al.have reported
the use of batteries of tungsten filament lamps by the I.G.
in Germany, but the faults mentioned apply here also.

The lamps used in the present work as sources of

illumination were chosen for their relatively constant
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emission over long periods, low running costs and the very
minimum of attention. These consisted of two General
Electric " Osira " high pressure mercury vapour lamps of
power 250w. and LOOw. respectively with appropriate chokes
in series but without condens;;s. An attempt was made to
eliminate the slight fluctuation in the electricity supply
by the fitting of a 230 volt constant=voltage transformer
to the mains voltage supply but this cut down the lamp
emission to such an extent that it had to be abandoned.

The lamps were held in porcelain lamp~holders screwed to a
wooden baseboard and surrounded by a cylindrical sheet
aluminium screen ( 17in. dia. x 15in. high ) fitted at
vapour-stream level with $in. wide aluminium shelves, on
which the patterns were rested during exposure. As the
source of illumination is a vertical incandescent vapour the
intensity of emission was considered to be relatively constant
in any lateral direction, hence the construction of a
rotating pattern-holding device was considered to be un-~
necessafy. The air temperature within the screen was found
to be constant for continuous running, being 41°C. and 56°C.
for the 250w, and the LOOw,., lamps respectively. This was
thought to be rather high and further investigation showed
that the actual surface temperatures of the films ranged
between 4O - 52°C. for the 250w. and 64 - 70°C. for the L4OOw.

lamp for colourless and coloured films respectively.
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The temperatures were measured by embedding thermocouples
in the film on glass ( Baxter ). The temperatures obtained
are much lower than Nordhammer found for the surface
temperature of worsted fabric in the " Fadeometer '". Since,
however, all the experimental work involved is based on the
comparison of the fading rates of particular dyes and not on
absolute measurements, the above experimental conditions
were held to be adequate in so far as constancy in temperature
was obtained. Uncontrolled lower temperatures, such as
obtained by absorption of the infra-red emission by a water
screen, would be more sensitive to variation in laboratory
temperatures. |

Nevertheless, an apparatus, embodying temperature
and humidity controls was designed ( Fig. 1 ) but unfortun-
ately never reached & constructional stage due to the
burden of commitments on the workshop staff, This apparatus
would &lsc have been of value in the investigation of fading
under conditions of vacuum and in the presence of gases e.g.,
oXygen, nitrogen, and hydrogen.

The apparatus consists of a mercury vapour fading lamp,
vacuum vessel, and light source for optical density measure-
ments, as detailed below:

Fading lamp.

G.E.C., " Osira " high pressure mercury vapour lamp

with choke and shutter, fitted to baseboard,



b1,

Vacuum vessel.

(a) As shown, fitted with quartz or "Vita" glass window
with external filter holder attached ( not shown ).

(b) Pattern holder and rotating device with oil seal at
wall of vessel,

(¢) Heater (H) with thermostatic control (T). Gas and film
surface temperature measured by low temperature thermo-
couples. (No electrical connections shown),

(d) Cooling coils and motor (M) for fan. Heater, cooling
coils and motor attached to back plate for convenient
removal or alteration.

(e) Photocell box sealed into side of vessel containing
filter. Iris diaphragm with operating mechanism, and photo-
cell are fitted to removable slide.

The complete vacuum vessel issupported on metal rails to
facilitate variation in illuminant intensity.

Light source for 0.D. measurement.

" Spekker " lamp with shutter and lens for focussing
filament on photocell; removable from rails.

The emission spectrum of the "Osira'" mercury vapour
lamp is reproduced in Fig.2 . In addition to the normal
mercury lines a small amount of continuous radiation is
emitted but this is too small to appear on the diagram.

The inner envelope of the lamp is constructed of special

refractory glass and absorbs all radiations below 3300A.,
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Hence 3650A in the ultra-violet is the lowest wavelength
emitted. About 7.5% of the total energy is concentrated in

the bands between 3500A - L500A and 5500A - 6000A .

Measurement of fading.

Visual estimation:

In order to standardise the procedure of light fast-
ness evaluation tests, the Society of Dyers and Colourists
developed a series of blue standards which have been
adopted by the British Standards Institution. The standards,
increasing in fastness from no. 1 - 8 are spaced evenly on
a geometric scale from standards no. 1 - 6, each fading at
about half the rate of the one next below. Standards nos.

7 and 8 are more widely spaced.

It was intended to use these standards as a means of
measuring'the relative fading rates of a series of dyes on
opaque substrates since the reflectance attachment for the
Unicam S,.P.500 spectrophotometer was not available.

However, in a test exposure in the fading lamp, it was found
that the standards did not fade in the crder specified, nos.,
1,2 and 3 having a preliminary hue change with a definite
fade being observed first in the case of standard no. 3
rather than no.1 or even no.2 . This anomalous behaviour
has been attributed to the differences in light absorption

properties of the dyes used in preparation of the standards
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coupled with.the characteristic line-emission spectrum of

the fading lamp. Because of this, fading on opaque substrates
was measured merely as the time taken to give a just per-
ceptible fade in the exposure lamp, a Jjust perceptibie‘fade
being considered to be equivalent irrespective of shade

depth ( Weber-Fechner law ).

Spectrophotometric measurement.

In experiments involving transparent substrates the
degree of fading was determined as the decrease in optical _
density measured at the wavelength of maximum absorption of
the dye under investigation. By the Lambert-Beer law, for
constant thickness of transparent medium, optical density
varies with concentration in a linear manner, provided that
no changes occur in the absorption properties of the solute
dve to alteration in degree of assoclation and aggregation
(Vickerstaff ). A linear reletion was, in fact found, in
all the cases investigated, justifying the above assumption.
All measurements were carried out on the Unicam S.P. 500
spectrophotometer, in each case using a '"blank" film since
it was found that the substrates gave a positive optical
density reading due to reflectance from film and glass
surfaces and a certain amount of film absorption in the
near ultra~violet.

The characteristic absorption curve for each dye in

its substrate was determined from wavelengths of 3500A-7000A
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at intervals of 100A except at maxime and minima, where the
interval was decreased to 50A or 2DA according to the sharp-
ness of the curve. Such curves covering the total range of
emission of the fading lamps were required for total absorp-

tion comparisons between the dyes.

Determination of dye concentration.

Opague substrates:

In the cases where the dye has no direct affinity for
the substrate it has been incorporated by purely mechanical
means, and the concentration calculated directly from the
gquantities of dye and substrate employed. Where the dye has
affinity for the substrate, the concentration has been taken
as that added to the dyebath and calculated to give the
required depth of shade. In such cases, exhaustion of the
dyebath has been carried out as far as possible, but where
necessary the concentration of dye remaining in the exhaust
liquors has been determined by spectrophotometric means and
subtracted from the original gquantity present.

Transparent £ilms:

Most of the experiments involving films reqguired only
relative concentration values for subsequent calculation and
comparison, and where applicable optical density figures have
sufficed, (see, however, p.72 ). In certain cases, e.g.,

where different sized particles have been incorporated into
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films to give an optical density range within the Unicam
scale, the exact concentration has had to be determined.

This has been done by dissolution of a standard quantity of
film in a suitable solvent followed by calibration and optical
density measurement, Where evenly formed films were obtained,
the concentration was calculated from the quantities of dye

and film employed in the preparation.

Preparation and purification of dyes.

A series of meta- and para- substituted dyes of
1-benzeneazonaphthalene~2-hydroxy-3:6~disulphonic acid was
prepared by diazotisation of the substituted aniline and
coupling with naphthalene-2~hydroxy~-3:6~disulphonic acid
(R-acid), in the usual manner(¥ierz-David and Blangey).
Purification of the dyes so formed was attempted by recrystal-
lisation from water as the only suitable solvent found, but
this was rendered difficult by the gel~forming property of
‘the dyes at higher concentrations. Precipitation of the dyes
from solution by addition of ethanocl also proved unsuccessful;
the dyes were therefore used without further purification for
part of the work, i.e., fading on cpague substrates, It was
assumed that the impurities in the dye consisted mainly of
salt. HEstimation of the dye purity was carried out by the
titanous chloride method.

Since the effect of impurities might have been more
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eritical in the case of fading on film substrates, further
attempts were made to purify the dyes, until eventually a

" high degree of purity was obtained by making use of ion-
exchange resins, thus: a LUft. exchange column was set up of
1in. bore glass tubing, in two connecting halves, the upper
containing a cationic resin "Dycatan'", and the lower a
leboratory prepared anionic resin. An approximately 2%
aqueous dye solution was passed through the column at the rate
of 200ml. per hour, the treated solution evaporated to dry-
nesé, the dye ground down, and the purity estimated as the
free acid. Before use, the dyes were converted to the sodium
salt by neutralisation with sodium carbonate. The cationic
and anionic resins were regenerated for 12 hours after each
run by soaking in 2N HC1l and 5% Na2CO3 respectively. The dye
purities were estimated (Table II), both by titanous chloride
and by oxidation method of analysis (Arshid).

Preparation of alkyl ethers of sulphanilic acid — phencl.

Sulphanilic acid was diazotised and coupled with
phenol (Fierz-David and Blangey). A mixture of 15g. (M/20)
of the dye so formed, 8.25g. (}/20) n-hexyl bromide, 5ml. 10N
sodium hydroxide solution and 50ml. ethanol was agitated
under reflux overnight. The precipitate wag filtered and
recrystallised from boiling water, The preparation of the
octyl ether was carried out similarly.

The solubility of these compounds in cold water was
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found to be very low; consequently they were not used as

originally intended in gelatine films.

Calculation of relative fading rate from fading curves.

For all opaque substrates used a just perceptible fade
was assumed to represent an equivalent decrease in the surface
dye concentration,and the time of exposure required to give a
just perceptible fade taken as the time for an equivalent
fade in each case., In dealing with films, however, it was
found that initial fading in a large number of cases was
rather irregular due, probably, to alteration in the physical
state of the dye on exposure to the temperature in the fading
lamp. Consequently the decrease in concentration AD, Fig.3.
was measured over an interval of time T from Dy to D,, the
selected initial and final concentrations respectively, 21
being taken as the first suitable point on the fading curve
after the dye assumes a steady rate of fading. The time for
an equivalent fade EF was taken as the time of exposure,
calculated on the mean rate of fading between D, and D,,
required to give a 10% decrease in the value of D,.

In cases where only slight irregularities occurred at
commencement of fading 1D, was taken as the value obtained by
exterpolation tc zero time of exposure, ihere no irregul-~

arities occur the straightforward measurement of the time of

exposure for an equivalent decrease in concentration was made.
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In any one set of comparisons between fading rates the same

system of calculation was used.

Derivation and employment of Hammett sigma-values.

In chemical reaction where rate and equilibrium are
determined by potential energies alone, e.g., side chain
reactions of meta~ and para- substituted benzene derivatives
and in the reactions of substitution in the benzene ring, a
simple and quantitative relation appears when two series of
rate or eguilibrium constants are compared, that differ with
respect to the nature of the reacting group, the change which
it undergoes during the reaction, or in the sense that the
rate and equilibrium for a series of reactions are compared,
e.g., ionisation constant of meta- and para-substituted
benzoic acids against rate constant for the hydrolysis of
similarly substituted benzoic esters; i.e., a straight line
is obtained by plotting the logarithm of the ionisation
constant of a benzoic acid against the logarithm Of the
hydrolysis constant for the similarly substituted ethyl
benzoate,

log. ky = rlog. K, + A (i)
A similar relation holds for nearly all side-chain reactions
of benzene derivatives,

Two series of constants thus linearly related to a

third series are also related to one another, the slope of
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the last relationship being the ratio of the slopes of the
first two. Thus it is convenient to relate various constants
to one standard of reference,in this case the ionisation
constants of the substituted benzoic acids,

Equation (i) may be simplified,

log.ky = ’7(1og.Ki- 1og.K§ Y + (A + flog.Kg )
and since, from equation (i),
A+ flog.Ki" = log.k°

then, log.k - log.k° = F(log.Ki- 1og.K§ )
therefore, log.go = p<
where k, is any rate or equilibrium constant; ko, the constant
for the unsubstituted reactant; Ki’ the ionisation constant
of the substituted benzoic acid; Kg, the ionisation constant
for the unsubstituted benzoic acid; &, the substituent
constant; P, the reaction constant for all substitutions,
depending only on the reaction series.

The values of o determined by Hammett and used in this
thesis in conjunction with the fading rates of the corres-

ponding benzeneazo ——R-acid dyes are reproduced in Table II.

The influence of substrate in the fading of azo dyes.

Other than the published work of Kienle et al.,
Atherton and Seltzer, and Atherton and Peters, there is 1little
precise knowledge on the effect of the substrate on the

fading rates of azo dyes. One significant fact emerging from
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a study of the above papers, however, is that on wool and
gelatine as substrates Kienle et al. found that the slope of
the curve of 0'-value against the relative light fastness had
a positive sign, i.e., the fastness decreased with increase
in o-value, while the other authors obtained the reverse
effect on cellulose acetate. Desai and Giles detected the
latter type of relationship in the fading of some insoluble
azo dyes on cellulose and in o0il media. The following
experiments have therefore been carried out in order to
ascertain whether the sign of the o-value vs., light fastness
curve is significant in so far as its variation may denote a
different mechanism of fading on the substrates investigated.

The fading rates of R-acid dyes on inert substrates.

(a). Anodised aluminium:

Pure aluminium foil (0.002in.), rinsed in GC1,, and
cold water was anodised in 3% aqueous chromic anhydride
"Analar" gquality solution at 45°C. for 1 hour, using an e.m.f.
of 4L0-45v. and a current density of 10 amp. per sq. £t. It
was then thoroughly rinsed in water, The film is substantially
pure alumina (AIZOB)’ Strips (5x5cm.) were cut and dyed in
50ml, of 0.02% dye solution at 60°C., then well rinsed and
dried at 120°C. no sealing aftertreatment being given.

It was noted that the unsubstituted dye was not so
firmly bound to the anodised surface as the other dyes of the

series; it tended to strip off on vigorous rubbing. Notwith-
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standing this, the strips were used as prepared,

(b). Asbestos:

Smooth white asbestos sheet (1.2g., ca. 1mm. guage),
free of organic matter, was first rinsed in CClu, then in hot
water, and impregnated with a 0.02M solution of dye, pressed
between filter paper and dried thus between plate glass
sheets at 100°C. This left approximately 0.3% by weight of
dye in the sheet.

(c),(d), (e). Cellulose.

Three forms were used: (¢), cellulose powder. (for
chromatography, Whatman); (d), bleached mercerised cotton
sateen; (e), smooth chromatographic filter paper (Whatman).
The last two mentioned were coloured by the method used for
asbestos; the powder was simply impregnated with 0.01M dye
solution, dried at 100°C., then ground to a uniform con-
sistency.

Plaster of Paris.

An attempt was made to introduce the dye to this
substrate, but was abandoned on discovering that most of the
dye diffused out on slow drying to give an irregularly dyed
surface.

Mounting and exposure of patterns.

All the dyed substrates with the exception of cellulose
powder were mounted by stapling Scm.x1cm. strips to a card-

board base, and a hinged flap attached in order to protect
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one half of each strip from exposure, for comparison purposes.
Cellulose powder was packed into 5cm.Xx1cm. rectangular
apertures cut into thick card and sandwiched between glass
plates which were then firmly bound with tape., One half of
each pattern was protected by a hinged black card.

The samples were placed in the fading lamp and
inspected at regular intervals for progress in fading by
comparison of the exposed and unexposed portions., Altogether
each experiment was carried out five times (Table III), and
1og.T8/TO plotted against the o-value, Fig.l4-8, where T, is
the time for a just perceptible fade for the unsubstituted
dye, and ES the corresponding time for the substituted dye.
As was to be expected from a visual estimation of the fade
the points obtained showed a wide scatter. The "least mean

square line" was therefore, calculated using the equation,

b = 2Xy -~ ¥ 32X
Sx°- % 3x

where b, is the gradient of the line, and x and )y represent
c-value and log. To/Ts respectively.

On examination of the curves, it will be seen that
for each substrate, the gradient of the lines compare feirly
well in slope, with the possible exception of that obtained
for aluminium. In the latter case the difference may be due
to chemical influences as it is the only cese in which the

dyes have an actual affiaity for the substrate. The
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mechanism of attachment of dye to A1203 on the surface of

the metal is generally believed to be by hydrogen bonding,

but how this should affect the fading rates is obscure,

In the case of certain substituents, e.g., E-Noz, p~-Cl,

there appears to be a consistent deviation in the rate of

fading i.e., the deviation of the value of log. TO/Ts appears

to be greater for these substituents. This could be due to

inaccuracies in the values of '"o" used, in the first case, or

to error in
fade, as it
differences
the visible
changes are
yellow than

experiments

the visual observation of the first perceptible
is known that the sensitivity of the eye towards
in depths of shade, varies to some extent over
region of the spectrum. Thus differences in depth
generally more difficult to distinguish in the

in the red. Indeed it was noted during the

that the changes in shade depth of E”OCH3, R'OCZHB’

and R—CH3 substituted dyes were much more easily detected with

certainty, than those of ~Cl and —N02 substituted dyes.

Discrepancies in the values obtained for the nitro- substituents

may be due to partial reduction of the nitro- group, to

compounds more fugitive to light than the original. c.f.,

Seyewitz and Mounier,

One further suggestion is that fading is affected to

some extent by the crystallisation properties of the dyes on

the removal

preparation

of the solvent, especially when the mode of

of the dyed substrate is taken into account, but
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this aspect will be dealt with later in connection with
aggregation of the dye in the substrate.

The most significant feature about the &-value vs,
light fastness curves is that without exception the gradients
have a negative sign similar to that obtained by Atherton
and Seltzer and in contrast to that obtained by Kienle et al.

Further experiments were carried out on nylon fabric
dyed with the above dye series, and on wool dyed with the
corresponding benzeneazo—ﬁ-naphthol series applied from
glacial acetic acid, but estimations of the fade were
generally extremely irregular and consistent results could
not be obtained. It was decided therefore, in future work
to make use of transparent substrates as far as possible,
these having the advantage of exact spectrophotometric
measurement of dye destruction. As examples of transparent
substrates several materials were tried, '"Cellofas A",
"Cellofas B", polyvinylalcohol, polymethacrylate, but only
the first was found to be suiltable.

Preparation of "Cellofas A" films (methylethylcellulose).

A L% aqueous solution of "Cellofas A" was prepared in
the cold by stirring continuously for 24 hours, squeezed
through nylon fabric, then centrifuged at 2500 r.p.m. for one
hour in 4x250ml. containers to deposit fibrous material. The
supernatant liquor was then used for film casting, 17ml.

portions being mixed with 9ml. porticns of 0.0005M dye solut-
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ion and poured on "subbed" photographic glass plates. The
sheets were levelled on a sheet of plate glass on a metal
surface heated below by 4 x 100w. tungsten lamps. This
procedure gave the most uniform films, but even so, inequal-~-
ities in optical density due to drying irregularities were
noted round the perimeter of the plates, and consequently
only the central portions of the plates were used for sub-
sequent fading.

A strip (50 x 11mm.) was cut from the centre portion
of each plate and the film surface covered with a second
egqual~sized portion of similar glass, and the ends bound
firmly together by tape to prevent movement in the event of
the film peeling from the glass. This size of strip was
suitable for direct insertion into the spectrophotometer cell-
carrier. The strips were then exposed in the fading lamp
and removed periodically for optical density measurements at
the wavelength of maXximum absorption as ascertained previcusly
for each dye from their absorptiocn curves. Three such
experiments were carried out by exposure in the 400w, lamp
and one in the 250w, lamp with the constant-voltage trans-
former in series (Table IV).

The fading rates obtained, show an almost linear
relationship between decrease in optical density, i.e.,
concentration of dye, and time of exposure, rather surprising-

ly as it was expected that fading would follow approximately
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the exponential law. c.f., equation (vi), p.28. It has since
been found that a large number of the dyes later examined
show the same linearity in fading rate, but as this question
involves the study of all fading rate data subsequently
obtained, it will accordingly be dealt with in the later
discussion.

Values of the time required for an equivalent fade
have been calculated over the period of fading from Dy = L,

D, = 10 hours, for the 400w, lamp, and from D, = 20, D, = 80

2
hours for the 250w. lamp, since initial fading irregularities
appear, The time of exposure required to give a 10% decrease
in the value of D1 was calculated from the mean fading rate
between D1 and D,.

The least mean sqguare line of relative fading rates vs,
o-value (Fig. 9) has the negative slope as for the foregoing
inert substrates, the deviation of the points, however, has
not decreased to the extent desired in spite of the use of
the spectrophotometer, and the values of log,. ‘I’o/".t‘S for dyes
with p-Cl and p-N02 substituents stil¥bppear to be too high,
thus ruling out difference in spectral sensitivity of the eye
as a major source of error in visual estimation.

The absorption spectra for these dyes in '"Cellofas A"
film (Fig. 11) show that only a slight increase takes place
in the ratio of the shorter wavelength azo tautomer to the

hydrazone tautomer as compared to absorption in solution,
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Fig. 10, and it was thought hardly likely that the small
differences in total absorption would affect the -value vs.
fading curve to any degree, certainly not sufficiently to
reverse the sign of the gradient. Nevertheless, "Cellofas A"
films of these dyes were exposed to monochromatic light of
wavelength 3650A by using a 2mm. Chance 0X1 filter-glass in
place of the normal coverglass, on exposure. The curve
obtained,fig. 9, shows no change in sign and only a emell
change in gradient, probably within the experimentel error of
the single test carried out. It would seem therefore, that
for these particular dyes, small differences in total
absorption have little effect on the nature of the -value
ve, fading curve,

Fading on welatine as substrate,

In order to substantiate the work of Kienle et al.
and more recently, Chipalkatti, the fsding ratee of the dye
series was investigated as follows:- 14ml. of a 6% aqueocus
solution of gelatine, of pure inert photographic quality, was
mixed with 9ml., of O0,0C05M dye solution and poured on a
“"subbed" photographic zlass plate (Lin. x 5in.) on a screw-
levelled platform. On setting the film was placed in a
steady stream of air from a fan until dry, this procedure
ensuring the production of films haviag uniform optical
density over their whole srez. Strips were cut for exposure

in the fading lamp as before.
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The ¢ -value vs, fading curve (Fig. 12) shows the
positive gradient also obtained by Chipalkatti on wool and
silk (reproduced in Fig. 14, 15.) although the value of the
gradient has decreased to a certain extent in the case of
gelatine, It would appear therefore, that the class of
substrate on which the dyes are faded is characterised by
the sign of the o-value vs. fading curve, positive for protein
substrates, negative for inert substrates. It was thought
feasible that this difference could be due to the effect on
fading of the chemical bonding between the dye and the
substrate in the former case, in contrast to the latter in
which no actual chemical combination takes place between the
dye and substrate, except in the case of anodised aluminium,

In protein substrates, dyes are generally believed to
be attached at salt linkages between the polypeptide chains
or by combination with free amino- or carboxylic acid end-
groups or even the amido- groups in the protein molecule. By
introduction of compounds containing these particular groups
into a series of "Cellofas A" films it was hoped to reproduce
the conditions of dye attachment prevailing in the protein
substrate,

The effect of adjuvants on fading in "Cellofas A" film.

Films were prepared using 15ml, '"Cellofas A" dope,
9ml. O0.0005M dye solution with further additions of, (a) Lml.

0.2M aqueous n-butylpropionamide solution, (b) 2ml. aqueous
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0.2M adipic acid solution, and (c) 2ml. 0.3% aqueous ethylene-
diamine solution respectively for each dye, and strips mounted
for exposure in the normal manner,

From Tables VII. no departure from the normal order of
relative fading associated with "Cellofas A" films can be
detected; hence it may be concluded that none of these groups
are instrumental in prcducing the negative gradient obtained
on protein substrates., As a further check, however, varying
concentrations of '"Nylon 66" salt were added to similar films,
thus: 15ml, "Cellofas A" dope and 9ml, 0.0005M dye solution
was cast with addition of 2ml., of (a) 0.10%, (b) 0O.25%,

(c) 0.50%, (@) 0.75%, (e) 1.00%, (£) 2.50% aqueous "Nylon 66"
salt solution respectively for each dye. At higher concent-
rations the salt crystallised in the film and results for

the films containing 1.00% and 2,50% were rather irregular.

In the remaining films, Table VIII. the addition of "Nylon 66"
salt was found to have little, if any, effect on the light
fastness.

Hillson and Rideal, c.f., p.14, have suggested that
either oxidation or reduction mechanisms of dye fading,as
they found in solution,may occur in the dye-substrate system
depending on the conditions prevalent in the system. The
reviewed evidence appears to favour an oxidative mechanism
of fading on non-protein substrates, but as the foregoing

experiments have shown that a contrasting difference exists
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between the mechanism of fading on protein and non~protein,
it is perhaps not unlikely that the reduction mechanism
prevails in the latter case, It appears that this mechanism
is independent of the mode of attachment of dye to substrate
and that the effective reducing agent is confined to the
substrate alone., Dyes with no affinity for protein substrates
should therefore, still show the characteristic positive
gradient of o-value vs., fading curve when introduced to
protein films. Consequently a series of benzeneazo- {!»-naphthol
dyes were prepared for fading in gelatine.

To give satisfactory f£ilms of this type, Waters and
I.C.I. here recommended the addition of diazo~- and naphthol-
components to separate volumes of gelatine with subsequent
mixing of the two gelatine solutions., It was found, however,
that on setting this method gave rise to film of rather poor
transmission; conseguently, the two components were first
mixed and rapidly added to the gelatine. The diazo component
was prepared at 0°C. by slowly adding 1.75ml., 10% NaNO, to
the solution of M/LOCg. amine in 7,5ml., 10% HCl. The
solution was made up to 250ml. The naphthol solution was
prepared by dissolving 1.46g. (M/100) B-naphthol in 6.6ml.
10% NaOH and diluting to 1000ml. Separate films were
prepared by thoroughly mixing, (a) 1ml., (b) 2ml., (c¢) 3ml.
of each of these solutions, adding to 16ml. 8% gelatine

solution and the whole poured on a glase plate, allowed to
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set and dried. The films obtained had a certain amount of
opacity, but were thought to have sufficient transmissilon
for the purpose of the experiment. Those prepared from 1ml,
of each component were found to give the most suitable
optical density wvalues.

The data obtained, Table IX., give little evidence of
any regular order of fading. This has been attributed to
inaccuracies incurred during preparation of the films, or to
differences in crystalline form of the dyes. TPFurther
experiments were not attempted with insoluble dyes in gelatine,

Fading on nylon and polyglycine as substrates,

Bamford, Boulton, Hanhy and Ward have shown that for
anionic dyes, the equilibrium dye absorption is dependent on
dyebath Py indicating that the free basic groups in the
polymer contribute to absorption. Considerable reduction in
uptake of Azogeranine 2G was observed on acetylation of the
polymer, while the absorption of direct cotton dyes was little
affected. Peters, and liunden and Palmer found that the
saturation absorption of a levelling acid dye in the case of
"Nylon 66" was closely related to amino end-group content.
It appears, therefore, that acid dye absorption by these
polymers is due to the amino end~groups, the interaction
between dye and "backbone" being insufficiently strong to
allow dyeing when the amino end-groups are blocked.

Further examination of fading on protein substrates
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was carried out on "Nylon 66" and polyglycine. These
represent the simplest type of protein substrate available,
and differ essentially from the substrates of this class
previously studied as they consist of polypeptide chains
containing no side chains.

Nylon: Transparent 0.003 in. nylon film in 2.5 x 4 in. strips

was dyed in 400ml. of 5 X ‘IO"6

)i dye solution at 95°C. for 90
minutes, a little dilute acetic acid being added after U5
minutes to effect complete exhaustion. The material was then
well rinsed and dried at 1OOOO. and a strip cut and sand-
wiched between glass plates for exposure, one set in the 250w,

lamp and three sets in the L0Ow. lamp.

Polyglycine: Unsuccessful attempts were made to prepare

polyglycine films by casting from dichloracetic acid. Fading
was therefore examined by visual estimation as for other
opaque materials. O0.5g. of powdered polyglycine was dyed at
a liquor ratio of 100:1 in a bath containing 20ml. 0.0005M
aqueous dye solution, 10ml. 10% NaZSOu solution and 1.5ml.
1% sulphuric acid. The bath was raised to boiling point in
30 minutes, and held there a further hour to give maximum
dye exhaustion. The dyed powder was filtered, washed with
cold water, dried and mounted for exposure as for cellulose
powder. Complete exhaustion was not obtained.

Tables X,XI, show the same linearity in fading rates

as obtained in other tests., ¢ -value vs. fading curves in
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both cases, Fig. 16,18, show the negative slope associated
with inert substrates. We have therefore confirmed that the
characteristic fading on proteins cannot be ascribed to the
fundamental groups present in these polymers and in proteins
in general. Hence it can be concluded that the particular
fading agent effective in natural proteins is not present in
these synthetic substrates. The possible nature of the
fading agent will be discussed later.

Oxidation and reduction of dyes in solution.

If the differences in fading, as previously discussed,
are due to oxidation in the case of cellulosic substrates and
reduction in that of protein, it would be expected that the
same dyes would show corresponding differences when oxidised
or reduced in solution. With this in mind the following
experiments were carried out, more on a qualitative than a
guantitative basis.

Oxidation by hypochlorite.

(a). In alkaline solution: 8ml., of016% NaOCl solution and
2ml., 0.0005M dye solution were rapidly mixed and the oxidation
rates at 18°C. measured on the E,E.L. colorimeter, using
E.E.L, filter no. 624, The py of the solution while reacting
was 9.6 - 9.4,

(b). 1In acid solution: the above experiment was repeated
using NaOCl brought to Py L by addition of acetic acid.

Reduction by titanous chloride.
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Reduction rates were measured on adding 8ml. O.00006N ‘I‘iCl3
solution to 1.5ml. of dye, at a Py of 1-2, using the same
filter as above. No suitable reagent was found for reduction
in alkaline solution.

In both acid and alkaline conditions the order of the
oxidation rate gives rise to a result consistent with that
of fading on non-proteins, Fig. 19, 20, acid oxidation rates
being relatively greater than alkaline, corresponding possibly
to higher hydrogen ion concentration in solution at Py Ly than
at Py 9. Reduction data, Table XII, are rather more inaccurate
but show a definite reversal in order of dye destruction,
corresponding to fading on protein substrates, This result
has been confirmed by reduction in sodium sulphite-hydro-
quinone solution (Baxter), although results from reduction
with stannous chloride were found to be inconclusive. In
general the above results agree with +the hypothesis of dye
reduction con protein and dye oxidation on non-protein

substrates,

Peroxide oxidation of R-acid dyes in gelatine.

Chipalkatti found that the light fading on wool or
gelatine of the series of R-acid dyes in acid, neutral or
alkaline conditions and the rate of oxidation in soluticn by
hydrogen peroxide under acid conditions are influenced in

the same sense (positively) by the nature of the substituent
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group in the dye. In alkaline solution the relative peroxide
oxidation rates are influenced in the negative sense by

substituents Fig.21 . It has been suggested that if H,O

272
was responsible for fading on proteins, the relative fading
rates on these substrates under alkaline conditions would be
influenced in the negative sense also, corresponding to the
oxidation in solution. Objection has been raised at this
hypothesis on the grounds that the comparison involves two
entirely different dye-substrate systems viz., in protein
and in solution. To overcome this objection it was attempted
to study the peroxide oxidation rates of these dyes on
gelatine film under acid and alkaline conditions.
Accordingly, portions of coloured gelatine films
prepaded as already described were placed in a " Perspex"
cage and allowed to stand in a desiccator in the dark over
mixtures of 5ml. of 98% hydrogen peroxide and 5ml. ammonia
( 0.880 S8.G.) or glacial acetic acid respectively. ( The
films were exposed in this manner to the acid or alkali alone
for two days before the peroxide was introduced ). ‘he films
were removed at intervals Tor optical density measurements
in the spectrophotometer and the vessel recharged with fresh
reaction liquor each time. The results obtained, however,
appear to be rather inconclusive in the case of oxidation
under acid conditions Table XIIT,although substituents tend

to have a negative influence on fading rates under alkaline
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oxidation conditions Fig. 22. This enhances the validity of

the hypothesis criticised above,

The influence of aggregation on the fading of dyes.

Previous work on the study of the mechanism of dyeing
has largely led to the view that dyes are attached to the
fibre, molecule to molecule. Direct molecular attachment will
probably take place between dye and substrate in systems
involving solution, but in systems involving fabrics or solid
films in which the solvent has been largely dried out, the
substrate only contains the equilibrium amount of sorbed
water. Only at very low concentrations will there be sclvation
of the dye and true molecular attachment of dye to fibre.

At normal concentrations the dye must obviously be largely
deposited from solution, and the form the dye assumes will
clearly influence light fastness, and perhaps other properties
also, but no precise knowledge has hitherto been available on
this subject. Astbury and Dawson in the study of the setting
properties of wool fibres, examined by X-rays samples of dry
fibre dyed with a few acid dyes, and in some cases they did
actually detect evidence of dye crystallites; in other cases
no such evidence was obtained. Presumably this does not rule
out the possibility of amorphous aggregates of dye being

present in the latter case,
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Recent studies in the mechanism of fading have mainly
been carried out in solution ( Blaisdell, Hillson and Rideal),
in order to simplify identification of the products formed.
These systems however,are held to be idealised in t hat they
consist of liquids in relatively free kinetic motion and in
which any absorbing molecule is equivalent to any other: they
do not necessarily represent the true state of a dye on a
fibre., In the dye-substrate system, owing to the fact that
air and/or water are essential participants in the reaction,
only those molecules in contact with the external atmosphere
can take part in the fading reaction., If the dye is present
as aggregates or crystals the remaining molecules in the
interior are therefore prevented from active participation
in the fading reaction until such time as the molecules
become exposed to the external atmosphere by destruction of
the outer molecules or breakdown of the crystal or aggregate,
A decrease in aciive surface area will therefore tend to give
an increase in the light fastness for equivalent concentrations
of dye present in the fibre., The reaction order may also be
entirely determined by the absorption of the active radiation
by the dye present in the interface and may not necessarily
decrease with increase in total dye destruction, as it would
do in an ideal system. The system will then have a constant
and characteristic reaction order which we may call its

apparent reaction order, c.f., Haton, Giles and Gordon p.29
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This will only apply to the early stages of fading since at
the final stages the surface area will obviously diminish
and the reaction order approached that obtained, e.g., in
solution.

The subsequent experimental work was carried out to
ascertain in what manner the fading rates of particular dyes
on exposure, were influenced by aggregational effects prom-
oted by various reagents, and the extent to which the results
obtained conformed to the above hypothesis.

The influence of particle size on fading.

Several attempts were made to investigate the influence
of the size of the dye particles on light fading. Samples
of Caledon Brilliant Orange 6R were obtained of varying
average particle size, and these were incorporated into
gelatine films., The fading rates, however, were so slow that
the experiment had to be abandoned. 8imilar slow fading rates
were obtained for a merocyanine dye (I) in gelatine, although
in this case, the films containing the finest paxrticles,
prepared by addition of the dye dissolved in acetone to a
gelatine solution, faded at a measureable rate, Table XXIV,,
Fig.23. ©No regular fading was noted for the dye in larger
particle sizes., This at least shows that the finer particles
of dye fade the gquicker,

The problem was overcome by making use of & very loouse

to light photographic merocyanine dye (I). A ssries of f£ilus
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were prepared in "Necol' label varnish adhesive, wherein the
dye was assumed to be in an approximately molecular dispersion,
by adding 0.5-4.0ml, of O.3g./litre acetone solution of the
dye to 8ml. of 80% acetone solution of the varnish, spreading
on L4in., x 2.5in. glass plates and drying in the dark. A
further series was prepared by precipitation of the dye in
gelatine by the addition of 0.5-4.0ml. of 0.3g./litre acetone
solution of the dye to 8ml. of 6% aqueous gelatine solution.
The particles obtained were barely perceptible on the micro-
scope. A final series of gelatine films containing larger
pvarticles of the dye was prepared by simply grinding the dye
and dispersing in water. 0.13-1.50ml. of this suspension
was added to 8ml. 6% gelatine as before. The concentration
of dye on the latter films was obtained by drying off 0.2ml.
of the suspension, dissolving the residue in acetone and
comparing the optical density of the solution with that of a
solution of known strength, Table XXIV (ii).

Teble XXZV (i), shows that the dye in gelatine faded
in an approximately linear manner for a certain time until
an abrupt change in fading rate took place. The dye was
fouhd to be completely insoluble in water, hence the initial
fading cannot be due to the fading of any dye held in
solution in the films. No satisfactory explanation has so

far been offered for the sudden change in fading rate.
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The influence of soaping on the light fastness of insoluble

azo dyes.

In 1929 Bean and Rowe carried out a series of
experiments involving the socaping of various insoluble azo
dyes on cotton. They found that the fastness to light
increased with increasing size of dye particle in the fibre
and attributed this to a decrease in surface area of the dye.
Fading was done in the "Fadeometer'and in sunlight.

As further confirmation of the effect of aggregation,
several insoluble azo dyes have been investigated on
"Cellophane' film, aggregated particles being large enough
for observation under the microscope after soaping but not
before.

A naphthol solution was prepared by heating 2g.
Brenthol AN (& naphthylamide of 2:3-hydroxynaphthoic acid)
with a little Calsolene 0il HS (I.C.I.) and hot water, adding
10ml. 10% NaOH, followed by 10ml. hot water and heating until
dissolved. 160ml. water and 20ml. 10% NaCl were then added
and the solution diluted to 1000ml. A diazo solution was
made up by pasting 0.25g. Brentamine Fast Orange GC base
(o-chloroaniline) in 2ml. concentrated HC1l, adding 3ml. 10%
NaN02 and 50ml. water and ice. The solution after standing
for some time, was neutralised with sodium acetate and diluted
to 500ml.

"Cellophane" paper (6in. x 4in. x 0.001in.) was wetted
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thoroughly in cold water containing a few drops of Calsolene
0il HS, and worked for periods of time ranging between 1 and
15 minutes , in the naphthol solution in a developing dish.
After thoroughly rinsing in brine solution and cold water,
the "Cellophane'" strip was immersed for 10 minutes in 100ml.
of the diazo solution until the dye was fully developed. One
half of each strip was gently boiled for 1 hour in a solution
containing 2.5g. socap flakes and 2.5g. sodium carbonate per
litre. It was then rinsed, dried at a 100°C. and mounted
between glass for exposure. The experiment was repeated as
above, but in addition ¥ of each film was left soaking
overnight in cold water, then dried. Brenthol AS coupled
with Fast Orange GC base was used in a further confirmatory
experiment.

From the fading rate data obtained, Table XIV, it will
be seen that after an initial irregular fade the decrease in
dye concentration is linear with time of exposure. Fig. 27,
28, show the plot of the logarithm of initiasl concentration
against logarithm of time of exposure for an equivalent
decrease in concentration in each case., Soaping of azoic
dyes produced a definite increase in fastness in each case
for each dye treated. Steeping in cold water overnight had
little effect on light fastness, presumably due to the fact
that little aggregation could have occurred. The curves show

little significant change in slope, since the plot seems to
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become more scattered on aftertreatment by socaping, and
therefore, rather inconsistent,

It was realised that the relationship between optical
density and concentration of dye in the film might signif-
icantly alter after soaping of the films due to aggregation
of the dye. The true concentration of the dye in the film
before and after socaping was therefore, determined by
dissolving a standard amount (12 x 4Omm.) of each film in
8ml, 80% H2SOh and measuring the dye concentration spectro-
photometrically. The optical density values for each film
were plotted against the optical density of the film in
solution, Fig. 29, showing that only a small variation occurs,
with little effect on the finel results Fig. 27, 28. This 1is
regarded as an extreme case, aggregational effects being much
less in other cases.

The influence of aggregation on the light fastness of vat

dyes on nylon.

The light fastness of vat dyes on nylon is poorer
than that on cellulose. Butterworth and Crossland have shown,
that with a number of vat dyes, cellulose fibres exhibit
negligible dichroism when the dye is in the oxidised state,
but show pronounced positive dichroism in the reduced leuco
state., Polyamide fibres, however, show positive dichroism in
both the oxidised and reduced state; so it may be inferred

that the dye molecules in the latter fibres remsin in a
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relatively unaggregated state, thus on the present hypothesis,
accounting for their lower light fastness. It has been
suggested that the swelling of the fibre in presence of
agueous solutions of swelling agents, e.g., salicylic acid,
cinnamic acid, benzoic acid, would tend to increase the light
fastness by allowing more space within the fibre for
aggregation of the dye. With this purpose in mind the follow-
ing fading tests were carried out on a pair of vat dyes on
nylon, untreated and aftertreated with cinnamic acid as
swelling agent.

Nylon f£ilm (0.003in.) in L4in. x 3in. strips was
scoured at 40°C. for 15 minutes in 0,5% Lissapol N solution,
rinsed in cold water and dyed in a bath prepared thus:- O.1g.
Caledon Yellow GN300, 1L4ml. 20% NaOH and 200ml. water were
heated to 80°C., 2g. Formosul G and 20ml. 1% Dispersol VL
added and the temperature raised to 90°C. and maintained
there for 10 minutes for complete reductipn of the vat.

After cooling the bath to 60°C., the nylon strips were
immersed for various periods of time as required, then
washed, air-oxidised, and soaped at 60°c. for 15 minutes in
a 1% soap solution.

One half of each dyed strip was treated for 5 minutes
at 50°C. in 500ml. of 1.5% cinnamic acid in 25% aqueous
acetone. It.was then washed in hot water, soaped at 60°C.

for 15 minutes in 1% soap solution containing 0.5% NaCH
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and washed and dried. Samples of nylon were dyed and after-
treated similarly using Caledon Green 7G300.

Results are tabulated in Table XV, and show the linear
relationship between fading and time of exposure as before.
Log.C - log.t, curves (Fig. 30) are rather ill-defined, but
a definite increase in fastness for the aftertreated samples
is apparent from the stepwise rise in the curve,

The influence of agegregation on the light fastness of direct

cotton dyes on "Cellophane',

"Cellophane" film was obtained in two forms, one in
the usual dried state, and the other as extruded, without
drying and contained in a sealed package. On dyeing these
films it was expected, since the undried film contained
larger pores, that the dye would assume a more aggregated
form in this film than in the previously dried film.

Strips of each film, 10in. X 1.5in. were therefore
dyed at 80—90°C. for periods of time ranging between 1 and
15 minutes in a bath containing 30ml. 1% Chlorazol Sky Blue
FPS (pure) solution in LOOml. water to give dyed film of the
- required optical density range. The film was dried at 100°C.
and mounted between glass for exposure.

The assumption that aggregation in the undried film
should produce an increase in light fastness, was justified
by the stepwise rise in the curves obtained, Fig. 31, Table

XVI,



750

FPading of direct cotton dyes on viscose fabric.

As a further investigation of the effect of aggregation,
fading experiments were carried out on samples of viscose of
varying crystallinity. The catalytic effect on fading of the
delustreing agent T102 was also studied. Samples were
obtained as (a) standard fibro, (b) reduced imbibition fibro,
(e¢) strong fibro, (4) TiO, delustred fibro. 1.5g. samples
were dyed at 85—9000. in baths of 4O:1 liquor ratio contain-
ing 45, 30, 15, 7.5, 3.75 and 1.5ml. respectively of 2g./litre
solution of Chlorazol Fast Helio 2RKS, 2.5ml. 5% Dispersol VL,
and 3ml. 10% NaZSOu to effect exhaustion. After dyeing to
maximum exhaustion the exhaust liquors were diluted to 4OOml.,
and their dye content measured spectrophotometrically; hence
the true percentage of dye on each sample was calculated,
Table XXII. The samples were cut into zin. strips and
mounted for exposure. Measurement of fading was done visually.

On exposure to the fading lamp, the dyed samples, (c)
and (d) became bluer, in the case of (d) to such an extent
that fading assessment was difficult. Consequently experiment
(d) was abandoned. At the lower concentrations the dyeings
(v) and (c¢) certainly faded more rapidly than (a), but at
higher concentrations the results obtained are rather

inconclusive due to the method of fastness evalustion.

Fig. 32.
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The fastness to light of basic dyes precipitated with

heteropoly acids.

The fastness to light of basic dyes precipitated with
phosphometatungstic acid, its salts, or similar heteropoly
acids is markedly superior to that of the untreated dye.
Neergard found that up to a certain maximum, light fastness
increased in proportion to the amount of heteropoly acid
adsorbed by the complex, in excess of that calculated as
being necessary for the salt formation suggested by Richards.
The adsorbed acid is believed to be present on the surface
of the colour complex and fastness to light therefore
proportional to the surface concentration of the acid. The
increase in fastness is assumed to be due to retardation of
the fading mechanism by preferential absorption of light
energy, normally causing fading, by the adsorbed complex. It
is suggested that this may alternatively be due to a decrease
in the effective gurface area of the dye aggregate owing to
the sealing effect of the adsorbed heteropoly acid.

Samples of Victoria Blue BO, untreated, precipitated
exactly, and precipitated with 25% excess heteropoly acid
were obtained. Gelatine films of these dyes were prepared
by addition of their alcoholic solution to aqueocus gelatine
solution and drying. On fading, no significant difference
in fastness was observed between the films, and it was

assumed that some breakdown of the complez must have occurreéd
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on solution. Similar results were obtained by addition of
the dyes dissolved in 50:50 methanol-toluene solution to
Bedafin 2001 (I.C.I.) and subsequent baking of the films at
100°C.

Further samples of the same dyes were obtained in the
form of printing inks ground to the same particle size in
lithographic varnish and all of equivalent strength. Success-
ful films were prepared by thoroughly mixing small amounts of
ink into lithographic varnish containing 15% w/w of a drying
agent, and the resulting coloured mixture carefully painted
on to glass plates. The relative concentrations for the
films were calculated from the measured optical density of a
mixture of 0.0001g. ink in 6g. lithographic varnish. In the
fem. cell in the spectrophotometer, these quantities gave
optical densities of,

0.145, for Victoria Blue BO, untreated,
0.311, for exact precipitation,
0.281, for 25% excess precipitation,
The optical density values of the films were adjusted
accordingly, Table XVIII.

Table XVII, and Fig. 33, contain the data for fading
in lithographic varnish. The fading rate curves depart from
the usual linearity to give much more pronounced curves, and
1og.Go-log.tF curves show an increase in fastness in the case

of both dye complexes, the increase being greater in the case



78-

of the complex prepared by excess precipitation, as expected.
For both complexes, the order of reaction has considerably
decreased. The significance of these results will be
discussed later.

The effect of dye dispersion on light fastness.

"Cellophane" strips, 10in. x 1.5in., were dyed with
direct cotton dyes as before, using (a) Chlorazol Copper Blue
BS, (b) Chlorazol Brilliant Orange 3R. One half of each
dyed strip was treated for 15 minutes at 40°C. in a 6%

FPixanol C solution, as dispersing agent, rinsed out in cold
water and dried at 100°C. On treatment the dyeings became
yellower in the case of (b), and redder in that of (a), this
colour change corresponding to a slight shortening of the
wavelength of maximum absorption in each case, as shown by

the absorption curves, Fig. 35. On exposure in each case, the
fastness to light was reduced, though little change in reaction
order, as indicated by the slope of the 1og.00—1og.tF curve,
occurred, Table XIX, Fig. 36.

The nature of the effect of the Fixanol C aftertreatment
was assumed in the above experiment to be purely dispersive,
but for confirmation, the experiment was repeated, after-
treatment being carried out as before, and in addition with
Metabol O, a guaternary ammonium compound chemicelly similar
to Fixanol C, but devoid of dispersive action. In this case

"Cellophane' was dyed using Chlorazol Sky Blue FF8 (100%)
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Treatment with Metabol O was carried out at uOOC. in a 6%
solution for 15 minutes, On treatment the dyeings became
much redder when wet, but reverted to their original blue
colour on drying at 100°c. It would appear from these colour
changes that the reagents exert some chemical as well as
dispersive action on the dye, Fig. 37.

Fig. 38, shows that both treatments have much the
same effect on light fastnesé. It may be assumed, therefore,
that the decrease in light fastness in this case is not
wholely, if at all, due to dispersion of the dye to smaller-
sized aggregates within the films.

The effect on light fastness of the soaping of vat dyes on

cellulose,

The soaping of dyed fibres in many cases results in
formation of aggregated particles of dye within the fibre,
c.f., Bean and Rowe. Sumner, Vickerstaff and Waters have
shown that the soaping of vat dyes in cellulosic fibres causes
colour changes which they have attributed to the effect of
crystallisation of the dye within the fibre. The same changes
occur in water alone, but the rate of crystallisation is
improved by the addition of a detergent. They observed that
soaping of vat-dyed cotton may increase or decrease the light
fastness of the dyeings, but in general with the dyes studied
scaping has little effect. Micrographs taken of the dye

Caledon Pink RL at intervals during ageing in colloidal



80.

solutions (conditions held by the authors to correspond to
changes produced by soaping of the dye on viscose film), show
the change from irregular particles of dye to long needle
crystals. Aggregation of azoic dyes produces particles of
larger size with a consequent reduction in surface area, but
in the case of the above vat dye, the change to a crystalline
form appears actually to increase the effective surface area
of the dye. According to the hypothesis held, light fastness
should be reduced on soap treatment of these dyes, assuming
that this decrease in surface area takes place in the dyes
examined. The change in the light fastness produced by
soaping a pair of typical dyes of this class on "Cellophane"
was therefore investigated.

20ml. of a 1% suspension of Durindone Blue 4BC250 was
vatted at 60-7000. for 10 minutes with 7ml. 10% NaOH and O.3g.
"hydros'". When the reduction was complete, the solution was
diluted to 200ml. with warm water containing 1ml. NaOH and
0.1g. "hydros" and the temperature maintained at 50-60°C.
Strips of "Cellophane', 10in. x 1.5in. were then dipped in
this solution for various periods of time to give the required
optical density range on air-oxidation. One half of each
strip was then soaped for 15 minutes in 1 litre of Lg./litre
soap solution.

This procedure was repeated using Durindone Red 3BLOO.
The results obtained, Table XXI, Fig. 39,40, confirm the
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hypothesis outlined above.

The effect of crease-resist treatment on light fastness.

The change in light fastness produced on crease-resist
treatment of viscose dyed with Duranol Red 2B was examined.
Table XXIII, gives the concentration of the dye on the fibre
with the corresponding time for a just perceptible fade in
each case, At all concentrations the crease-resist saumples
are appreciably less faest to light, Fig. 41,

The dyeings and aftertreatment were carried out thus:
3g. samples of the standard viscose fabric were dyed at
85-90°C. in dyebaths containing 3.75, 7.5, 15, 22.5, %0 and
37.5ml., respectively of 2g./litre Duranol Red 2B solution at
a liquor ratic of LO:1, each bath contalning 2.5ml. 5%
Dispersol VL and 6ml. 10% Hazsou. After dyeing the concent-
ration of dye on the fibre was determined by diluting the
exhaust ligquors to 500ml. snd measuring the dye content
spectrophotometrically.

Por creszse-resist treatment s solution wes made up
by neutralising 200ml. 40% formaldehiyde with 1% HeCH, mdding
100g. urea znd when dissclved, 9ml, (0.660) ammonia. This
solution was refluxed for 3 minutes sand cooled repidly until
below 20°C. 4 second solution was prepvarsd by dissolving
9g. ammonium dihydrogen phosvhate in 50ml. weter, neutralising
to py 7 with 10% ammonia, the whole added to the previous

solution, and the mixture diluted with 50ml. weter. One hsilf
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of each dyed pattern was worked in the cold anti-crease dope,
squeezed uniformly and dried at 60°C. The samples were then
baked for 3 minutes at 13000., soaped for 5 minutes at 5000.
in a solution containing 2,5g. soap flakes and 2,5g. Na2003
rer litre, and finally rinsed and dried., Half inch strips

were mounted for fading as for opaque substrates.

The influence of surface activity on the fading rate of dyes.

In addition to the formation of aggregates of dye in
the fibre due to dye~-dye attraction between polar groups in
the molecule, it is suggested that dyes exhibiting surface-
active properties may further be influenced in their light
fastness by deposition as monolayers on the substrate,

The physical state assumed by the dye will depend on the
balance of dye-dye and dye-fibre intermolecular forces in
absence of solvent, i.e., depogition as a monolayer will occur,
if either the molecule is surface active or the dye-fibre
molecular attraction is greater than the intermolecular dis-
persive forces between hydrocarbon resgidues of the dye, €.g.,
when the hydrocarbon residue is small. Normal aggregation
will occur when the dye-dye attraction predominates, e.g.,
when the hydrocarbon residue is large but not conferring
surface-active properties. Surface activity may be conferred
by the introduction of long alkyl chains, ca. 016’ into the

dye molecule,
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In the present work the fading rates of a number of
dyes containing long hydrocarbon chains have been studied in
comparison with those for the same dyes but with no chains,
or shorter chains. Two pairs of colour-coupled photographic
dyes in gelatine film were obtainedf prepared by immersion in
the developer for varying intervals of time to give the range
of optical density suitable for fading rate measurements,
One dye of each pair contained a 017 alkyl chain, The films
were mounted and exposed in the usual manner, Curves of log.co-
logety, Fig. 42, show the order of reaction for the dye
containing the long chain to be much greater than that for the
dye with no chain attached, in the case of both the magenta and
cyan coloured films., The relative rate of fading appears to
be greater for the magenta rather than for the cyan f£ilm,
Table XXVI, but the extent of the decrease in the log.Co-log'.tF
gradient between the unalkylated and alkylated dyes appears to
be the same, This has been attributed to the sultability of

the C dyes for monolayer formation within the film.

17

Results obtained for the fading in gelatine of two
pairs of acid dye;fwith and without attached hydrocarbon chains
are also consistent with the above hypothesis ( Black ).
Further work on this class of dyes was carried out in order to
substantiate the evidence already obtained.

Films were prepared by the addition to 16ml. of 6%

aqueous gelatine solution of 0.5 - 9.0ml. of 0,2% solution of
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Solway Ultra Blue BS ( Dye I ), and the same dye with a GMH9
chain attached, and a similar blue dye ( Dye II ), unalkylated
and with a C12H25 chain attached, After drying the films were
prepared and exposed in the fading lamp., The results, Table
XXVII, Fig.l4l4, show that the slope of the curves for the un-
alkylated dyes are both lower than that for the Gh and 012
dyes, Since the slope for the alkylated dyes has significantly
increased, it must be assumed that neither the Cu nor 012
chains confer surface-active properties, but do increase the
tendency for aggregation to occur, presumably due to dye-dye
attraction, since the hydrocarbon residue is large. There is
a very slight decrease in the slope for the 012 dye as
compared to the Gu dye, but this is probably within the
experimental error of the technique employed. It is possible
however, that the 012 alkyl chain is insufficiently long for
conferring surface-active properties. Further lengthening of
the chain may produce better results,

In order to ascertain the length of chain required for
the surface-active effect to predominate in fading, a series
of yellow merocyanine dyes, alkylated from 02-016, were obtained,
Unfortunately these dyes were water insoluble and could only
be incorporated into gelatine films as a dispersion, a
procedure which would probably nullify any aggregational or
surface-active effects., Dyed films were therefore prepared

by addition of 0.5 - L4.Oml, of 0O.3g. /litre acetone solution



85.

of the dye to 8ml. dope prepared from 80ml, " Necol " varnish
diluted with 20ml. acetone. The solution was spread on 4in., x
2.5in. levelled glass plates and allowed to dry in the dark.
Fading rates are given in Table XXVIII. Log. Co-log.tF curves,
Fig. L45,46,47, are identical for each dye, within the limite

of experimental error, and it may be concluded that no surface-
active effects take place with these dyes in the substrate

used.s This is probably due to the non-polarity of the solvent
used:-onthis occasion. No further investigations on this subject

have been attempted,

The influence of the illuminant emission wavelength on fading.

As a certain amount of controversy exists over the
particular wavelengths of light most efficient in the fading
of dyes, c.f. p. 20, a series of experiments wefe carried out
in order to investigate the relative fading efficiencies for
the five major emission lines in the spectrum of the mercury
vapour lamp used in the present work. A series of filters
were therefore obtained which transmitted each of the lines
separately, to the exclusion of the remaining four. These
have been listed, together with their percentage transmission
and the total energy incident on the exposed films at each
wavelength, Table XXIX.

Yellow, magenta and cyan colour-coupled films were

each faded at the monochromatic wavelength noted, by means of
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these filters, and from the absorption curves for each dye,
'Fig. 43 and the fading rates, Table XXXI, the relative quantum
efficiencies were calculated, Table XXX,

Of the wavelengths examined, it is clear that fading is
confined to the 3650A, LOLT7A, and 4358A bands, with very little
or no fading occurring at the 5461A and 5780A bands, although
appreciable absorption takes place at these wavelengths. In
view of the rather inconsistent values of relative gquantum
efficiences obtained for the former three wavebands, it would
be necessary to carry out futher investigations on this subject,

before any definite conclusions could be formed.



DISCUSSION
AND

CONCLUSIONS,
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The influence of substrate on fading.

The detailed data for the fading of the 1-benzeneazo-
2-naphthol-3:6-disulphonic acid dye series on the various
substrates investigated are given in Tables III-X, from which
the final curves of =~-value vs. log. relative time of exposure
for an equivalent fade, are derived, Fig. 4-22, In order to
complete the available information concerning this subject,
Fig. 14, 15, 21, reproduced from the work of Chipalkatti, have
been included,

From a study of these curves it is apparent that the
influence upon fastness of substitutuents on the dye molecule
depends on the nature of the substrate, whether protein or
non-protein., It is suggested, therefore, that fading on
proteins and non-proteins follows an essentially different
mechanism. Various tentative hypothesis offered to explain
this difference are discussed below.

Fading on 'inert' substrates.

On non-proteins, e.g., cellulose, asbestos, etc., in
which the dyes have no direct affinity for the substrate, the
influence of the substituent on the relative fading of the dye
is very similar. The explanation of the similarity in
behaviour of these materials which seems to accord best with
all the facts, is that fading takes place by an oxidation

process, and that it does not involve any chemical reaction
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with the substrate itself., There are some grounds for
believing that cellulose molecules in the regions accessible
to dyes are surrounded by firmly bound water molecules, and do
not come into direct contact with the actual molecules (Alling-
ham, Giles, and Neustadter.). It would seem therefore, that
the dye must either remain in solution within the fibre or
crystallise into submicroscopic dye particles., In the above
case, crystallisation is quite likely to take place, especially
as the dye has no affinity for the cellulose. Differences in
gbsolute fading rates for any particular dye between the
substrates may therefore, be due to veriation in the physical
state which the dye assumes within the fibre, e.g., differences
in surface porosity may limit the degree of crystallisation or
aggregation of the dye, thus influencing the dye interface
exposed to the air. Protein substrates, on the other hand,
possessing affinity for the dye, are not so likely to be
affected by aggregational influences, although the chemical
bonding between the dye and substrate in the presence of
solvent may, to some extent, be disturbed in favour of
aggregation of the dye molecules when the solvent evaporates,

Fading on protein substrates,

The change in sign of slope of the curve of Ivalue-~
fastness in the case of protein substrates must mean thet a
different meckanism of fading takes place. By analogy with

the results obtained from oxidation and reduction of the dyes
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in solution, it seems not unlikely that a reduction mechanism
could also apply to fading on protein substrates., BSeveral
alternative hypothesis have been suggested, however, and these
have been examined below,

Hydrogen peroxide as the fading sgent on proteins,

The formation of hydrogen peroxide by irradiation at
2500A. of the protein, serum albumin, has been reported by
Roberts. In the presence of an excited dye molecule, longer
wavelength irradiation might be sufficient to produce the
same effect in the case of protein fibres, the hydrogen
peroxide sgo formed being respounsible for the fading of the dye.
It has been shown that oxidation by peroxide, of the R-~acid
dyes in acid solution is influenced in the same sense by the
substituent group in the dye as in the light fading on wool or
gelatine, In gelatine film under slkaline conditions, or in
alkaline solution, the influence of the substituent is reversed
on the peroxide oxidation of the dyes to give a negative slope.
By analogy, if peroxide oxidation was resposible for fading,
then in an alkaline medium, the relative fading rates should
also be influenced in the negative sense. This, however, was
found not to be so, Chipslkatti having shown that the influence
of substituent on fading is the same when irradiation is
carried out under acid, neutral, and alksaline conditione. In
the presence of pyruvic acid no change in the relative order

of fading takes place, Fig. 14. Pyruvic acid would heve
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destroyed any peroxide formed during irradiation, leaving the
dye open to attack by the reagent responsible for fading 6n
other substrates, possibly thus reversing the relative order
of fading. It would appear therefore, that hydrogen peroxide
plays little part in fading on proteins.

The influence of substrate constituents.

The nature of the chemical linkage between dye and
substrate was next considered as a possible influence on the
mechanism of fading on protein substrates. However, the
results obtained for addition to "Cellofas A" films of the
various adjuvants simulating the effective groups present in
the protein molecule, showed that neither the amino, carboxyl,
nor amido groups had any effect on the normal course of protein
fading. The negative value of the slope obtained for fading
on nylon and polyglycine further shows that the influence of
the protein substrate on fading must arise from structural
effects not present in these latter substances, but which
occur in the natursl protein fibres, wool, silk and gelatine.

The effect of variation in light absorption on the mechanism

of fading.

Absorption curves for each member of the R~acid dye
series are shown in Pig. 10, 11, 13, 17, in which optical
densities are plotted on the logarithmic scale, in order to
bring out any changes in absorption due to structural effects

alone., Curves obtained for the members of the series, compared



91.

in aqueous solution alone, and containing "Cellofas A", show
no difference in ratio of azo to hydrazone tautomer, c.f.,
Burawoy, Salem, and Thomson, but in "Cellofas A" and especially
in nylon films, an increase in azo tautomer relative to
hydrazone tautomer is apparent., This effect is a genersl one
for the series, and represents changes no more than consistent
with those to be expected from aggregation of dye within the
film on evaporation of the solvent. In gelatine the curves
for the nitro- compounds undergo considerable alteration in
their peak wavelengths, having a much higher absorption at
lower wavelengths than formerly. This is probably due to the
sensitivity of these compounds to Py changes. The differences
in total absorption, however, are not sufficient to account
for the relatively larger change in fading properties.

Reduction hypothesis.

The hypothesis that reduction occurs in fading on
protein substrates appears to be the most reasonable, at least
for the series of azo dyes examined, although no really con-
clusive proof has been obtained. In the presence of pyruvic
acid the relative order of fading remains unchanged, but a
striking increase in fading rate occurs. This is the effect
to be expected if the fading reaction is a reductive one. The
experiments involving reduaction in solution further bear out
this hypothesis, but in this case the results may not be

strictly comparable with those of fading on films, due to the
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wide differences in dye-substrate systems.

The actual mechanism of fading is rather obscure, but
it is unlikely that proteins behave as H-donors like hydro-
carbon solvents have been suggested to do, as nylon and
"Cellofas A" also contain high proportions of hydrocarbon
groups. Blaisdell, however, has suggested that an excited dye
molecule may react with IH- or CH~ bonds in a fibre, rather
than with the stronger OH bond in water, In proteins, the
weak points are the C=0 or NH bonds and these may thus react
preferentially to water. Nylon and gelatine have relatively
low absorption at and above 3650A., the lowest effective
wavelength used throughout the present work, and it is not
very probable that these substrates become photolyticeally
excited, though wool undergoes decomposition on exposure to
sunlight and air. The effect of photodecomposition of tyrosine
molecules in wool and silk might have some effect on fading,
but as gelatine contains no tyrosine, no general hypothesis on

these grounds appears feasible.

The influence of agoregation on fading,

The general eguation representing the photodecomp~

osition of a substance in soclution is of the form,

1 - o~%a
Kt = kx + lage p ~X(o-%)
- e

where g, is the initial concentrstion, X, the concentration
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change after a time t, and k and X are constants, and & the
index of absorption, which is a constant for a given substance.
With high absorption, the arithmetic term is very small, and
may‘be neglected, so that the amount of decomposition is
proportional to the time of exposure, and the reaction is thus
regarded as zero order, With very weak absorption, such as
obtained as the reaction proceeds, the first term is relatively
small and the equation reduces to the usual logarithmic form

for a monomolecular reaction,

kt = log
e
a- X

Photochemical reactions in general may therefore, be
regarded as possessing an order anywhere between zero and unity.
In the typical curve, decomposition will be linear with time
for the initial period at high concentrations (high absorption),
gradually changing to give the first order exponential curve
as the reaction proceeds to low concentrations. Thus, in
solution, the plot of locg. concentration against log.tf will
result in a curve of zero gradient at very low concentrations,
increasing as the concentration is increased to give a gradient
which can be shown graphically to be 1.45 approx. at high
concentrations.

This type of curve will theoretically apply to photo-
decomposition when the substance is in solution or in

approximate molecular dispersion, but not necessarily in the
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case of a dye dispersed in a fibre substrate, where there is
a tendency for the formation of dye aggregates, c.f., p.66,
Here the rate of decomposition will depend to a large extent
on the effective surface area of the dye particles, since the
light fading of dye on fibres is believed to depend largely
on the accessibility to the dye of atmospheric oxygen and water
vapour., Azoic dyes and vat dyes by nature of their intro-
duction into the fibre will be expected to exist as discrete
particles or aggregates, It is quite probable that water
soluble dyes may also exist as aggregates, depending on the
solubility of the dyes and the amount of solvent available
within the fibre in its air-dried state.

Thus, the fading of dyes in fibre substrates does not
necesgsarily follow the same laws as substances molecularly
dispersed in solution. In fact the characteristic fading
order curves of log.tF VS. log.co in the present work show, in
contrast to the thecoretical curve determined above, an approx-
imate linear relationship holding within the limits of the
concentrations used. The linearity of these curves confirms
the validity of the results previously obtained by Eaton,
Giles, and Gordon, c.f., p.28. The inapplicability of the
normal laws of photochemical decompcsition to dye-subsirate
systems is further emphasised by the fact that the majority
of fading curves obtained experimentally, e.g., Fig. 3, Show

a definite linearity between decrease in dye conceniration and
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time of exposure, although the fading rates vary with the
different initial dye concentrations. This must mean that
physical differences exist between the state of the faded dye
and that of the unfaded dye of unchanged dye content. The
effect produced on the progress of fading, by fading products,
is unknown, and might possibly constitute a further reason for
the anomaly.

The characteristic fading order curves for the various
experiments involving changes in the physical state of the dye
in the substrate are given in Pig. 23-47. The significance
of these curves will now be discussed.

Increase in light fastness with increase in aggregation.

The merocyanine dye I in collodion 1s assumed to be in
molecular dispersion, this assumption being justified to some
extent by the fact that the curve obtained,shows the character-
istic increase in slope with increasing concentration,
assoeiated with the theoretical curve for photodecomposition
in solution. The dye as dispersed in discrete particles, shows
a much higher fastness to light, and this is held to be due to
the marked decrease in effective surface area of thege particles.
The difference in substrates could be resnongible for this
increase to a certain extent, as it has already been shown,
Tables IV, VI, that R-acid dyes are genecrally faster in
gelatine than in "Cellofas A", In the present cage it is

doubtful if the substrate has much effect on the rate of
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fading as it acts merely as a dispersion medium, with no
affinity for the merocyanine dye. Differences in light
absorption between the samples are marked, Fig., 25, but as
the larger particles have the greater total absorption over
the particular concentration range, this would tend to rather
increase the value of the relative fastness for the latter
samples, if variation in absorption properties is held to be
responsible for the changes in fastness,

Direct evidence of an increase in light fastnese of
azoic dyes with increase in particle size is given in Fig. 27,
28, Soap boiling was sufficient to cause the growth of miecro=-
scopically visible crystals from non-visible dye, Fig. 26. A
similar increase in fastness, undoubtedly due to the aggregation
of vat dyes on nylon is recorded in Fig. 30,

With the water soluble direct cotton dye on "Cellophane!
film of different pore size, an increase in fastness was
observed, Fig. 31, presumably due to the larger dye aggregates
being formed in the "Cellophane" of larger pore size., It is
interesting to note in this case that the increase in fastness
is roughly of the same magnitude as the increase in particle
size, assuming particles of the same dimensions as the pores,
i.e., 1:2.5 (average pore size 20A:304 respectively).

Tests of the same nature on viscoses of different
crystallinity give less accurate curves, Fig, 32, but do

demonstrate some s8light increase in fastness with decrease in
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crystallinity, especially at lower concentrations of dye. An
increase in fastness was also obtained on exposure of the
phosphomolybdic acid precipitated lakes formed from Victoria
Blue BO., It is not known however, whether the increase in
fastness is due to purely chemical effects, i.e., if the lakes
are intrinsically faster to light, irrespective of their
physical form, or to aggregational effects., Excess precipit-
ation further increases the fastness, supposedly by acting as
a protective agent against light, but whether this is due to

a reduction in effective surface area of the particles, caused
by the screening effect of the heteropoly acid or merely to
its preferential light absorption, remains doubtful.

Treatments involving reduction in light fastness.

As mentioned previously, the soaping of certain vat
dyes on cellulose can conceivably produce an actual increase
in the surface area of the dye within the fibre, by formation
of long needle-like crystals in place of the original amorphous
aggregates. Pig. 39, 40O show that this type of change may be
taking place in the case of the two vat dyes concerned, with a
resulting decrease in fastness, as indicated by the fall in
position of the fading order curve, It might also be due,
however, to the leuco-compound, which is still present,
according to Sumner, Vickerstaff, and Waters, in the unsoaped
film,being intrinsically faster to light than the oxidised dye,

or to the oxidising process dispersing rather than aggregating
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the dye.

Two further cases in which the light fastness is
reduced on aftertreatment, are given in Fig. 36, 38, the
surface-active cationic agent Fixanol C being assumed to
assist the formation of a monolayer of dye in the fibre on
dyeing, by acting as a spreading agent, while the urea-
formaldehyde crease-resist process might restrict the size of
the aggregates by blocking the pores of the fibre with resin,
In both cases however, an alternative chemical reaction might
occur, with the formation of more fugitive to light products,
although absorption curves, Fig. 35, 37, show no evidence of
chemical effects other than could be accounted for, by
alterations in aggregation. The non surface-active cationic
agent Metabol O, produced the same decrease in fastness as
Fixanol C, and this would tend to support the view that
chemical action predominates in this case, although the matter
is far from conclusive. Crease~resist treatment reduces the
light fastness on viscose, and it is reasonable to assume, in
this case, that actual inhibition of aggregate growth takes

place,

The significance of the characteristic fading order curve.

In the experimental work, fading order curves have
been obtained which show quite a variety of change in slope

and stepwise rise or fall The theoretical significance of
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these curves depends, in the first instance, on the assumption
that the fading reaction takes place in the surface layer of
dye. The curves are related to the growth of this layer, in
that either the number or the size of the individual dye
particles in the system increases with rise in total concent-
ration. In the first case, Fig. 49%9a., an increase in concent-
ration results in a proportionate increase in the number of
each particle present at the original concentration, to give
the same distribution of particles whatever the concentration.
Hence the surface area of the particles remains directly
proportional to the total weight of dye, and the time required
for a given percentage loss by fading is constant at all
concentrations. This gives a reaction order of unity,
represented by a horizontal fading order curve. This type of
curve has been obtained with the water insoluble merocyanine
dye I, Fig. 24(iii}, in which the range of concentrations was
obtained by mixing different amounts of the same dye dispersion
into the films., Some of the water soluble dyes, Fig. 36, give
curves of very low slope, a fact consistent with the retention
of a large proportion of the dye as a monolayer in the
substrate.

Most dye-substrate systems, however, give rise to
curves of positive slope, thereby implying a non-uniform
particle size distribution, Fig. 49b. In this case, the

surface area increases as 2/3 power of the linear dimensions
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to give a slope of 0.12, Fig, 50(i), provided that the
illuminant is constant in direction and accessibility to each
particle, An extreme case of the more likely unsymmetrical
particle growth is shown, Fig. 49(c), in which the particle
expands in one direction only, and the illuminated area
remains constant., This represents an apparent zero order
reaction with fading order slope of 1.45, Fig. 50(ii), wherein
the total amount of dye faded is constant irrespective of
concentration.

All the experimental curves obtained have slopes
ranging between 0,01 and 0.8, thus satisfying the above
theoretical requirements; the majority have a significant
positive slope, indicating that the dye particles increase in
size as the concentration increases, Except in the case of
those systems producing very low slopes, this slope also
indicates indirectly that the dyes examined, including those
which are water soluble, exist in the form of discrete
aggregates., The presence of water soluble dyes as true mono-
layers would give a curve of zero slope at low concentrations,
rising as the formation of multilayers took place at higher
concentrations, conforming with the condition of Fig. 49c. 1In
a dye dispersion system, it may be considered that at higher
concentrations, crowding would cut off irradiation from some
of the particles, giving rise to an increase in slope. This

type of curve would also become progressively steeper with
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increase in concentration. With the exception of the insoluble
merocyanine dyes in collodion, no such curves have been
obtained, and the above conditions are held not to be valid

for normal dye-substrate systems. Further, Fig. 24(iii), for
the uniform dye dispersion system, has a zero slope even at
high optical densities,

It may therefore, be concluded that a positive slope
indicates some form of growth of discrete particles or
aggregates in all cases, Fig. 50, illustrates the possible
changes in slope on growth of the particles, These conditions
have all been obtained in practice. c¢d represents the
untreated dyed sample, the particles of which may grow, either
to the same extent at all concentrations to give the same
slope, c1d2, or to a greater extent at higher concentrations
to give an increased slope c1d3, in addition to the overall
increase in fastness. The latter would represgent the more
likely case in practice. If at higher concentrations (but not
at lower) the growth of the particles is limited by the pore
size of the substrate, a decrease in slope may occur, c1d1.
Such would be the case in Fig. 32, where all the samples of
viscose show approximately the same fastness at high concent~
rations, though there is a marked difference in fastness at

low concentrations,
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Conclusions.

From the foregoing discussion the following conclusions
may be summarised.

Substrates may be divided into two distinct classes,
(a) inert or non-protein substrates in which the substrate
takes no part in fading other than that of a dispersion medlum.
(b) protein substrates in which the substrate appears to have
e definite influence on fading.

In the former case fading is almost certainly an
oxidative process involving the dye, water, and probably
oxygen, though simultaneous partial reduction may occur, In
the case of protein substrates the most probable fading
mechanism appears to be that of reduction, but no confirmetory
evidence is available.

Depending on the physical state of the dye within the
substrate, absolute fading rates may differ from one substrate
to another of the same class. In sclid substrates an increase
in the particle size of water inscluble dyes iuacreases their
fastness to light, by reduction in the effective surfsoce sresa
of the dye particles. The same effect secm8 to be operative
in the case of water soluble dyes, indicating that these dyes
are present in the subsirate as discreet particles, the size
of which depends on the physical nature of the dye~substrate

systen.
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It is evident, then, that in addition to the intrinsic
resistance of the dye molecule to photochemical degradation,
fastness to light is determined by the physical form which the
dye assumes after dyeing, or in the final drying process.

This would indicate that a higher degree of light fastness
might be achieved in practice by controlling drying or
finishing processes to give maximum aggregation of dye in the
fibre. Further, the low fastness of very weak shades might
be markedly improved by the use of a pigment dispersion

applied during spinning of the fibre,
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Suggested further work.

(a) More tests of fading on " Cellophane " of various
pore sizes, including small pore sizes,

(b) Hore tests of fading of powders introduced into
films,

(¢) Herocyanine 1 dye faded as a dispersion in
¥ Cellofas ",

(a) A water-insoluble azo dye faded in "Necol"” varnish.
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TABLES,



Table II.

Dye. Substi~ GCvalue. Percentage Purity.
tuent. (a) () (e
(1) p-OCH, -0.268 75.0 98.5 100.0
(ii) p-CHy -0.170 86,0 100.,0 99.0
(iii) -H 0,000 100.0 99,0 98.7
(iv) p-0C,H; -0.250  72.4  94.0  99.0
(v) m-NO,, 0,710 87.6 113.0 99.4
(vi) p-NO, 0.778 81.9 113.0 100.0
(vii) m-Cl 0.373 85.4 100.5 100.0
-(viii) p-Cl 0.277 85.9 99.0 100.0
(ix) m-CH 0.115 - - -

(a). Impure, TiCl3 estimation.
(v). ©Purified, TiCl3 estimation.
(e). Purified, N, estimation.
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