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SUMMARY

This survey presents a comprehensive coverage of the literature on
fluorescent whitening agents for the period 1974 to mid-1982. It is
intended to serve researchers in the field by providing an up-to-date
summary of the published literature on the synthesis, textile applications
and analysis of fluorescent whitening agents. The survey does not cover
the use of fluorescent whitening agents as additives for soaps and

detergents.
The latter part of the survey describes the light fading reactions of

five technologically important classes of fluorescent whitening ageni.
Recent progress in understanding the photochemical processes that are
responsible for fading, and the factors that influence the light stability of
Sfuorescent whitening agents in a polymeric environment, are summarized.

1. INTRODUCTION

The last detailed survey! of the literature on fluorescent whitening agents
spanned the period 1967 to 1973. Our survey, for the period 1974 to mid-
1982, includes the synthesis, textile applications, analysis and photo-
chemical behaviour of fluorescent whitening agents. Limitations of space
preclude detailed discussion of all these topics. However, the photo-
chemistry of fluoréscent whitening agents has been actively studied in
recent years, and this topic has therefore been discussed in more detail.
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Severai general reviews have appeared during the period under survey,? %
but only one of these reviews’ has dealt with the photochemical reactions
of whiteners in any detail. We have not surveyed literature on the use of
fluorescent whitening agents as additives for soaps and detergents; two
recent reviews of this topic are available.®-1°

2. SYNTHESIS

. Most fluorescent whitening agents contain a stilbene, styrene or ethylene
moiety supplemented by one or more heterocyclic systems. Many are
unsymmetrically substituted molecules which fall into more than one of
the following classifications; however in the interests of brevity no
attempt at cross-referencing has been made. An extensive review!! of
synthetic approaches to fluorescent whitening agents using heterocycles
as ‘building blocks’ was published in 1975.

2.1. Stilbenes, styrenes and ethylenes

2.1.1. With benzoxazoly! substituents
Many whiteners of this class have been synthesized using benzoxazole
derivatives as starting materials. The well-known condensation reaction
between diethyl benzylphosphonates or heteroarylmethylphosphonates
and aromatic aldehydes has been used most frequently.!2~!% An
example!’ is the synthesis of the benzoxazolylethylene 1. Other
whiteners, for example!? the stilbene 2, have been prepared by reaction of
benzoxazolyltoluenes with suitably substituted anils.?®~23

An alternative route to benzoxazolylstilbenes entails condensation of
stilbenecarboxylic acid chlorides with 2-aminophenols, and cyclization of
the resultant amides.>*"?® An example®® is the synthesis of the
bisbenzoxazolylstilbene 3. Additional heterocyclic substituents, e.g.
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3
oxadiazolyl,?%+3° pyrido-oxazolyl3!-32 or benzimidazolyl,?? have been
introduced in related fashion using benzoxazolylstilbene carboxylic acid
chlorides as starting materials, and by other routes.15-17-18.33-37
Symmetrical benzoxazolylethylenes are obtained by reaction of diethyl

benzoxazol-2-ylmethylphosphonates with nitrosobenzene in the presence
of sodium methoxide.*®-*® The reaction proceeds via an anil,3® for

example 5:
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2.1.2. With v-triazolyl substituents

Several new v-triazolyl-substituted stilbenes have been obtained using v-
triazoles as starting materials, the stilbene moiety being built up by
condensation of appropriately substituted diethyl benzylphosphonates
and aromatic aldehydes.4? 44 Others have been prepared by reaction
between anils of v-triazolyl-substituted benzaldehydes and appropriately
substituted toluenes,*> 3! or between v-triazolyltoluenes and anils.>> 37
The conversion of 6 to 7 is an example.’? A group of workers from
Ciba—Geigy describes the synthesis of 271 v-triazolyl-substituted stilbenes
by this route.*®

Cl
- a3
=+ N=CHPh —
NaO3SNQCH3 h
T

6) N
/ — \
NO,S \ﬁNO—CH=CHPh
o

r-Triazolylacetic acid has been used as the starting material for a
number of ¢-triazolylstyrene derivatives.®®>° Reaction with substituted
benzaldehydes at high temperatures in the presence of piperidine gives the
desired styrenes, for example’® the benzotriazolylstyrene 8. Stilbenes
containing u-triazolyl groups linked through carbon, rather than
nitrogen, have also been reported ;#3:49-60-61 the cyanotriazolylstilbene 9
is an example.®! Other patents describe whiteners containing two or more
v-triazolyl groups,®? 763 which in some cases®? are used to link styrene
chromophores together, as in 10. Stilbenes containing 1,2,4-triazolyl
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substituents, rather than z-triazolyl substituents, have also been
reported.®6-67

(10)

2.1.3. With oxadiazolyl substituents
1,2,4—Oxadiazolylsti1benes have been prepared using oxadiazolylmethy!l-
or oxadiazolylbenzyl-phosphonates as starting maierials for stilbene
synthesis,®®~ 7% and also by condensation of stilbene carboxylic acid
chlorides with amidoximes.?2-3® An example?® of the second route is the
conversion of 11 to 12. Alternatively, styrene or stilbene carboxylic acid
chlorides can be converied to hydrazides, which are then cyclized by
treatment with thionyl chloride or other reagents.®*”*’!'~74 The con-
version of 13 to 14 is an example.3”

The symmetrically substituted oxadiazole 15 was obtained by con-
densation of 4-carbomethoxycinnamoyl chloride with hydrazine, and
cyclization of the resultant hydrazide.”! It is much more fluorescent and
photostable than the parent compound which lacks carbomethoxy

groups.

@: @cr&:cap@cocw >—Ph —>
HON

(11)
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RCH=CH@C0C1 + H,NNHCOPh —>
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2.1.4. With miscellaneous heterocyclic substituents

Stilbenes containing benzofuranyl substituents have been prepared by
condensation of benzofuranyltoluenes with anils.”>~ 72 This procedure
produces trans-stilbenes exclusively, in contrast to the reaction of an
aromatic aldehyde with a diethyl arylmethylphosphonate, which may give
mixtures of cis- and trans-isomers.”> Stilbenes with benzothiophene, 7678
benzopyrrole’¢ 78 and oxazolopyridine®® groups are also reported.

2.1.5. With s-rriazinylamino substituents

Patent activity in this area has declined. Triazinylaminostilbenes
containing allylamino,®! propargylamino,®! cyanoethyl,®? guanidino-
sulphonyl®3 and thiosulphate®4-8> groups are among those described. An
improved method for introducing alkylthio groups is claimed.8® Several
bis-(4-chloro-s-triazinylamino)stilbenedisulphonic acids have been found
to whiten cotton but not silk, although they are bound covalently to both
fibres.®” The azido derivative 16 (X = N;) colours paper and nylon
yvellow, but is converted by light into the fluorescent whitener 16
(X = NH,).5%%

2.2. Bis-styryl aromatics
Most bis-styryl aromatic whiteners have been prepared by condensing

diethyl benzylphosphonaies with appropriately substituted benzalde-
hydes.®®~ 1% An exampie®? is the conversion of 17 to 18. Unsymmetrical
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compounds can be prepared by using the tributylphosphonium salt 19
instead of 17; the two steps proceed at different rates, which permits the
usc of two different aldehydes:!°3

QCHO + Bu_,,i5CHZCHZf>Bu3 s0-s0°C,

SO,Na (19)

Cyronmen - yemin

SO3Na (20)
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Symmetrical compounds are also prepared by this route.!?®

Other synthetic methods involve the reaction of appropriate toluene
derivatives with benzaldehyde anils.’>1°7 The condensation of sub-
stituted styrenes with sodium 2,5-dibromobenzenesulphonate in the
presence of a palladium catalyst gives sulphonated bis-styrylbenzene
whiteners.'°8

2.3. Benzoxazoles and benzimidazoles

Numerous patents claim bisbenzoxazolyl aromatic compounds as
whiteners for polyester, polypropylene or acetate fibres. The method of
synthesis used in each case!®®~!!7 was condensation of an aromatic
dicarboxylic acid chloride with a substituted 2-aminophenol, for
example!!? the synthesis of 21. Benzoxazoles with r-triazolyl,!'®

cyano!!3:117-119 apnd quaternized pyrazolyl!?? substituents are also
described.

cioc—<’ \_coci Fs€C._~__NH,

+ I —

" OH

F.,C CF

@D |

n

Similar condensation of acid chlorides with substituted o-phenylene-
diamines yields benzimidazoles,!?! 7! 25 for example!?? the benzofuranyl-
imidazole 22. Aldehydes!?® or trichloromethyl compounds!?” can be
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used instead of acid chlorides. Methods for introducing additional
heterocyclic substituents are also described.!?® Treatment of the resultant
benzimidazoles with dialkyl sulphates gives quaternary ammonium salts
which are useful for whitening synthetic fibres.}22-127.129-131
Treatment of quaternized benzimidazoles with hot alkali gives N-acyl
o-phenylenediamines, which are also useful for whitening acrylic
fibres;!3? the conversion of 23 to 24 is an example. The N-methylamide 24

can be reconverted to 23 by refluxing with acetic acid.

I Me
N NI N I
N L N —CON
/ AcOH P O/ ~
MeO O N MeO
Ve MeNH
(23) 249)

2.4. Pyrazolines

The synthesis of a wide range of cationic pyrazolines, by treating func-
tionally reactive pyrazolines with different diamines, is described;*33 ~ 132
all are recommended for whitening acrylic fibres. Sulphonated pyrazo-
lines are prepared by addition of bisulphite to 3-hydroxyallylsulphonyl-
pyrazolines,'3® by reaction of pyrazolines containing acid chloride
groups with taurine or its derivatives,'*®'*® or by condensation
of w-chloropropiophenones with sidechain-sulphonated phenylhydra-
zines.'*'-142 Whiteners containing sulpho groups linked to the 4-position
of the pyrazoline ring are also described.!*3'1%* Other patents claim
the introduction of thiosulphate,'#® sulphonium,!3%:'%¢ butane-
sulphonyl, 47 ~14% pyrazolyl'44 and styryl groups!#%-15° into pyrazolines.
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A Russian paper!>! describes the synthesis of several 1,4-bis(pyrazolin-
3-yDbenzenes, for example 25, by the following general method:

PhCH=CHCO®COCH=CHPh + 2 RNHNH, —

I <: t> Il
Ph/LN/ N N \N/—L Ph
R

2.5. Naphthalimides

Patent activity in this area is mainly concerned with the structure of the
N-substituent. Claims include a variety of naphthalimides with N-

substituents containing cyano,!32 carboxyl,!3? aldehyde,'3? acyl,!s?

153 alkoxy,!®* ureido,!®® piperidino,'*® morpholino,!®® pyri-

sulpho,
158 -160

dinium,!37 pyrazolium!37 or trialkylammoniumalkyl groups.
N-acylaminonaphthalimides!®5-1¢1 =163 (e.g. 26) and naphthalimides
with benzotriazolyl! %% or naphthotriazolyl groups!64-1¢5 (e.g. 27) are also
described. Other patents claim naphthalimides with 4-alkoxy or 4,5-
dialkoxy groups containing additional ether,'®® thioether'®® or

quaternary ammonium groups.!®7

Pr'\ /COMC
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MeO OMe
(26) (27)

2.6. Coumarins

Several recent patents describe coumarins with 1,2,3- or 1,2,4-triazolyl
substituents in either the 3- or 7-position.?%8~ 175 The triazole group is
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incorporated into a coumarin intermediate in some cases,1©8:169.175 fqr

example!®® in the synthesis of 28. In other instances, triazolyl derivatives,
such as 29, are used as starting materials to construct the coumarin
System.l7l.l72.1 74

Ph
H
l I. Diazotize N N
o 2. O,NCH,CH=NOH = / o~ O
H,N O O 3 Reduce N 28)
O CHO Dlj O - le;]
O + HO,CCH,N _ | — O L

OH (29) o ©O

Coumarins containing benzoxazolyl,! 752 oxadiazolyl,'”’® oxopiperi-

dino.'”” oxopyrrolinyl’”” and halogeno'’® substituents are also
described. The whitener 30 contains coumarin and oxazole systems fused
together:!7%
| + ClCO@»CH—;—CHOCOZEt —
o NH,
O

O [e——
%_@_CH:CH—@—COzEt
O N
O (30)

Fibre-reactive coumarins containing chlorotriazine,'8® dichloroquin-
oxaline,!®° chloropyrimidine!®® and sulphonylethyl sulphate'®! groups
are also claimed as washfast whiteners for cotton, nylon or wool.

2.7. Benzofurans

Qeveral methods have been described for the synthesis of benzo-
difurans!®2-183 and bisbenzofuranyl compounds.!8*~ 127 Examples!®3-* &7
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are the synthesis of the benzodifuran 31 and the bisbenzofuran 32.
Benzofurans containing a wide range of heterocyclic and other
substituents have been patented.?6-183.186.187

2.8. Miscellaneous whiteners

Miscellaneous whiteners include the u-triazolo{4,5-d]pyrimidine!8® 33,
various 1.2-di-fB-naphthylethylenes,'3°:19° the triazinylhydrazide!®! 34
and the diimidazopyrazine 35, prepared by heating tetrakisbenzamido-
pyrazine.!®? Various whiteners containing acetylenic groups!®3-19%

Me,N
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have been described. Many substituted 2-hydroxyphenylbenzotriazoles
have been claimed both as ultraviolet stabilizers and fluorescent
whiteners. 196198

3. TEXTILE APPLICATIONS

The application of fluorescent whiteners to textiles has been discussed in a
recent book® and review!®? by Williamson. Procedures for whitening
cellulosic, polyester, polyamide and acrylic fibres with Hoechst?°? and
Bayer?®! products have also been described.

Factors affecting whiteness during the pad/batch application of a
bistriazinylaminostilbene whitener to cotton have been examined.202
Whiteness is improved if the whitener is applied together with a surfactant
and if the padded cloth is stored, preferably at 75°C, before drying.2°2
The improvement in whiteness is attributed to an increase in the extent of
penetration of the fibre, and to enhanced binding of whitener molecules,
in their planar form, to the cellulose chains. The authors postulate that
this binding retards vibrational processes, thereby stimulating radiative
relaxation (that is, fluorescence emission) and hindering non-radiative
relaxation processes. It is also important to exclude all traces of copper
and iron salts, which cause a bathochromic shift in the absorption spectra
of stilbene whiteners and quench their fluorescence, thereby decreasing
fabric whiteness.2°3 Similar spectral effects occur if optimal whitener
concentrations are exceeded, and lead to a reduction in fabric
whiteness.2°* Bleaching and whitening procedures for cotton and
cotton/polyester blends have been evaluated.??*®

The poor light stability of fluorescently whitened wool is well known.
Reasons for this behaviour, and methods to minimize it, have been
reviewed.?%® Treatment of wool containing a coumarin whitener with
sodium bisulphite and sodium ascorbate has recently been claimed?®” to
increase the lightfastness rating from 1 to 2, while the addition of malonic
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or mandelic acid to the above reductants produces a further slight
improvement.*®® The application of stilbene whiteners to wool in the
presence of thiourea dioxide gives a product that is as white as that
produced by the fluorescent whitening of peroxide-bleached wool,%°® and
a little more stable to light. Despite the relatively high cost of thiourea
dioxide, this one-step bleaching/whitening procedure may offer economic
advantages over the more usual two-step procedures. The sensitized
photoyellowing that occurs with conventionally whitened wool can be
avoided by the application of a polymer film containing fluorescent
whiteners to the fibre surface.?'°® However, practical surface-whitening
procedures still await development, as no single whitener/polymer system
which confers satisfactory whiteness, light stability, washfastness and
softness has been found.

Treatment of fluorescently whitened cotton fabrics with sodium
thiosulphate solutions improves the lightfastness, but similar treatment
of whitened wool or synthetic fabrics has no effect.?!! Application of
whiteners in conjunction with hydroxyammonium sulphate to silk,*'?
and in conjunction with organophosphorus compounds such as 1-
hydroxyethane-1,1-diphosphonic acid to modacrylic fibres,?!3 is claimed
to improve light stability.

Mixtures of some fluorescent whiteners are claimed to whiten polyester
more effectively than either component alone at the same total concen-
tration.2'*~22% Bisbenzoxazolyl-ethylenes,?14:220.221 _gtilbenes?!5:216
and -aromatics.?!7-22! in particular, show synergistic whitening effects
when used in conjunction with related whiteners. For example,?!?
pad/heat application of a mixture of 36 and 37 whitens polyester fabric
more effectively than application of either 36 or 37 alone (see Table 1).

TABLE 1
Synergistic Whitening of Polyester by the Benzoxazolyl-
stilbenes 36 and 37 (from ref. 215)

Whitener Concentration Fabric whiteness
&/n
Berger formula Stenshy formula
36 0-8 148 151
37 0-8 160 154
36 0-6

37 05 162 158
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Other classes, for example bis-styrylbenzenes and naphthalimides,?*®
also show synergistic whitening effects on polyester.

4. ANALYSIS

Several papers describe procedures for the extraction of fluorescent
whiteners from textiles or detergents, and their subsequent identification
by thin layer chromatography.*?® ~22? Other papers describe the use of
fluorimetry?3© and reflectance spectroscopy?3! for the determination of
whiteners on thin layer chromatographic plates.

The recent development of high performance liquid chromatography
has greatly facilitated whitener identification and estimation.?3>~ 234
Separations have been made with silica columns?3? and reversed-phase
ion pair systems.?33:23% The latter procedures take as little as 15min
to separate complex whitener mixtures, the results agreeing closely
with those obtained using thin layer chromatography followed by
densitometry.?33

A colorimetric method for the determination of stilbene whiteners,
based on oxidation to benzaldehyde derivatives, is described,?3? and the
relative merits of other conventional methods are discussed.?>®

5. PHOTOCHEMICAL BEHAVIOUR

5.1. Stilbenes

Fluorescent whiteners based on the frans-stilbene chromophore have for
many years been the cornerstone of the whitener industry, and numerous
papers dealing with both mechanistic and kinetic aspects of the



124 Ian H. Leaver, Brian Milligan

photochemistry of these compounds have appeared during the period of
this review. The main fading reactions are isomerization to the non-
fluorescent cis isomer, oxidative cleavage of the ethylenic bond and (in
some cases) dimerization to cyclobutane derivatives.

5.1.1.Photoproducts and mechanisns

Photolysis of the mode! whitener, disodium 4,4’-diacetamidostilbene-
2,2’-disulphonate (38, R = MeCONH—), results in rapid isomerization
to give an equilibrium mixture of cis and trans isomers, followed by a slow
irreversible conversion to the dihydroderivative 39, the aldehyde 40 and

SO;Na SO;Na
R CH=—CH R R cH,cH,— M—R
(38) SO;Na 39) SO;Na
SO;Na

R—/ N _cHO

(40)

the corresponding carboxylic acid.?37 =232 There are conflicting views as
to the importance of the isomerization pathway in the overall reaction
scheme,?3%-23° but a general survey>*? of the fading behaviour of 4,4'-
diaminostilbene derivatives in water and in cellophane films has
confirmed thai photoisomerization is the major decomposition pathway.
The dihydro compound 39 and the aldehyde 40 are formed in very low
yield (2-3%,) in aqueous solution, but the conversion to the dihydro
compound is reported to be as high as 399, when wet wool fabric
containing 38 is exposed to light.238

The rate of photoisomerization of 38 depends on the nature of its
substituents and on its environment. The whitener 38 (R =4-
phenyltriazolyl) fades much more rapidly than 38 (R = benzoylamino) in
water, whereas in cellophane films they fade at the same rate. Both are
more photostable than 38 (R = triazinylamino or phenylureido) in either
water or cellophane films.?4°

The photodegradation of trans-4,4'-diacetamidostilbene (41) in
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solution appears to follow a similar pattern to that observed for the 2,2'-
disulphonate 38.°%'-2*2 Photolysis of 41 in acetonitrile, acetone or
ethanol resultsin rapid isomerization to give an equilibrium mixture of cis
(42) and trans (41) 1somers, followed by cleavage of the ethylenic bond to
give 4-acetamidobenzaldehyde (44) and 4-acetamidobenzoic acid (45). The
singlet-oxygen sensitizer, Rose Bengal, promotes the breakdown of the
stilbene and increases the yield of 4-acetamidobenzaldehyde, whereas $-
carotene, a known quencher of singlet oxygen, has the reverse effect. The
proposed mechanism for fading involves attack by singlet oxygen on 41,
resulting in an unstable dioxetan intermediate (43) which then undergoes
thermal or photochemical fission to give the aldehyde 44. A similar
photolytic pathway was proposed earlier?*? for the disulphonated
derivative 38 (R = MeCONH-——).

Although most commercial stilbene fluorescent whitening agents
possess bulky substituents, which might be expected to suppress the
photoisomerization reaction by restricting molecular rotation, the light-
fading reactions of these more complex structures mirror those observed
for simple model compounds?38-243 =247 For example, trans-bis-4,4'-(4"-
methoxy-6"-phenoxy-s-triazin-2”-ylamino)stilbene-2,2’-disulphonic acid
(46) behaves in a very similar fashion to the diacetamidostilbene
derivative 38 (R = MeCONH-—). In both water and wool fabric it
undergoes photoisomerization, followed by decomposition to the cor-
responding aldehyde, acid and dihydroderivative.238:243.244 Adsorbed
water greatly promotes the photodecomposition of 46 in wool by swelling
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PhO SO;H OCPh

\>—-NH~©\CH=CHAQNH—€_;<§:M€

the fibre3#> and thus facilitating the photoisomerization reaction, which
is the principal cause of fading.

The breakdown in sunlight of a related whitener, disodium 4,4’-bis[4-
anilino-6-( N-methyl- N-2-hydroxyethyl)amino-s-triazin-2-ylamino]stil-
bene-2,2'-disulphonate, has been studied in connection with the
biological degradation of fluorescent whitening agents in the environ-
ment.2*® The photochemical and biological degradation of the whitener
follow similar reaction pathways.

The fading of some triazinylaminostilbenes in water can be retarded by
the addition of a heavy-atom i1on. such as iodide, which meodifies the
electronic relaxation processes in the fluorescent molecule through a spin-
orbit coupling interaction.?*8 Complex ions carrying phosphonic and
carboxylic acid groups are also reported to retard the photo-
decomposition of 4,4'-diaminostilbenes in aqueous solution, without
having any detrimental effect on the fluorescence properties.?#? Several
Russian groups?3°~252 have ranked commercial fluorescent whitening
agents in order of increasing light stability, based on a consideration of
their fading rates in water and in polyamide and polyester fibres.

Exposure to light brings about a dramatic decrease in the solubility
of stilbene-based fluorescent whiteners in water, caused by photo-
isomerization of rrans- to cis-isomers.>>> This differential solubility has
been exploited in the preparation of pure cis-isomers of several
bistriazinylaminostilbenes and a triazolylstilbene.>>3

The photochemistry of triazolylstilbene fluorescent whiteners has also
been actively investigated in recent years.?°*~*37 Photolysis of trans-
N-butyl-4-(2 H-naphtho[1,2-d]triazolyl)stilbene-2-sulphonamide (47) in

N
yenmend 5T
N
SO,NHBu

47)

MeO
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RCH—CHR' RCH—CHR’  R=Ph N
S =
RCH—CHR’ R'CH—CHR R'= N /

(483) (48b) N
SO,NHBu

dioxan results in rapid isomerization to the cis-isomer, followed by
dimerization to give the cyclobutane 48a or 48b; the stereochemistry of
the dimer has not been established.?34~ 256 The cis-isomer is the major
product obtained by photolysis of 47 in dioxane,?®> but the dimer
predominates when polymer films containing 47 are exposed to light.?°%
The dimer is highly fluorescent in dioxan solution, but polymer films
containing both monomer and dimer exhibit only monomer fiuor-
escence.2%% The absence of dimer fluorescence is due to long range energy
transfer from the photoexcited dimer to a neighbouring molecule of
monomer, which traps the absorbed energy and then re-emits this energy
as normal monomer fluorescence.

SO;Na
__N
T ;NQCH=CH R
! N

SO;Na
(49)

SO;Na
Ph

I \NQCHiHONf:;IK

SO3Na

The rates of photoisomerization of v-triazol-2-ylstilbene disulphonates
are repoerted?3? to depend on the symmetry of these molecules. The
fluorescence and photostability of the unsymmetrical derivatives 49
(R = acetylamino, benzoylamino, phenylureido, 2,4-bis(2-hydroxyethyl-
amino)-s-triazin-6-ylamino and 6-sulphonaphtho[l,2-djtriazol-2-yl) are
generally inferior to those of the symmetrical v-triazolylstilbene whiteners
50 (R' = H, Me, Cl, SO;Na) but superior to those of the corresponding
symmetrical sulphonated R-substituted stilbenes.?57
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5.1.2. Photosensitizing effects in protein fibres

A..

whiteners is the photodegradative or sensitizing action of these
compounds in protein fibres. Although fluorescent whiteners are
frequently used to whiten wool and silk, they promote subsequent
yellowing?38 =261 and deterioration in tensile properties?®® during
exposure to light. The histidine, tryptophan and methionine sidechains of
wool proteins are selectively photo-oxidized on exposure of fibres
containing naphthotriazolylstilbene or bistriazinylaminostilbene fluor-
escent whiteners.?®! Singlet oxygen is believed to be involved. The

N
ST
@—CH-:CH N, /
N
$O,Na

(51

naphthotriazole derivative 51 does not bind in close proximity to
tryptophan sidechains in wool,**% yet it sensitizes the photo-oxidation of
up to seven tryptophan residues before it is itself destroyed.?®! The
overall photochemical changes, which are inhibited by sodium azide (a
known quencher of singlei oxygen) follow the pattern of reactivity of
singlet oxygen.

In some instances photodegradation products of the fluorescent
whitener may be responsible for sensitizing the deterioration of whitened
wool. Irradiation of the triazinylstilbene whitener 46 leads to formation of
an aldehyde derivative?*?® (see section 5.1.1), which promotes the
photoyellowing of wool, especially in the presence of water.2%8 Spectral
studies on single wool fibres have confirmed that whitener decomposition
and tryptophan photo-oxidation are not parallel processes, and that
sensitized photo-oxidation can still occur after most of the whitener has
been destroyed.*®' The oxidative processes that lead to yellowing can be
retarded by immersing the whitened fabric in an aqueous solution of a
reducing agent such as sodium sulphite, but this treatment does not affect
the rate of photodecomposition of the whitener.>5°

thaos 3 = ert ofF t+ha 1. ~eva 3 of L a
notner uup()i'l.aul. aspect o1 tne puutGCucuﬁShy of stilbene fluocrescent

5.2. Bis-styrylbiphenyls

Various physiochemical techniques have been employed?+® to study the
photodecomposition of the bis-styrylbiphenyl fluorescent whitener 82. Its
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Cy-enmen (O Cyrenen )

SO3Na (.52) SOSNa
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! ] VAR ] |
CH—CH — CH—CH
SO,Na J. SO,Na
OHC 7 \_cuo oHC— CO,H
a3 (54)
HozccozH QCHO QCOZH
(55) SO,Na SO,Na
(56) (57
(Cyenend 5o
SO;Na (58)

fluorescent zrans—trans isomer initially isomerizes to give an equilibrium
mixture of cis—rrans and cis—cis isomers. Further irradiation gives a range
of photo-oxidation products, possibly via a bis-dioxetane derivative;

water-insoluble products (53—55) and water-soluble products (56-58) are
formed.>#¢

5.3. Bisbenzoxazolylethylenes

The main photochemical reactions of bisbenzoxazolylethylene whiteners
are photodimerization to cyclobutane derivatives and photoisomer-
ization. Interest in this topic has centred around the development of
suitable kinetic schemes to describe the complex fading behaviour of these
whiteners in solution and in polymer films.262 7266

The rate of fading of the disperse-type whitener 59 in ethanol and in
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Me\/ N N Me
I p-en=en< T
= O O

(59)

polyester films increases with increasing concentration,?®® and therefore
the characteristic fading (CF) curves, which show the relationship between
light stability and whitener concentration, have anomalous (negative)
slopes. Two kinetic schemes have been considered for the fading of 59 in
ethanol.?®> One is based on the premise that the isomerization and
dimerization reactions proceed only via the singlet excited state. The
second, more general scheme postulates that isomerization occurs via the
singlet excited state and the lowest triplet state, while dimerization
proceeds exclusively through the triplet state. The observed fading-rate
curves and the CF curve for 59 in ethanol are in accord with the
theoretical predictions of the second scheme.

A more sophisticated model has been developed to explain the
anomalous fading behaviour of 59 in polymer films.?°3:25% I n this case the
whitener molecules were assumed to be distributed randomly in “holes’
throughout the polymer film. in numbers according to the Poisson
distribution. Fading can occur either by photoisomerization or photo-
dimerization when two or more whitener molecules occupy a hole, but
solely by isomerization if only one molecule is present. This model
adequately explains the unusual shape of the CF curve for 59 in
poly(ethylene terephthalate) films. A comparison of the theoretical and
the observed fading behaviour at different temperatures has led to the
unexpected finding that the number of holes in the film decreases as the
temperature is raised. thus increasing the probability of dimerization.

Heat setting and dyeing treatments alter the physical state of the
whitener 59 in poly(ethylene terephthalate), and affect its fading
behaviour.?62.264 For example, there is a discontinuity in the relationship
between fading rate and dyeing temperature at 130 °C for polyester films
containing 59. This observation is ascribed to a change in the fine
structure of the polymer at this temperature, accompanied by a
redistribution of the whitener.?%+:26¢

5.4. Pyrazolines

Because they are easy to synthesize, pyrazoline whiteners provide a good
opportunity to investigate the relationships between structure, spectral
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H pp R’ Ph R R’
R’ H H
\ hv \ a
H A R N/N b H Ph
R A | ¢ Ph H
~ Ph ~ Ph d Ph Ph
(60a—d) (61a-d)

properties and photostability. The main reaction in both the direct267-268

and the sensitized?%°-27? photodecomposition of 1,3-diphenyl-2-pyrazo-
line (60a) is dehydrogenation to the corresponding pyrazole (61a). The
reaction is strongly dependent on the nature of the substituents and on
solvent polarity. Pyrazole yields range from 40 to 80 9{. Several diagnostic
tests have confirmed the iIntermediacy of singlet oxygen in the
pyrazoline/pyrazole transformation,?68:26° but the precise mechanism
of the reaction has yet to be established.

Numerous other products are formed during the photodecomposition
of pyrazoline whiteners.?%? The dye-sensitized photo-oxidation of 60a in
methylene chloride yields the pyrazole 61a in high yield (76 %), whereas
similar photooxidation in methanol gives a mixture containing the
pyrazole and B,S-dimethoxypropiopkenone (62a). 1,3,4-Triphenyl-2-
pyrazoline (60b) behaves similarly,?”?? yielding a mixture of the pyrazole
(61b) and benzoylphenylacetaldehyde dimethylacetal (62b) when photo-
lysed in methanol but only the pyrazole in methylene chloride. In
contrast, 1,3,5-triphenyl-2-pyrazoline (60c) yields only the pyrazole (61c)
in methanol solution, and in methylene chloride it forms a red compound
whose spectral properties are consistent with one of the four
stereoisomers of structure 63. Dye-sensitized photo-oxidation of 1,3,4,5-
tetraphenyl-2-pyrazoline (60d) yields the corresponding pyrazole 61d

(60a) %% (61a) + PhCOCH,CH(OMe),
(62a)

eon _CH(OMe),
(60b) %1 (61b) + PhCOCH__

(62p) Ph

(60c) 5% (61¢) + PhN=N_ _Ph
C=C

PL” ~CoO,Et
(63)
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exclusively, whereas the 1,3,5,5-tetrasubstituted isomer undergoes a
phenyl group migration to form 1,3,4,5-tetraphenylpyrazole (61d), and
N,N’-dibenzoylphenylhydrazine.*”°

The major pathway in the photolysis of pyrazolines 60a-d in the
absence of a sensitizer is dehydrogenation?®7-268 to the pyrazoles 61a—d.
Oxygen-containing products are also formed in small amounts, but they
are different from the products from dye-sensitized photo-oxidation.2%8
For example. a minor pathway in the photodecomposition of 1,3,5-
triphenyl-2-pyrazoline (60c¢) in methanol is oxidation to the chalcone 64.
When photodehydrogenation is blocked by disubstitution at the 5-position,
as in the case of 1,3.5.5-tetraphenyl-2-pyrazoline, photolysis results in a
complex mixture of photoproducts containing biphenyl, benzophenone,
benzoic acid and the orange ketone 65.

o Ph
Ph@—COC H—CHPh Ph \
_N
(64) Ph I\ll
Ph
(65)

Steric factors play an important role in determining the fluorescence?”!
and photochemical?®® properties of the above pyrazolines. The
introduction of a phenyl group in either the 4- or the 5-position of 1,3-
diphenyl-2-pyrazoline leads to increased photostability; 4-substitution is
more effective than 5-substitution.?%® Disubstitution leads to a further
improvement in stability, trans-1,3,4,5-tetraphenyl-2-pyrazoline being
the most stable derivative (Table 2). The introduction of an imidazol-1-yl,
pyrazol-l-yl or 1,2,4-triazol-1-yl substituent into the para-position of the
3-phenyl group of the pyrazoline molecule causes a large bathochromic
shift in absorption and an increase in fluorescence yield (in methanol),
but has little effect on photostability.?”? The main photoproduct of
the triazolylphenyl-substituted pyrazoline is the pyrazole, although
significant oxidation to the corresponding chalcone also occurs.

Pyrazoline photodecomposition is greatly accelerated in the presence
of carbon tetrachloride or other halomethanes.?”3-274 The principal
reaction of 1,3,5-triphenyl-2-pyrazoline (60c) in solvents containing
halomethanes is dehydrogenation to the pyrazole (61c¢). The quantum
yield increases when chlorine-substituted methanes are replaced by
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TABLE 2
Fluorescence Quantum Yields®*?' and Photostability Data?%® for some 2-
Pyrazoline Derivatives in Air-Saturated Solutions

2-Pyrazoline derivative Relative photostability Fluorescence guantum yield

Cyclohexane Methanol Cyclohexane Methanol

1.3-Diphenyl 1-00 1-15 0-80 0-21
1.3,4-Triphenyl 2-18 4-85 0-78 0-22
1,3,5-Triphenyl 1-29 2-2 0-83 0-39
trans-1,3,4,5-Tetraphenyl 6-9 12-7 0-82 0-65
1,3.5.5-Tetraphenyl 6-0 5-8 0-19 0-37

bromine-substituted methanes, and also when the number of halogen
atoms in the molecule is increased (Table 3). The reaction pathway is
believed to involve electron transfer from the singlet excited state of the
pyrazoline molecule to the halomethane, which then undergoes
dissociative electron attachment, resulting in rupture of the carbon-
halogen bond:

o H Ph H Ph]'q- H Ph
H
hv

H—/ /\<N +CCl, 2 / ,\<\1 — pnd N +Hf|

N N N
Ph 7 Ph T | CHCI,

Ph Ph Ph

+ -CCl,

Yamada er al. have extended their earlier investigation?’> of the
interactions between pyrazolines and dyes.?7°®~ 278 Addition of either 66
or 67 to a methanol solution containing a triphenylmethane dye
accelerates fading of the dye, while the dye quenches the fading reactions

Cl
_ Ph
| Me l
N
Ph N/N Ph ITI/
i
Ph Ph

(66) (67)
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TABLE 3
Quantum Yields for the Photodegradation of 1,3,5-
Triphenyl-2-Pyrazoline in Ethanol Containing Various
Halomethanes®??

Halomethane Halomethane concentration
0-04 M 0-25m 4-0Mm

CBr, 0-32 —_ —

CHBr; 0-19 — —

cci, 0-08 0-2 —

CH,Br, — 0-022 —

CHC(I, — 0-001 0-02
CH,Cl, — — 0-001 3

of the whitener. Competitive inhibition experiments showed that the
singlet oxygen quencher, 1,4-diazabicyclo[2.2.2]octane, did not interfere
with the photosensitization reaction, and thus a mechanism involving
singlet oxygen can be excluded. A kinetic analysis indicated that the
pyrazolines promote the fading of dyes by a reaction involving
nonradiative transfer of triplet excitation energy from the photoexcited
pyrazoline molecule to the dye. The sensitization reaction occurs with a
range of azo, triphenylmethane and anthraquinone dyes.*7¢~ 278

The photochemistry of 2-pyrazolinesulphonic acids parallels that of
the corresponding unsulphonated pyrazolines,?”°~28! pyrazoles being
the major photoproducts. Photolysis of 68 in aqueous solutions gives the
pyrazole 69 in yields ranging from 25 to 859, depending upon the
pH.272~280 Small amounts of the 4-hydroxypyrazole are also formed.
Yields of the pyrazole are increased by the addition of lysozyme, due to
binding of the whitener to the protein.28% The pyrazole 69 is also the

Ph
_N
\
, N‘®>803Nal>
68)
Ph_ Ph,
—N —
l N@SO3Na+ I ) —QSO3Na
HO

(69) (70)
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major product when poly(vinyl alcohol) films or wool fabrics containing
68 are exposed to light.?7° '

The photochemical stability of 68 can be improved by attaching phenyl
substituents to the 4- and 5-positions of the pyrazoline ring.?®? For
example, the sulphonic acid derivative of 1,3,4,5-tetraphenyl-2-pyrazo-
line is twice as stable to light as the corresponding 1,3,5-triphenyl-2-pyrazo-
line, which in turn is 2-5 times more stable than the parent compound 68.
However, these modified fluorescent whitening agents offer no advantage
for whitening wool fabric, because the improvement in lightfastness that
results from increased photostability is offset by increased photo-
yellowing of the wool substrate, due to the longer lifetimes of the more
stable whiteners.

Sulphonated 1,3,5-triphenyl-2-pyrazolines containing an imidazol-1-yl,
pyrazol-l1-yl or 1,2,4-triazol-l-yl substituent in the para-position of the
3-phenyl ring have been synthesized.?”? These compounds have excellent
whitening properties on wool, but their lightfastness is no better than that
of the unsubstituted sulphonic acid derivative.

5.5. Coumarins

Coumarins are well known for their propensity to dimerize under the
influence of light. Exposure of 7-(2',4’-di-n-butylamino-s-triazin-6'-
ylamino)-3-phenylcoumarin (71) to light, either in solution or in polymer
films, results in the formation of four dimers.****3> These correspond to
the syn- and anti-isomers of the head-to-head dimer 72a and the head-to-
tail dimer 72b. The dimers are non-fluorescent, but when exposed to
wavelengths below 300nm they rapidly dissociate to the fluorescent

~_R R — Ph N NHBu"
, / \<
0 o0 R'= —NH N
an N=
NHBu”
R~ - R’ R\~ o
] H H l l H R
= S = O
|
8) le} o) '
R R S RH |

(72a) ' e R’
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monomer (71). A minor photoproduct, which is formed on prolonged
irradiation of 71, has been identified®?® as the dealkylation product,
7-(2’-amino-4’'-n-butylamino-s-triazin-6'~-ylamino)-3-phenylcoumarin.
The use of coumarin derivatives in chemical dye lasers has prompted
several workers to investigate the photochemical processes that inhibit
laser action.?®3~ 285 The breakdown of 7-diethylamino-4-methyl-
coumarin (73) in ethanol occurs via two different reaction pathways2%3
Dealkylation is the main pathway: this reaction is independent of
the presence of oxygen, and leads eventually to the formation of 7-amino-
4-methylcoumarin (75%), via the monoethylamino compound 74.

Me
EtNH H,N O
(75

(73) (74)
h\'l()__
CH,OH CHO CO,H
o 5.
B - R
Et,N 0o~ O  Et,N o~ O  EiN o~ O
(76) 7N (78)

The second pathway involves oxidation of the methyl group, the main
products being the alcohol 76, the aldehyde 77 and the carboxylic acid 78.
The acid was identified as the chief inhibitor of laser action. The primary
photochemical reactions of another laser dye. 7-hydroxy-4-methyl-
coumarin, have been investigated by gain spectroscopy?®* and flash
photolysis®®? techniques.

The photostability of the 7-aminocoumarin whiteners 79a-d is strongly
dependent on their environment,?8® being much higher in plastic

R’ R R R ol
~_R 2 H Me NEt, N
m b Ph H NH, x=— N
R" O S0 ¢ Ph H NHCO,Et N=(
(792-q) d Ph H NHX NEt,
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TABLE 4
Fading Rates ( x 10* min~!) of 7-Aminocoumarins in Solutions and in Polymers?8¢

Compound Solution Palymer®

Cyclohexane Ethano! Ethylene PE PC PMMA HIPS ABS PS

chiloride
79a 250 30 3600 23 16 3 8 i4 6
79b 221 100 520 11 7 <1 4 3 3
79¢ 33 23 64 10 9 1 5 6 3
79d 63 20 67 6 10 2 6 7 4

“? PE, polyethylene: PC, polycarbonate; PMMA, poly(methyl methacrylate);

HIPS. high density polystyrene: ABS, acrylonitrile/butadiene/styrene copolymer:
PS, polystyrene.

materials than in fluid solutions. The light stability is generally poorer in
polyethylene than in more polar polymers. The fading rates in solution do
not correlate well with those in polymers when wavelengths <350 nm are
present in the light source (Table 4), but a better correlation is observed
when wavelengths <350 nm are excluded. This effect is attributed to the
competitive light screening action of some polymers.
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