HETEROCYCLIC COMPOUNDS AS ORGANIC
LUMINOPHORES (REVIEW)
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A review of heterocyclic compounds having luminescence properties is given. Methods for
the preparation of some of them, the relationship between structure and luminescence, and
their areas of application are examined,

Most of the organic luminophores currently in use are heterocyclic compounds. Having fluorescence
properties similar to the fluorescence properties of aromatic compounds, they are at the same time more
accessible in a synthetic respect.

In the present review we deal only with the most important classes of heterocyclic compounds that,
owing to their luminescence properties, have found wide application in the national economy, science, and
technology. '

Organic Luminophores with Five-Membered Heterorings

Luminescent aryl-substituted furans, pyrroles, and thiophenes, as well as compounds in which these
heterocycles are condensed with aromatic rings have been investigated [1-6]. Compounds with sulfur-con-
taining heterorings have less intense luminescence than their oxygen and nitrogen analogs [4]. However,
the exclusion from conjugation of the unshared electrons of the sulfur atoms by conversion of the thio-
phene-derivatives to the corresponding sulfones leads to a sharp increase in the luminescence intensity
[5-7]. These compounds have not found great practical application.

Aryl-substituted oxazoles and 1,3,4-oxadiazoles have assumed greater significance. Interest in
them increased considerably after 2,5-diaryloxazoles and 2,5-diaryl-1,3,4-oxadiazoles, which emit light
in the violet and blue regions of the spectrum, had found application as activating additives in liquid and
plastic scintillators [8, 9].

The most well-known and frequently used methods for the synthesis of 2,5-diaryloxazoles are con-
densation of w-aminomethyl aryl ketones with aromatic acid chlorides and @ -halo-substituted carbonyl
compounds with acid amides. The w-acylaminomethyl aryl ketones formed in both cases undergo cyclo-
dehydration, most often in the presence of concentrated sulfuric acid [10, 11],

A recently proposed method [12], which consists in intramolecular condensation of N-(1-oxo-1-aryl-
2-alkyl)nitrones, obtained by the reaction of a-halo ketones with anti-benzaldoxime, is interesting. -

Aromatic carboxylic acid chlorides usually serve as the starting materials for the synthesis of 2,5-
diaryl-1,3,4-oxadiazoles. The N,N'-diaroylhydrazines formed from them on reaction with hydrazine hy-
drate are cyclized by heating with phosphorus oxychloride [13] or with other reagents. Unsymmetrical
2,5-diaryl-1,3,4-oxadiazoles can also be obtained from aromatic carboxyhc acid chlorides by using mono-
aroyl derivatives of hydrazine in place of hydrazine itself [14].

Data on the absorption and luminescence spectra and scintillation properties of 2,5-diaryloxazoles
- and 2,5-diaryl-1,3,4-oxadiazoles are available in [15-24] and in a number of other papers.
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The similarities in the character of the UV absorption spectra and the luminescence spectra of
-diaryl-substituted ethylenes, oxazoles, and 1,3,4-oxadiazoles measured in aliphatic hydrocarbons at room
temperature and 77°K led Nurmukhametov and co-workers [24, 25] to conclude that there are identical
forms of conjugation in these systems. Bearing in mind that the contribution of the ethylene group to ¥
conjugation of molecules of similar types is equivalent to the contribution of the phenylene radical [26],
they feel that polyphenyls, diaryloxazoles, and diaryloxadiazoles have much in common with respect to their
spectral properties, despite the fact that they differ from one another with respect to the position of the ab-
sorption and luminescence maxima. S \

The introduction of initially a first and then a second nitrogen atom into the furan ring of 2,5-diphenyl-
furan in place of methylidyne groups is accompanied by a gradual short-wave shift of the absorption and
luminescence spectra [3, 17]. The hypothesis that this effect is associated with weakening of the conjugation
in nitrogen-containing heterocycles is confirmed by the results of measurements of the intensity of the line
of the benzeéne ring in the Raman spectra, which decreases from 2,5-diphenylfuran to the corresponding
substituted oxazoles and oxadiazoles [17].

Lengthening of the conjugation chain in the aryl groups of diaryloxazoles and diaryloxadiazoles leads
to a substantial shift in the absorption and luminescence spectra to the long-wave region, and the fluores-
cence quantum yield increases [22]. Thus replacement of the phenyl groups in 2,5-diphenyloxazole by di-
phenylyl or naphthyl groups shifts the absorption maxima of heptane solutions by 25-30 nm, whereas the
luminescence maxima of solutions in heptane and polystyrene are shifted by 30-40 nm. Diaryloxazoles and
diaryloxadiazoles having diphenyl groups have the most intense luminescence [21].

Electron-donor substituents in the para positions of phenyl groups also induce a bathochromic effect;
this effect is more pronounced, the stronger the electron-donor effect of the substituent. A dimethylamino
group in the 2-phenyl group of 2,5-diphenyloxazole shifts the absorption and luminescence maxima in
toluene by 42 and 37 nm, respectively [27]. The introduction of a dimethylamino group into diaryloxadia-
zoles considerably increases their luminescence intensities [28]. The fluorescene quantum yield for 2,5-
diaryloxazoles is higher than the yield for their oxadiazole analogs [2Z].

1,4-Di(5-phenyl—2—oxazoiyl)benzene (), which is obtained from terephthalic acid dichloride and w-
aminoacetophenone [29], is widely used as a shift reagent for spectra in liquid and plastic scintillators.

Effective scintillation activators are found among g-arylethylene derivatives of 2,5-diaryloxazoles

(I, X = CH) [30].
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These compounds, like the corresponding oxadiazole derivatives (X = N), can be obtained by using the
Wittig reaction [31, 32] or, in higher yields, by the anil synthesis [33].

When an arylethylene grouping is intrb_duéed, the absorption intensity increases significantly in most
cases, and the quantum yield increases sharply [31, 34].

In the preparation of plastic scintillators the formation of polymeric chains that include groupings
responsible for scintillation seems of interest. With this in mind, p-vinyl-substituted 2,5-diphenyloxazoles
and 2,5-diphenyl-1,3,4-oxadiazoles were synthesized [35]. Plastic scintillators prepared from styrene —
vinyl-substituted diphenyloxazole copolymers — are more effective than polystyrene solutions of diphenyl-
oxazole [36].

Aryl-substituted oxazoles and oxadiazoles of various structures have been proposed as optical
bleaches [37, 38]. Their application in lasers and light transformers that convert the short-wave emission
of pulse lamps to the emission of the necessary spectral composition in order to increase the efficiency of
solid and liquid lasers [39, 40] is well known.

2,5-Diaryl-1,3,4-thiadiazoles are less effective as luminophores than the corresponding oxazole and
oxadiazole derivatives. However, there are indications that they have been used for optical bleaching of
various materials [41].
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The relationship between the structure and luminescence of compounds containing a pyrazole ring was
investigated in [42]. It was established that a benzoyl group in the 4-position increases the luminescence in-
tensity considerably more than one in the 1 position. Carboxyl and g-cyanoethyl groups intensify fluores-
cence, whereas nitro and nitroso groups quench it. Bright luminescence was noted for 3-(p-aminophenyl)-
5-aminopyrazole. .

Substituents in the 5 position of the pyrazole ring of 1-phenylpyrazole [43] create steric hindrance,
as a consequence of which there is a loss of luminescence properties: 1-phenyl-5-amino- and 1-phenyl-5-
hydroxypyrazoles do not fluoresce, while the corresponding 3- and 4-substituted 1-phenylpyrazoles have
strong fluorescence.

Pyrazole derivatives are not of great practical interest as luminophores, although some of them are
known to be optical bleaches [44].

Aryl-substituted A%-pyrazolines are of considerable interest as photo- and radioluminophores. The
presence of aromatic groups in the 1 and 3 positions of the pyrazoline ring is sufficient for the appearance
of luminescence [45]. However, 1,3,5-triaryl-A%-pyrazolines (III), among which effective luminophores
with blue and green luminescence are found, have had wider application.
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The most widely used method for their preparation is the reaction of o ,8-unsaturated ketones with
aromatic hydrazines [46-48]. The intermediates of this reaction — arylhydrazones — are unstable and
readily rearrange to triarylpyrazolines. A one-step method that makes it possible to synthesize triarylpyr-
azolines in good yields by heating a mixture of aromatic aldehydes with methyl ketones and phenylhydra-
zine in alcoholic alkaline media [49] was recently described.

The long-wave portion of the UV absorption spectra of Az-pyrazolines is due mainly to the hydrazone
fragment of the molecules and is similar in character to the spectra of the corresponding arylhydrazones
[50]. Ring closing of the hydrazone grouping imparts to the molecules the rigidity necessary for the ap-
pearance of the luminescence properties that arylhydrazones lack.

The results of spectral [51-53] and polarographic [54] investigations and studies of the dipole moments
in the ground and excited states [55, 56] provide evidence for conjugation of the 7 electrons of the aromatic
groupings in the 1 and 3 positions of the pyrazoline ring with the p,7 system of the heteroring.

The long-wave band in the UV spectrum of triphenylpyrazoline is a band due to intramolecular charge
transfer in the 1,3-conjugated system [57]. The structures of the 1- and 3-aryl groups and the electroaic
nature of the substituents introduced into them therefore have a great effect on the optical properties of
triarylpyrazolines. Lengthening of the chain of the conjugated bonds in these groups induces a bathochro-
mic effect [58, 59]. The same result can be achieved by introduction of electron-donor substituents into the
1-phenyl group or electron-acceptor substituents into the 3<phenyl group [60]. This sort of effect of the
electronic nature of the substituents is a consequence of strong polarization of the CgH; —N —N = C —CgH; chro-
mophore system in the ground state, inasmuch as the nitrogen atom in the 2 position, for which sp? hybridi-
zation is characteristic, is more electronegative than the nitrogen atom in the 1 position, which is in the
sp® state. The introduction of electron-acceptor substituents into the 3-phenyl group or electron-donor
substituents into the 1-phenyl group, by intensifying polarization in the N; — N, direction, induces the in-
dicated effects [61],

The character of the substituent in the 5 position of the pyrazoline ring has practically no effect on
the optical properties of triarylpyrazolines [60, 62]. Compound$ in which a bulky 5 substituent removes the
1-aryl group from the same planes as the heteroring constitute an exception to this; the luminescence of
these compounds is markedly weakened [62]. '

Replacement of a phenyl group in the 3 position of pyrazoline by 2-furyl, 2-thienyl-, or 2-selenienyl
groups leads to a long-wave shift of the spectra that increases in the same order. The observed shift in the
luminescence intensity is explained by the increase in the weight of the groups and the associated additional
loss of energy to intramolecular vibrations [63].

Luminophores that contain p-phenylene groups common to two pyrazoline rings in the 1, 3, or 5 posi-
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tions, for example, IV [64], most of which have yellow-green luminescence in the crystalline state and green
luminescence in solutions [65], are of interest,

. Lengthening of the conjugation chain in IV, as well as their isomers containing phenylene residues in
the 1 positions of the pyrazoline rings, as compared with triphenylpyrazoline is accompanied by a large
bathochromic effect. It is interesting that the absorption spectra of di(l-pyrazolinyl)benzenes are shifted
hypsochromically, whereas the luminescence spectra are shifted bathofluorically as compared with the
spectra of di(3-pyrazolinyl)benzenes. The large Stokesian shift of the 1-isomers is associated with the

-absence in them of a rigid coplanar structure; as a consequence of this, the losses of electron excitation
energy to emissionless transitions increase [66]. Di(5-pyrazolinyl)benzenes, in which there is no conjuga-
tion between the chromophores, are similar to the corresponding monopyrazolines with respect to their
absorption and luminescence spectra, but they have additively increased molar absorption coefficients [66].

Compounds analogous to IV in which diphenyl and p-terphenyl residues are included in the conjugation
chain in place of a phenyl group have been synthesized [67]. The accumulation of aromatic rings between
the heterorings causes a gradually increasing hypsochromic effect, apparently due to weakening of the in-
teraction between the chromophore systems and localization of the m-electron clouds in each of them [58].
Luminophores with CHy, CH,CH,, and O bridges, which interrupt conjugation between the henzene rings of
the diphenyl grouping that links the pyrazoline rmgs differ little from monopyrazolines with respect to

their optical properties [58].
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A considerable red shift of the luminescence (~ 80 nm) is observed when the phenylene residue of IV
is replaced by a thiophene ring; the quantum yield also decreases [68].

Luminophores of the pyrazoline series are used as activators of liquid and plastic scintallators [52,
64, 69] and are used as luminescence dyes for plastics [70, 71], components of daylight-fluorescent pig-
ments and dyes [72], and fluorescent indicators [73]. The use of triarylpyrazolines in lasers is well known
[74]. The use of aryl-substituted pyrazolines as optical bleaches has been proposed. Not only 1,3,5-tri-
arylpyrazolines [75] but also 1,3-diarylpyrazolines [76, 77] are suitable for this purpose.

Many compounds containing benzoxazole, benzimidazole, or benzothiazole groupings are used as or-
ganic luminophores and scintillation activators [78-91]. Some esters of imido acids with benzazole group-
ings are recommended for fluorescent labeling of proteins and amino acids {92], while N-substituted ma-
leinimides that contain benzoxazole or benzimidazole groupings, for example, N-[p- (2-benzoxazolyl)-
phenyljmaleinimide (V), have proved to be good reagents for the mercapto group, with which they form
fluorescent complexes [93, 94].

The most widely spread methods for the preparation of benzoxazoles are cyclodehydration of sali-
cylic acid anilides [95] and condensation of aromatic aldehydes with o-aminophenol with subsequent oxida-
tion of the resulting azomethines [96-99],

The results of the first investigations of the fluorescence properties of benzoxazoles made it possible
to consider the benzoxazole grouping to be a fluorophore [100]. A large number of substituted benzoxazoles
were studied in {101, 102], and the relationship between their structure and luminescence properties was
established. The introduction of p-dialkylamino groups into the phenyl group of 2-phenylbenzoxazole and
lengthening of the chain of conjugated bonds by replacement of the phenyl group by a 4-diphenylyl group
caused the most intense fluorescence and a large bathofluoric shift. Methoxy and methyl groups also pro-
mote an increase in the luminescence intensity but to a lesser extent than a dialkylamino group.

In bisbenzoxazoles that contain pyridine, vinylpyridine, a,3-dipyridylethylene, and divinylpyridylben-
zene groupings as a linking bridge (103], a bathofluoric shift and an increase in the luminescence intensity
are observed as the conjugation chain is lengthened, and the absorption and fluorescence bands are shifted
to the longer-wave region as compared with bisbenzoxazoles in which the benzene ring serves as a bridge.

In.a more detailed study of the nature of the fluorescence of benzoxazoles and the T-isoelectronic
stilbenes, Nurmukhametov and co-workers [104] arrived at the conclusion that the long-wave band in the
UV spectrum due to a w,7* transition is responsible for the fluorescence. Nyilas and Pinfer [105] have ex-
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pressed the opinion that the bisbenzoxazole molecule on passing into the excited state acquires a quinoid
structure and is reconverted to the benzoid form after emission of a fluorescence quantum.

A similar relationship between the fluorescence and scintillation properties and the structure is ob-
served in the 2-arylbenzimidazole series [102, 103, 106]. The substituent in the 2 position of the heteroring
has the principal effect on the absorption and fluorescence spectra, whereas the influence of a substituent
in the 1 position of the imidazole ring reduces primarily to an inductive effect [106].

Research involving a study of the fluorescence properties of more complexly constructed azoles —
2,6-bis (benzoxazolyl)naphthalenes [107], naphthoxazoles [102, 103, 108], phenanthro{9,10-d]oxazoles [109],
etc. — is known.

Compounds of the azlactone class obtained by condensation of various aromatic aldehydes with hippu-
ric acid have intense luminescence. The color of their luminescence depends on the starting aldehyde [110],
4-(4-Dimethylaminobenzylidene)-2 -phenyl-5- oxazolone (VD) — a luminophore with orange-red luminescence
{111] — is of practical interest.
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Compounds with a triazole ring {112-118], for which the relationship between the spectral (including
fluorescence) properties and the character and position of the substituents has been investigated {119-121],
are widely used for optical bleaching. Thus electron-acceptor substituents in the 4' position of 2-phenyl- -
naphtho[l,2triazole-6-sulfonic acid intensify the Juminescence, whereas electron-donor substituents in the
same position shift the absorption and luminescence to the long-wave region. Electron-donor groups in the
3' position quench luminescence, while electron-acceptor groups do not have a quenching effect [122].

Indole derivatives are not used as luminophores, but the ability of some of them to luminescence
has been used to determine them in biological objects [123]. The relationship between the fluorescence
properties of indoles and their structure was examined in [124-129],

Luminescence properties are also peculiar to indigo and thioinidgo {130]; only the trans isomers
luminesce, The absorption and luminescence spectra of indigo areshifted to the long-~wave region rela-
tive to the spectra of thioindigo. The introduction of halogens has practically no effect on the spectrum of
indigo [131, 132]. A strong bathofluoric shift is observed for N, N'-dimethylindigo.

Anthraquinonediazoles with alkylamino, dialkylamino, or cycloalkylamino groups (R) in the 4 .posi-
tion (VII, X = Q, S, Se) have deep color and long-wave and intense luminescence [133]. These compounds
are used for the preparatlon of purple and violet daylight-fluorescent pigments and dyes of various
shades [134].

Organic Luminophores with Six-Membered Heterorings

Six-membered heterocyclic systems contain a heteroatom with an unshared pair of electrons that is
responsible for the appearance of an n,m* band in the absorption spectrum. In conformity with one of the
discussed luminescence mechanisms [135, 136], these electrons are transferred from the Sp,m* level to
the triplet Ty g % level, the longer lifetime of which promotes emissionless loss of energy. Tt is for pre-
cisely this reason that many heterocycles do not fluoresce, in contrast to the corresponding aromatic hy-
drocarbons. Thus luminescence is absent in pyridine [130], whereas in the case of quinoline luminescence
‘appears only in polar solvents [130, 137]. The introduction of electron-donor substituents or an increase
in the length of the chain of conjugated bonds is manifested in a bathochromic shift of the 7,7 * band and
overlapping of the n,m* band with it. This leads to blocking of the n,7* quenching mechanism and, conse-
quently, to an increase in the fluorescence intensity [138]. For example, 2~ and 3-aminopyridines have
very intense fluorescence [139]. 2-(4-Dimethylaminophenyl)quinoline [138], acridine [140], 5, 6 benzo-~
quinoline [141], 3,4- benzazaphenanthrene, and 3 4—benzacr1dme [142] luminesce brightly,

In speaking of the pract1ca1 use of six-membered N-heterocyclic compounds, one should note the
possibility of the use of 3,8-dimethyl-2-azanthracene and 3-methyl-8-ethyl-2-azanthracene in lasers [143].
Using the capacity of azaheterocyclic compounds to fluoresce, one can monitor the compléteness of their
separation from a polynuclear aromatic substance, inasmuch as they fluoresce in a longer-wave region
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than their hydrocarbon analogs [144]. Acridine and its substituted derivatives, which have green and
yellow-green luminescence [145], have found the most significant application. Research involving a study
of the luminescence properties of acridines [146-148] and acridones [149, 150] is known.

1-Amino-substituted 1,9-anthrapyridones, which luminesce in the yellow-green region of the spec-
trum, and 6-amino~substituted 1,9-anthrapyridones [151] (for example, VIII), which are used for the prepa-
ration of daylight-fluorescent pigments and dyes [152], are interesting as luminophores.

The luminescence properties of diazaphenanthrenes depend substantiaily on the position of the nitro-
gen atoms in their molecules and can be explained on the basis of an analysis of the relative spacing of the
n, ¥ and 7,7 * levels [153]. ’

The probability of n,m * quenching can be reduced by formation of a hydrogen bond with the participa-
tion of the unshared electrons of the heteroatom. For example, the fluorescence intensity of quinoline and
acridine increases in the presence of proton-donor compounds. The higher the proton-donor capacity of
the compound added, the more intense the luminescence [154]. Blue fluorescence appears in acidic media
in the case of 2-methyl-3-aminoquinoline, which does not fluoresce in neutral media and in the crystalline
state [155]. '

Six-membered heterocycles with two nitrogen atoms, for example, pyrimidines, have rather high
fluorescence quantum yields and display scintillation properties, but they are less effective as scintillation
activators than 2,5-diphenyloxazole and p-terphenyl [156].

FHL(CH, ) NH
3{CH,) \l e o) ) i'ﬂ
o8e @fL JeBS
A
- N7 o °c
0 X

r (CZHS)ZN

<
1%

Benzopyrimidines — 2-substituted 4 @ H)-quinazolones (IX) — are recommended as effective organic lumino-
phores [157]. '

The greatest increase in the fluorescence intensity in the 2-aryl—4(3H)-quinazolone series is ob-
served in the case of 6,7-annelation of the benzene ring or when an amino group is introduced into the 6
position of a benzene ring condensed with a heteroring [158].

In contrast to the unsubstituted compound, chloro- and methoxyphenazines fluoresce in the crystalline
state and in solutions. Mataga and Ezumi [159] link this with a lowering of the 7,7 * level. However, it is
interesting that in contrast to most other heterocycles, phenazines lose their capacity for fluorescence
when they are protonated. This is explained by the vibrational interaction of the ground level with the low-
er excited level, which, owing to protonation, has a very low value.

Phenoxazine dyes luminesce in alcohol solutions. The presence of a quinoid structure leads to a
long~wave shift of the luminescence. Some of them luminesce in the orange and orange-red regions of the
spectrum. The introduction of a dialkylamino group into the para position relative to the heteroring nitro-
gen (X) promotes a bathofluoric effect. Substitution in the other positions is accompanied by a decrease in
the fluorescence intensity or by complete quenching {160].

There is no information available regarding the practical utilization of the fluorescence of phenoxa-
zines. At the same time, 2 fluorescence method for the qualitative and quantitative determination of sulfur
analogs of phenoxazines — phenothiazines — is known [161].

Fluoresceins and rhodamines have long served as classical objects for the investigation of the lumi-
nescence properties of organic substances. Daylight-fluorescent pigments and dyes have been created
from them [162, 163], and they are used for labeling aerosols [164] and for many other purposes. Replace-
ment of the primary amino groups in rhodamine molecules by diethylamino groups causes a bathofluoric
effect and a small increase in the fluorescence quantum yield. The introduction of two arylalkyl groups
into the amino groups results in a more significant long-wave shift of the fluorescence maxima, the longer
the alkyl chain; the quantum yield remains almost unchanged in this case. Replacement of the hydrogen
atoms of the amino groups by aryl groups markedly reduces the luminescence intensity and induces an
even greater bathofluoric effect [165, 166].

' Coumarin derivatives are of interest as optical bleaches [167-169]. A study of their luminescence
properties in the case of 4~methylcoumarin showed that electron-donor substifuents in the 7 position in-
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crease the brightness of the luminescence, and the most significant effect is observed when a diethylamino
group is introduced; hydroxy and methoxy gruoups have a lesser effect [170-174].

Of the other classes of heterocyclic compounds used as luminophores, one should note pyrylium salts
(based on 4-aryl- and 4-styrylpyrylium perchlorates [175]).

Effective luminophores are found among barbituric acid derivatives. Specifically, 5-(p-dimethyl-
aminobenzylidene)barbituric acid — a luminophore with red luminescence — is one such luminophore
[176, 177].

Organic Luminophores — Phthalic and Naphthalic Acid Derivatives

A number of studies involving the investigation of luminophores that are 3- and 4-aminophthalimide
derivatives have been published; the effect of various structural factors and the environment on their lu-
minescence has been studied [178-181]., These luminophores have not received substantial practical
application.

Luminophores based on naphthalic acid, substituted naphthalic acid, and its derivatives have recently
assumed great importance. Many of them contain groupings of atoms characteristic for the luminescent
substances already noted above. However, the combination of these groupings with naphthalic anhydride,
naphthalimide, and naphthoylenebenzimidazole groupings has made it possible to obtain effective lumino-
phores with interesting new properties.

One should first of all note luminophores with blue luminescence — naphthalimide derivatives — which
are used as optical bleaches. The overwhelming majority of them contain an alkoxy group in the naphthali~
mide grouping, most frequently in the 4 position [182-185]. Hydroxy [186], acylamino [187], phenoxy, alkyl
or cycloalkyl [188], halo [189], alkyl- or arylmercapto {190, 191], and sulfamide [192] groups are some-
times introduced in place of them. The hydrogen of the imino group is unsubstituted only in rare instances
[186]. Alkyl [193] or alkoxy [194] and alicyclic [195] groups are usually introduced in place of it, and
sometimes alkyl groups containing a dialkylamino group [196] or an ester grouping [197], hydroxy or al-
koxy groups, heterocyclic groupings [198, 199] are introduced in place of it.

Luminophore XI may serve as an example of compounds recommended for bleaching polyester and
polyacrylic fibers [200].

Naphthalimide derivatives with heterocyclic substituents in the naphthalene ring and compounds in
which this ring is condensed with a heteroring are of interest as bleaches. Thus, according to [201], 4-pyr-
azolyl-substituted naphthalimides can be used for bleaching synthetic materials. Compounds XI (X = O,
NH), which are synthesized by condensation of 3-halo-4-aminonaphthalic acids or their imides with car-
boxylic acid derivatives and subsequent cyclization of the reaction products [202, 203], are used for bleach-
ing natural and synthetic fibers, resins, paper, and leather. ‘
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Cationic bleaches that are naphthalimide derivatives have been described. A quaternary nitrogen
atom, which may be included in the heteroring, enters into the substituent attached to the imide nitrogen in
these compounds. Thus, for example, luminophore XTI is recommended for.bleaching synthetic fibers [204].
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Bleaches with unsaturated acyl groupings are known. Copolymers of acrylonitrﬂe with small amounts
‘of luminophore XIV are more photostable than polyacrylonitrile bleached with 4-acetamidonaphthalic acid
N-butylimide [205].

In addition to naphthalimide derivatives used for the optical bleaching of various materials, lumino~-
phores with yellow and orange luminescence that also contain a naphthalimide grouping have been described.

In contrast to N-substituted 4-acetamidonaphthalic acid imides — luminophores with blue lumines-
cence ~ the corresponding 4~aminonaphthalic acid derivatives are yellow dyes that absorb light and lumi-
nesce in a longer-wave region than the analogous phthalimide derivatives [206, 207].
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N-Substituted 4-aminonaphthalic acid imides serve as the luminescent components of daylight-fluorescent
pigments and dyes [208, 209].

Compounds with a perimidine ring that are formed in the reaction of N-substituted 4,5-diamino-
naphthalic acid imides with aliphatic or aromatic acid chlorides (XV, R, R' = Alk, Ar) [210,211] are classi-
fied as greenish-yellow and yellow luminescent dyes.

Orange luminescent dyes XVI were obtained by introduction of a pyrazoline grouping into the 4 posi-
tion of the naphthalimide grouping; they are used for dyeing polystyrene and poly(methyl methacrylate)

[212, 213].
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Luminophores with luminescence of a different color are found among azomethine derivatives of 4-
amino-N-phenylnaphthalimide [214]. Their range of luminescence (A 4% in dimethylformamide 465-525
nm, 512-605 nm in the solid state) can be varied over considerable limits by changing the structure of the
aldehyde residues.
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Luminophores with azomethine groups are unsatable in acid media. Their arylethylene analogs
(XVT1I), obtained from 4-chloromethylnaphthalic acid {215], do not have this disadvantage.

so-cnen{ Yo S
>N-—C6H5 HN< . >\H
Ve ok )
: Xvil
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Perilene-3,4,9,10-tetracarboxylic acid (XVII), which has luminescence properties, was synthesized
by alkaline fusion of naphthalimide [216]). Perilenetetracarboxylic acid N,N'-dialkyl(or cyclohexyl)imides
dye polystyrene in bulk from reddish-yellow to orange (depending on the luminophore concentration). In
addition to high photostability, fluorescing dyes have great brightness and resistance to chemical action
[217, 218]. Photostable luminescent pigments that dye various polymers from red to claret can be obtained
by condensation of perilenetetracarboxylic acid dianhydride with 4-aminonaphthalic acid N-substituted
imides [219].

1,8-Naphthoylene-1',2'-benzimidazole (XIX) [220], which is readily formed in the reaction of naph-
thalic anhydride with o-phenylenediamine [221], is an effective luminophore with yellow-green lumines-
cence. This luminophore, which luminesces intensely in hydrocarbon solvents and in the solid state, has
received wide application in luminescence defectoscopy [222, 223] and has been used to impart luminescing
colors to polystyrene and other polymers [224, 225], in v -radiation dosimetry [226], and for other purposes.

Various substituted naphthoylenebenzimidazoles, primarily those containing chloro and methoxy
groups in the benzene ring, have also been used to dye polymers [224, 227, 228].

The product of the condensation of 3-sulfonaphthalic anhydride with o—phenyienediamine is a water-
soluble luminophore with yellow-green luminescence [229].

Compounds that luminesce intensely in the solid state were obtained by condensation of amino-sub-
stituted naphthoylenebenzimidazoles (amino group in the peri position of the naphthalene ring) [203].
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Luminophores with orange-red and red luminescence that contain interconjugated naphthoylenebenzi-
midazole and diphenylpyrazoline structural groupings (XX) are of interest [231].

These compounds, which are soluble in organic media, dye polystyrene and poly (methyl methacrylate),
and they give intensely fluorescing photostable colors even in low concentrations [232]. They are some-
times used for the same purpose in mixtures with thioindigo dyes [233].

Yellow luminescent dyes of the XXI type, which are suitable for dyeing polyester fibers, were recently
described [234].

4- and 5-Benzoyl-substituted naphthoylenebenzimidazoles are used in the synthesis of compounds
that contain a benzanthrone grouping, for example, XXII.

B oxe 0

XXi

g

For this, they are heated with anhydrous aluminum chloride. Compound XXII is a luminophore with orange
luminescence [235].

4-Carboxynaphthalic anhydride (the anhydride of naphthalene-1,4,5-tricarboxylic acid) assumes
great importance in the synthesis of luminophores. Condensation of its acid chloride {236] with o-phenyl-
enediamine, o-aminophenol, o-aminothiophenol, and their substituted derivatives gave benzazolylnaphthalic
anhydrides XXIII (X = O, 8, NH), which have intense luminescence in hydrocarbon solvents but luminesce
less intensely in the solid state [237-240]. The anhydrides of aryloxazolyl- and aryloxadiazolylnaphthalic
acids (XXIV, X = CH, N) were described almost simultaneously [241-243]. The corresponding naphthali-
mide and naphthoylenebenzimidazole derivatives were synthesized by condensation of these anhydrides
with aniline or o-phenylenediamine [238, 240, 243-245],

X X—N
*
v N Ar ]
N ° /
Coe oo
i ]

The luminescence maxima of luminophores obtained from 4-carboxynaphthalic anhydride lie over a
wide range of wave lengths: 425-628 nm in toluene, and 480-635 nm in the solid state. The absolute quan-
tum yields of toluene solutions range from 0.14 to 0.95.

The anhydrides and phenylimides have been used for the preparation of daylight-fluorescent pigments
[246, 247], and naphthoylenebenzimidazole derivatives can be used to dye polystyrene [240, 243].

Luminescent Heterocyclic Compounds with an Intramolecular Hydrogen Bond.

Luminophores based on heterocyclic compounds with an intramolecular hydrogen bond constitute a
special group. It was noted above that bonding of the unshared pair of electrons of the heteroatom leads to
‘a change in the relative spacing of the n,m* and 7,7 * levels and frequently entails the development of lumi-
nescence. This effect can also be achieved by means of an intramolecular hydrogen bond. In this case, an
anomalously large Stokesian shift is observed simultaneously with the development of luminescence: sub-
stances that are colorless in daylight fluoresce in-the blue [248], green [249], yellow [250], and even in the .
near-IR region of the spectrum [251]. ‘

The reason for the anomalously large Stokesian shift lives in the emissionless loss of a portion of
the absorbed energy to transfer of a proton along the coordinate of the hydrogen bond. The decrease in
the luminescence maximum depends on the strength of the hydrogen bond, which can be changed by intro-

ducing substituents of different nature. The weaker the hydrogen bond, the larger the bathofluoric effect
[252].
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Luminophores with an intramolecular hydrogen bond are known in different classes of heterocyclic
compounds. These include 2- 2-arylsulfonylaminophenyl)-4H-3,1-benzoxazin-4-ones (XXV) [250], 2- @-hy-
droxyphenyl)-substituted benzoxazoles [249], benzothiazoles [253], benzimidazoles [254] (XXVI, X =0, 8§,
NH), and 2-(2-hydroxyphenyl)-4 (3H)-quinazolones (XXVTII) [255].

NHSO,Ar

\\n’

xxv XX &v_n
The use of luminophores with a large Stokesian shift makes it possible to realize luminescent labeling
of articles without changing their natural colors, for example, in the preparation of luminescent postage
stamps for automatic sorting of letters [256] or luminescent coded cards [257-259].
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