
CHAPTER 2 / PHOSPHORESCENCE 

PROPERTIES OF INDIVIDUAL COMPOUNDS 

The phosphorescence properties of individual organic compounds are 
described in the following sections according to their chemical classes, 
and the discussion of the experimental results has been placed promin
ently in the foreground so that relationships between constitution and 
phosphorescence behavior may be established as far as possible. How
ever, in this summary it has not been possible to include all the com
pounds that have been investigated, nor even all the classes of compounds. 
In particular the whole broad field of the organic dyestuffs has been 
excluded; for this, reference should be made to the monographs of 
Fôrster 1 and Pringsheim. 2 Special care has been taken, however, to 
include those classes and individual substances that seem to be of greater 
interest because of the application of their phosphorescence in analysis. 

2.1. AROMATIC HYDROCARBONS AND THEIR HOMOLOGS 

Benzene, naphthalene, and the linearly annellated hydrocarbons 
anthracene (VII), tetracene (VIII), pentacene (IX), etc. (the acenes), are 
of special significance for the understanding of the spectroscopic 
properties of aromatic hydrocarbons. 

The phosphorescence spectrum of benzene has been studied not only 
by Lewis and K a s h a 3 but, with special thoroughness, by Shul l 4 and 
1 Th. Forster, "Fluoreszenz organischer Verbindungen," p. 261ff. Vandenhoeck & 

Ruprecht, Gôttingen, 1951. 
2 P. Pringsheim, "Fluorescence and Phosphorescence," p. 285ff. Wiley (Interscience), 

New York, 1963. 
3 G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 6 6 , 2100 (1944). 
4 H . J. Shull, J. Chem. Phys. 17 , 295 (1949). 

5 9 
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Sveshnikov 5 using EPA at 77°K and ethanol at 90°K respectively. The 
vibrational analysis that these authors carried out independently of each 
other revealed that the phosphorescence transition of benzene is 
symmetry forbidden (see Section 1.3). The question of the assignment 
of the S-T transition has been the subject of much experimental and 
theoretical investigation. K e a r n s 6 has presented a particularly painstak
ing and detailed discussion, including consideration of the previous 

V I I V I I I 

literature, and confirmed the assignment already given by Shull and by 
Dikun and Sveshnikov, 3Biu -> lAlg. (See Sandorfy 7 for the group 
theoretical description of the electronic states of organic molecules.) 

The phosphorescence spectra of benzene both in EPA and in a cyclo-
hexane matrix at 77°K as measured by Sponer et al.s are reproduced in 
Fig. 9. The low intensity of the symmetry-forbidden 0,0 band is quite 
striking in both media and so too is the marked resolution of the spectrum 
in the cyclohexane matrix; this develops still further until, at 4°K, 124 
separate bands can be observed (see Section 1.3 in this connection). 

Measurements of the singlet-triplet absorption spectrum of benzene 
(as a vapor and as a liquid) have been carried out by several a u t h o r s . 9 ' 1 0 

The oxygen method developed by Evans (see Section 1.2) has been 

5 P. P. Dikun and B. Ya. Sveshnikov, Dokl. Akad. Nauk SSSR 6 5 , 637 (1949); 
Zh. Eksperim. i Teor. Fiz. 19 , 1000 (1949). 

6 D. R. Kearns, / . Chem. Phys. 36,1608 (1962). 
7 C. Sandorfy, "Die Elektronenspektren in der theoretischen Chemie," p. 41 ff. 

Verlag Chemie, Weinheim, 1961. 
8 H. Sponer, Y. Kanda, and L. A. Blackwell, Spectrochim. Acta 16 , 1135 (1960). 
9 D. F. Evans, / . Chem. Soc. p. 3885 (1957). 

1 0 D. F. Evans, / . Chem. Soc. p. 1351 (1957); G. N. Lewis and M. Kasha, / . Am. 
Chem. Soc. 67 , 994 (1945); A. Pitts, J. Chem. Phys. 18 , 1416 (1950). 
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applied to this, sometimes intentionally and sometimes unintentionally 
(by earlier workers). 

According to various w r i t e r s 4 , 5 the 0,0 band of the S-T transition of 
benzene in emission lies between 29,470 and 29,515 c m - 1 (in a cyclo-
hexane ma t r ix 8 it is at 29,501 c m - 1 ) and in absorption at 29,510 c m - 1 

in the v a p o r 9 and between 29,400 and 29,440 c m - 1 in the l iquid . 1 0 

The S-T transition of naphthalene is permitted by symmetry and is 
found at 21,246 c m - 1 in emission 1 1 (light petroleum, 77°K) and at 
21,180 c m - 1 in absorption using the oxygen me thod . 1 2 Vibrational 
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Fig. 9 . Phosphorescence spectra of benzene in cyclohexane and EPA at 77°K 
[according to H. Sponer, Y. Kanda, and L. A. Blackwell, Spectrochim. Acta 1 6 , 
1135 (I960)]. 

analyses of the phosphorescence spectrum have been given by several 
w o r k e r s . 1 1 ' 1 3 

Because of its low intensity and its long wavelength the phosphor
escence spectrum of anthracene (VII) was very difficult to determine, 
but was first measured by Lewis and Kasha . 3 Inconsistent results 
obtained by R e i d 1 4 turned out to be incorrect and the old measurement 

1 1 J. Ferguson, T. Iredale, and J. A. Taylor, J. Chem. Soc. p. 3160 (1954). 
1 2 D. F. Evans, J. Chem. Soc. p. 1351 (1957). 
1 3 J. Czekalla, G. Briegleb, W. Herre, and H. J. Vahlsensieck, Z. Elektrochem. 6 3 , 

715 (1959); J. W. Sidman, / . Chem. Phys. 2 5 , 229 (1956). 
1 4 C. Reid, J. Chem. Phys. 2 0 , 1212 (1952); / . Am. Chem. Soc. 7 6 , 3264 (1954). 
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by Lewis and K a s h a 3 was established by Kasha et al.15 and supplemented 
by measurement of the S-T absorption spectrum of anthracene. In 
emission its S-T transition lies at 14,927 c m - 1 (EPA, 77°K) and in 
absorption at 14,850 c m - 1 (CS 2 , room temperature). 

The S-T transition of tetracene (VIII) has so far only been measured 
in absorpt ion 1 5 and is found—in agreement with quantum mechanical 
predictions 1 6 —at 10,250 cm" 1 . It has not so far proved possible to 
observe the corresponding phosphorescence because, as would be 
expected, its intensity is very low. A tetracene phosphorescence reported 
by Re id 1 7 to lie at 19,600 c m - 1 (5100 Â) that led to far-reaching con
clusions was shown by Clar and Zander 1 8 and later by Hammond 
et al.19 to be caused by a very small trace of tetracene-5,12-quinone 
present as an impurity. 

For the higher acenes—pentacene (IX) and so on—attempts to 
evaluate the singlet-triplet transitions have succeeded neither in absorp
tion nor in emission. However, the triplet-triplet absorptions of pent
acene (and of the earlier members of the acene series) have been 
measured. 2 0 

The phosphorescence transition is displaced strongly and progres
sively toward longer wavelengths in the series benzene, naphthalene, 
anthracene, tetracene, i.e., with increasing linear annellation. If the 
position of the S-T transitions of these compounds is plotted against 
their ionization energy, there is obtained the close approximation to a 
linear relationship, shown in Fig. 10. 2 1 The equation of the straight 
line shown is 

ÏS_T = 7 - 4 6 , 0 0 0 (cm" 1 ) (5) 

and implies that the positions of the S-T transitions of the acenes depend 
essentially on the fact that the energy of the ground state decreases as 

is S. P. McGlynn, M. R. Padhye, and M. Kasha, / . Chem. Phys. 2 3 , 593 (1955); 
2 4 , 588 (1956); S. P. McGlynn, T. Azumi, and M. Kasha, ibid. 4 0 , 507 (1964). 

1 6 R. Pariser, J. Chem. Phys. 2 4 , 250 (1956); G. G. Hall, Proc. Roy. Soc. A 2 1 3 , 113 
(1952). 

1 7 C. Reid, / . Chem. Phys. 2 0 , 1214 (1952). 
1 8 E. Clar and M. Zander, Chem. Ber. 8 9 , 749 (1956). 
1 9 A. A. Lamola, W. G. Herkstroeter, J. C. Dalton, and G. S. Hammond, J. Chem. 

Phys. 4 2 , 1715 (1965); E. Clar and M. Zander, ibid. 4 3 , 3422 (1965). 
2 0 G. Porter, Proc. Chem. Soc. p. 291 (1959). 
2 1 M. Zander, Dissertation, Munster (1956); Angew. Chem. 7 2 , 513 (1960). 
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the annellation increases, whereas the energy of the lowest triplet state 
is almost entirely independent of the size of the molecule. If the relation
ship given by Eq. (5) or by Fig. 10 is extrapolated to the higher acenes, 
it is found that with ever increasing annellation the S-T transition moves 
to ever longer wavelengths until finally, at about nonacene, the still 
hypothetical hydrocarbon with nine linearly annellated benzene rings, 
the lowest triplet state should coincide with the ground state. Hence for 
these very highly annellated acenes we must be dealing with free radicals. 
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Fig. 10. Relationship between the positions of the phosphorescence transitions 
and the ionization energy for aromatic hydrocarbons. 

For hexacene (X) and heptacene (XI), which are both known, the 
energy of the S-T transition estimated from Eq. (5) already falls in the 
region of thermal energy. In principle, therefore, it ought to be possible, 
if the considerable experimental difficulties could be overcome, to excite 
the lowest triplet states of these compounds thermally. 

Among the phenes (the angularly annellated hydrocarbons phen
anthrene (XII), tetraphene (XIII), pentaphene (XIV), etc.) phen
an th rene 1 8 , 2 2 has been investigated very thoroughly. The 0,0 band of the 
spectrum of its intense green phosphorescence lies at 21,600 c m - 1 in 
2 2 M. Kasha, Chem. Rev. 41,401 (1947); D. S. McClure,/. Chem. Phys. 17, 905 (1949); 

J. Czekalla and K. J. Mager, Z. Elektrochem. 66, 65 (1962). 



64 2. Phosphorescence Properties of Individual Compounds 

EPA at 77°K (see Fig. 5), and vibrational analyses have been given by 
several au thors . 2 3 Evans 1 2 has measured the S-T absorption spectrum 
(0,0 band at 21,600 cirT 1). 

With the phenes too the phosphorescence transition is displaced 
toward longer wavelengths with increasing linear annellation of the 
longer arm. Thus the 0,0 bands of the phosphorescence spectra of 
tetraphene and pentaphene (each with three rings in the longer arm) are 
found 1 8 at 16,520 and 16,930 c m - 1 , respectively, whereas that of phen-
anthrene (two rings maximum) is at 21,600 c m - 1 . 

XII XIII XIV 

The classification of the lowest triplet states of the aromatic hydro
carbons is of special importance (in this connection, see Section 1.3). 
In Fig. 11 the positions of the α , β, and para absorption bands (lLb, lBb, 
1La)i with those of the S-T transitions of the acenes and phenes, have 
been plotted as functions of the number of rings. It can be seen that there 
is a convincing correlation between S-T bands and para bands, although 
with the α and β bands no relationship can be established. The correla
tion between S-T bands and para bands has been confirmed by a very 
2 3 Y. Kanda and R. Shimada, Spectrochim. Acta 15, 211 (1959); J. Czekalla, G. 

Briegleb, W. Herre, and H. J. Vahlsensieck, Z. Elektrochem. 63, 715 (1959). 
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large amount of experimental evidence. 1 8 Figure 12 shows, for further 
aromatic hydrocarbons of various structural patterns, the parallel 
dependence of both transitions on the constitutions of the molecules. 
From the relationship presented in Figs. 11 and 12 it must be concluded 
that the lowest triplet states of aromatic hydrocarbons must have the 
same electronic configuration as the para singlet excited state, i.e., it 
must be classified as 3La.24 K e a r n s 6 h a s unequivocally confirmed this. 
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Fig. 1 1 . Dependence of the position of the S-S and S-T transitions of acenes and 
phenes on the number of annellated benzene rings. 

As a criterion of classification we have made use of the fact that the 
singlet and triplet states that belong to the same electronic configuration 
show the same dependence on constitution, i.e., that both terms are 
displaced parallel to each other in passing from one member of a series 
to another, or, expressing it more simply, that the magnitude of the 
singlet-triplet splitting within a given class of substances, e.g., aromatic 
hydrocarbons, is independent of the size and structure of the molecule. 
2 4 I. R. Piatt, / . Chem. Phys. 17,484 (1949); Η. B. Klevens and I. R. Piatt, ibid. p. 470. 
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This is, as follows from Figs. 11 and 12, quite a good approximation, 
but closer inspection shows that it is not exactly true. In reality it is 
observed that the singlet-triplet splitting in aromatic hydrocarbons does 
depend on the molecular size. In Fig. 13 the differences (in cm""1) between 

Fig. 12. Positions of the phosphorescence transitions and of the a and the para 
absorptions of polycyclic aromatic hydrocarbons. 

20 χ 10' 
[cm 1] 

2 3 4 5 6 7 
Number of benzene rings » 

Fig. 13. Relationship between S-T splitting and molecular size for aromatic 
hydrocarbons. 
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0,0 Band Lifetime' 
Compound 6 (cm- 1) Reference0 (sec.) 

a. Acenes and Phenes 
Benzene 29,500 3, 4, 5, 8 7.0 
Naphthalene 21,246 3, 11, 13 2.6 
Anthracene (VII) 14,927 3, 15 0.09 
Tetracene (VIII) 10,250 15 — 

(absorption) 
Phenanthrene (XII) 21,600 18, 22 3.3 
Tetraphene (XIII) 16,520 18 0.3 
Pentaphene (XIV) 16,930 18 — 

b. kata-Annellated, Angular Hydrocarbons 
Chrysene 20,040 3, 18 2.5 
3,4-Benzphenanthrene (XLV) 20,020 18, 55, 56 3.5 
1,2-Benzchrysene 18,650 18 — 
Picene 20,080 18 2.5 e 

5,6-Benzchrysene 19,760 18 — 
3,4:5,6-Dibenzphenanthrene 19,800 18 — 
1,2:7,8-Dibenzchrysene 17,270 18 — 
1,2:5,6-Dibenzanthracene 18,260 18 1.5 
1,2:3,4-Dibenzanthracene 17,770 18 — 
1,2:7,8-Dibenzanthracene 18,500 18 — 

2 5 M. Zander, Angew. Chem. Intern. Ed. Engl. 4, 930 (1965). 

the 0,0 bands of para absorption and phosphorescence for numerous 
aromatic hydrocarbons of various structural types have been plotted 
against the number of benzene rings present in the molecule, since this 
can be regarded as a measure of the size of the m o l e c u l e . 2 1 , 2 5 It is clear 
that this différence, the singlet-triplet splitting, falls smoothly as the 
dimensions of the molecule increase, and becomes approximately 
constant (at ca. 10,000 c m - 1 ) only for hydrocarbons with more than 
five rings. The relationship represented by Fig. 13 can be used to predict 
the approximate molecular weight from knowledge of the positions of 
the para and S - J b a n d s of an unknown hydrocarbon, or, more important, 
to predict from the absorption spectrum of a known hydrocarbon the 
approximate position of its phosphorescence spectrum. This is often 
useful in planning spectrophosphorimetric analyses. 

TABLE 9 Phosphorescence of Polycyclic Aromatic Hydrocarbons0 
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0,0 Band Lifetime* 
Compound6 (cm - 1 ) Referencec (sec.) 

c. Hydrocarbons of the Pyrene and Perylene Series 
Pyrene (XVI) 16,850 14, 27, 31 0.2 
1,2-Benzpyrene (XVII) 18,510 18,31 2.0 
3,4-Benzpyrene (XVIII) 14,670 28 — 
1,2:6,7-Dibenzpyrene (XIX) 20,360 18 7.5 
1,2:4,5-Dibenzpyrene (XX) 16,360 29 — 
1,12-Benzperylene (XXIII) 16,180 18 — 
Coronene (XXIV) 19,410 18, 32 9.4 

d. Hydrocarbons with Five-Membered Rings 
Fluoranthene (XXVI) 18,510 18 — 
3,4-Benzfluoranthene (XXVII) 19,190* — 2.0 e 

2,13-Benznuoranthene (XXVIII) 18,970e — — 
Fluorene (XXIX) 23,910 38 — 
1,2-Benzfluorene (XXX) 20,080 18 — 
2,3-Benzfluorene (XXXI) 20,080 18 — 
3,4-Benzfluorene (XXXII) 19,340e — 1.1 e 

Truxene (XXXIII) 22,470 21 — 
Isotruxene (XXXIV) 19,720 39 — 

e. Condensed Polyphenyls 
Triphenylene (XXXV) 23,250 18 15.9 
1,2:3,4:5,6:7,8-Tetrabenzanthracene 20,550 18 8.9 e 

(XXXVI) 
1,2:3,4:6,7:12,13-Tetrabenzpentacene 19,570 e- / — 8.4 e 

(XXXVII) 
5,6:8,9:14,15:17,18-Tetrabenzheptacene 19,160 e- f — 3.3 e' 

(XXXVIII) 
1,2:6,7-Dibenzpyrene (XXXIX)*: 
1,12:2,3:10,11 -Tribenzperylene (XL) 18,620 e' f — 3.3 e' 
1,2:3,4:5,6:10,11 -Tetrabenzanthanthrene 18,590 e- f — 4.4e-

(XLI) 
1,12:2,3:4,5:6,7:8,9:10,11 -Hexabenz- 17,540e' ' — 3.8e-

coronene (XLIII) 
a All data obtained from low-temperature measurements. 
b The names and numbering are those used by E. Clar, "Polycyclic Hydrocarbons." 

Academic Press, New York, 1964. 
c References are cited only when the complete spectrum of the substance in question 

is reproduced either as tables or as diagrams in the publications indicated. 
d When no other reference is given in this column the values have been taken from 

Table 5, the footnotes to which give the appropriate literature citations. 
e From M. Zander, unpublished work (1965). 
f Measurements made in trichlorobenzene. g See Section c of the table. 
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In addition to the acenes and phenes just discussed, there are many 
more hydrocarbons of the most varied structural types, the phosphor
escence spectra of which have been similarly investigated. The positions 
of the phosphorescence bands of many angular hydrocarbons such as 
chrysene, 3,4-benzphenanthrene, 1,2-benzchrysene, picene, etc., in EPA 
at 77°K, have been reported by Clar and Zander , 1 8 and Table 9 contains 

XV XVI XVII 

XXI 
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a selection of the measurements given by them. O'Dwyer et al.26 have 
measured the phosphorescence spectrum of the interesting compound 
hexahelicene (XV). 

In the pyrene series the phosphorescence spectra of pyrene (XVI) , 1 4 , 

1 8 ' 2 7 1,2-benzpyrene (XVII) , 1 8 3,4-benzpyrene (XVIII) , 2 8 1,2:6,7-
dibenzpyrene (XIX) , 1 8 l,2:4,5-dibenzpyrene (XX) , 2 9 3,4 : 8,9-dibenz-
pyrene (XXI) , 3 0 and 3,4:9,10-dibenzpyrene ( X X I I ) 3 0 are known. Those 
of pyrene, and 1,2-benzpyrene have also been studied in a crystalline 
paraffin matrix by Shpol'skii et al.31 For the latter, 150 lines were 
measured at 4°K. 

The phosphorescence of perylene is not known. However, the hydro
carbons 1,12-benzperylene (XXII I ) 1 8 and coronene ( X X I V ) , 1 8 ' 3 2 which 
are formally related to perylene (see Fig. 6 and Table 9), have been 
investigated. Shpol'skii and Kl imova, 3 3 who have studied the phos
phorescence spectrum of coronene in a matrix of hexane and heptane, 

2 6 M. F. O'Dwyer, M. A. El-Bayoumi, and S. J. Strickler, J. Chem. Phys. 3 6 , 1395 
(1962). 

2? D. S. McClure, J. Chem. Phys. 17 , 905 (1949); A. A. Iljina and E. W. Shpol'skii, 
Nachr. Akad. Wiss., Ud. SSR, Physik. Ser. 15 , 585 (1951). 

2 8 B. Muel and M. Hubert-Habart, / . Chim. Phys. 5 5 , 377 (1958). 
2 9 A. A. Iljina and E. W. Shpol'skii, Nachr. Akad. Wiss., Ud. SSR, Physik. Ser. 15 , 

585 (1951). 
3 0 B. Muel and M. Hubert-Habart, Proc. 4th Intern. Meeting Mol. Spectry., Bologna, 

p. 647 (1959). 
3 1 E. W. Shpol'skii and E. Girdzhiyauskaite, Opt. i Spektroskopiya 4 , 620 (1958); 

E. W. Shpol'skii, L. A. Klimova, and R. J. Personov, ibid. 1 3 , 341 (1962). 
3 2 D. S. McClure, / . Chem. Phys. 17 , 905 (1949); E. Bowen and B. Brocklehurst, 

/. Chem. Soc. p. 4320 (1955); J. Czekalla and K. J. Mager, Z. Elektrochem. 6 6 , 
65 (1962). 

3 3 E. Shpol'skii and L. A. Klimova, Izv. Akad. Nauk. SSSR, Ser. Fiz. 2 3 , 23 (1959). 

XXIII XXIV 
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conclude from the vibrational structure, which is distinctly different 
from that of the fluorescence spectrum, that coronene is substantially 
deformed in the triplet state. De Groot and van der W a a l s 3 4 as well as 
Nieman and T i n t i 3 5 have come to the same conclusion about other 
compounds. 

Among aromatic hydrocarbons with one or more five-membered 
rings the following have been examined (see Table 9): acenaphthene 
(XXV) , 3 6 fluoranthene (XXVI) , 1 8 3,4-benzofluoranthene (XXVII) , 3 7 

2,13-benzofluoranthene (XXVIII ) , 3 7 fluorene (XXIX) , 3 8 and the three 
benzofluorenes (XXX) , 1 8 (XXXI) , 1 8 and (XXXII ) , 3 7 as well as truxene 
( X X X I I I ) 2 1 and isotruxene (XXXIV) . 3 9 

B i p h e n y l , 3 , 1 8 , 4 0 p-terphenyl, 3 9 1,3,5-triphenylbenzene, 1 8 and 2,2'-
d inaphthyl 1 8 are examples of hydrocarbons of the diaryl type whose 
phosphorescence spectra are known. 

A specially interesting class of polycyclic aromatic hydrocarbons 
whose phosphorescence characteristics have been investigated is that 
opened up by Clar et al.,41 the condensed polyphenyls. Though tri-
phenylene (XXXV), their simplest representative, has been known for a 
long time, most of the condensed polyphenyls XXXVI to XLIII have 
only recently been synthesized. Clar and his colleagues have postulated 4 1 

that in these compounds the π electrons are not uniformly distributed 
over the whole system, but are effectively localized in groups of six 
(Robinson's aromatic sextets) in the benzene rings that are marked with 

3 4 M. de Groot and J. van der Waals, Mol. Phys. 6 , 545 (1963). 
3 5 G. Nieman and D. Tinti, communicated to the American Institute of Physics 

Meeting, 1965. 
3 6 A. Zmerli, / . Chem. Phys. 3 4 , 2130 (1961); W. W. Trussow and P. O. Tepljakow, 

Fiz. Zh. 8 , 1353 (1963); Opt. i Spektroskopiya 16 , 52 (1964); ibid. p. 27. 
3 7 M. Zander, unpublished data (1965). 
3 8 D. S. McClure, J. Chem. Phys. 17 , 905 (1949); R. C. Heckman, / . Mol. Spectry. 

2 , 27 (1958); Y. Kanda, R. Shimada, K. Hanada, and S. Kajigaeshi, Spectrochim. 
Acta 17 , 1268 (1961). 

3 9 K. F. Lang, M. Zander, and E. A. Theiling, Chem. Ber. 9 3 , 321 (1960). 
4 0 Y. Kanda, R. Shimada, and Y. Sakai, Spectrochim. Acta 17 , 1 (1961). 
4 1 E. Clar and M. Zander, J. Chem. Soc. p. 1861 (1958); E. Clar and C. T. Ironside, 

Proc. Chem. Soc. p. 150 (1958); E. Clar, C. T. Ironside, and M. Zander, / . Chem. 
Soc. p. 142 (1959); E. Clar, G. S. Fell, and M. H. Richmond, Tetrahedron 9 , 96 
(1960); E. Clar and A. McCallum, ibid. 2 0 , 507 (1964); M. Zander, Chem. Ber. 
9 2 , 2744 (1959); comprehensive account: E. Clar, "Polycyclic Hydrocarbons," 
Vol. I, Academic Press, New York, p. 37ff. 1964. 
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circles. This model of the condensed polyphenyls has since been corro
borated by quantum mechanical investigations. 4 2 

H 2 

XXXII 

XXXIV 

4 2 R. Pauncz and A. Cohen, J. Chem. Soc. p. 3288 (1960). 
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XXXV XXXVI 

XL XLI 
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XLII XLIII 

Spectroscopically the condensed polyphenyls are distinguished in two 
important respects. First, their UV spectra lie at considerably shorter 
wavelengths than those of isomeric hydrocarbons of other structures; 
thus the band of longest wavelength of the compound XXXVII, which 
is formally derived from the blue substance pentacene, lies at 399 ταμ 
and that of the highly condensed hexabenzocoronene XLIII is found 
at 444 ταμ. Second, they give very intense phosphorescence with remark
ably long lifetimes. 

The mean phosphorescent lifetimes of the condensed polyphenyls 
XXXV, XXXVI, XXXVII, and XXXIX have been measured in EPA 
and in 1,2,4-trichlorobenzene. 3 7 They lie between 8 seconds for XXXIX 
and 16 seconds for XXXV (triphenylene) in EPA and around 3-4 seconds 
in trichlorobenzene as a consequence of the "external heavy atom 
effect" of the solvent (see Section 1.2). Because of the sparing solubility 
of hydrocarbons XXXVIII, XL, XLI, and XLIII, their phosphorescent 
lifetimes could be determined only in trichlorobenzene. They are 
between 3 and 4 seconds for all the compounds investigated and it must 
be assumed that they are at least twice as great in EPA. If the unusually 
long lifetime of triphenylene is attributed to some additional effective 
symmetry prohibition (see Section 1.3) operative only on this substance, 
then an average value for the lifetime of the condensed polyphenyls is 
about 10 seconds in EPA. Among the aromatic hydrocarbons so long a 
phosphorescent lifetime is found only for benzene and coronene. 

As the phosphorescence transition is shifted increasingly toward the 
red, i.e., as the term difference S0 — 7\ becomes smaller, the lifetime also 
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usually gets rapidly smaller because of the increasing importance of the 
radiationless 7\ -> S0 transition. In contrast the phosphorescent life
time of the condensed polyphenyls is remarkably independent of the 
position of this transition. 

All known condensed polyphenyls phosphoresce very intensely, but 
systematic measurements of the quantum yields have not yet been made. 
There are, however, a few quantitative results available to support the 
qualitative conclusions. Thus the ratio φρΙφ/ of the quantum yield in 
phosphorescence φρ to that in fluorescence φί amounts, according to 
Parker and Ha tcha rd , 4 3 to about 0.8 for phenanthrene, but for tri-
phenylene, the phosphorescence spectrum of which lies in much the 
same region, it is about 5 and the researches of McClure et al.44 even 
give about 12. According to our own measurements, though they are 
only rough approximations, φρ/φ/is about 0.5 for 1,2-benzpyrene, but 
about 3 for the condensed polyphenyl XXXIX (l,2:6,7-dibenzpyrene). 
Hence one can suppose on the basis of the qualitative and the small 
amount of quantitative evidence just submitted that the particular 
structure of the condensed polyphenyls gives rise to specially high 
probabilities of intersystem crossing. Table 9 includes a collection of 
phosphorescence data for compounds of this type. 

There exists a series of general relationships between the phosphor
escence behavior, the UV absorption, and the structures of aromatic 
hydrocarbons. It can usually be expected that the quantum yield φρ of 
the phosphorescence will be all the greater the smaller the extinction 
coefficient of the longest-wavelength singlet-singlet absorption transition 
and the shorter the wavelength of the phosphorescence. The dependence 
on the moment of the first S-S transition follows from the fact that the 
smaller this is, the greater is the ratio of the probabilities of intersystem 
crossing and fluorescence and therefore of φρΙφ/> The dependence on the 
wavelength of the phosphorescence transition arises from the fact that 
as the term difference S0 — Tx becomes smaller so the radiationless 
deactivation of the triplet state increases. 4 5 From these relationships 
intense phosphorescence may be expected especially for those hydro
carbons whose para absorption band ( ILJ lies at low wavelength 

4 3 C. A. Parker and C. G. Hatchard, Analyst 87, 664 (1962). 
4 4 E. H. Gilmore, G. E. Gibson, and D. S. McClure, J. Chem. Phys. 20, 829 (1952); 

for correction, see ibid. 23, 399 (1955). 
4 5 G. W. Robinson and R. P. Frosch, / . Chem. Phys. 38, 1187 (1963). 
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(because of the relationship between phosphorescence and para absorp
tion) and whose longest-wavelength S-S transition corresponds to an 
α band (xLb) (e = 10 2 -10 3 ) . Conversely, hydrocarbons will only phos
phoresce weakly if the first band of their UV spectrum is a long-wave
length para band. Anthracene, with its para band at 375 πΐμ and 
log e = 3.87, is an example. 

The mean phosphorescent lifetimes of aromatic hydrocarbons lie 
between a few milliseconds and several seconds. Compared with other 
types of compounds such as carbonyl or halogenated compounds most 
aromatic hydrocarbons display an unusually long phosphorescence and 
this implies that spin-orbit coupling takes place only to a slight extent 
in these molecules. This is also revealed by ESR measurements on 
naphthalene. 4 6 Various quantum mechanical investigations on the 
subject of the spin-orbit coupling in aromatic hydrocarbons have been 
published and have led, in some cases, to quite contradictory con
clusions. 4 7 The possibility has been discussed that singlet-triplet mixing 
takes place not only through spin-orbit coupling but also by other 
mechanisms. 

Benzene has been found specially interesting, partly because it is the 
simplest member of the aromatic series, and partly because of its very 
long mean and natural triplet lifetimes. McClure et al. estimated 7 
seconds for the mean phosphorescent lifetime and 21 seconds as the 
upper limit for the natural lifetime of the lowest triplet s ta te . 4 4 Robinson 
et al.4* concluded from low temperature measurements (at 4.2°K) on 
perdeuterobenzene that the natural lifetime of the triplet state of benzene 
is 26 seconds. A value more than 10 times as great as this has been assumed 
by Craig et al.49 on the basis of S-T absorption measurements, but the 
conclusions relying on this value have not remained unchallenged. 4 8 

To summarize, one may say that the question of the magnitude of 
the natural lifetime of the lowest triplet state of benzene is still not 
satisfactorily cleared up. 

Mean phosphorescent lifetimes of many aromatic hydrocarbons have 
been measured. Some values are given in Table 5 and further figures may 

4 6 C. A. Hutchison and B. W. Mangum, J. Chem. Phys. 3 4 , 908 (1961). 
4 7 D. S. McClure, J. Chem. Phys. 17 , 905 (1949); 2 0 , 686 (1952); M. Mizushima and 

S. Koide, ibid. p. 765; H. F. Hameka and J. L. Oosterhoff, Mol. Phys. 1, 358 (1958). 
4 8 M. R. Wright, R. P. Frosch, and G. W. Robinson, / . Chem. Phys. 3 3 , 934 (1960). 
4 9 D. P. Craig, J. M. Hollas, and G. W. I. King, J. Chem. Phys. 2 9 , 974 (1958). 
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be found in Table 9. Reference has already been made several times to 
the fall of phosphorescent lifetime with increasing red shift of the 
phosphorescence transition (see Section 1.4). Thus the mean lifetime of 
the acenes alters by a factor of about 1000 between benzene and tetracene 
as the position of the transition changes (0,0 phosphorescence band of 
benzene — 29,500 c m - 1 , r 0 = 7 seconds; for tetracene, 0,0 band = 10,250 
c m - 1 , r 0 = 0.005 second; data for tetracene from S-T absorpt ion) . 1 5 

The phosphorescence spectra of numerous homologs of aromatic 
hydrocarbons have been measured. That of t o l u e n e 3 ' 5 0 has been the 

XLIV XLV 

subject of several investigations, including one by Kanda and Shimada, 5 1 

who have studied it in a cyclohexane matrix and have given a vibrational 
analysis for it. 

Examinations of the phosphorescence of o-, m-, and / 7 - x y l e n e , 5 1 ' 5 2 

mes i ty lene , 5 1 ' 5 3 d u r e n e , 5 3 5 4 hexamethylbenzene, 5 3 and of both mono-
methylnaphthalenes 3 are available. 

Hi r shberg 5 5 and Moodie and R e i d 5 6 have investigated the phos
phorescence characteristics of the 12 isomeric monomethyl-l,2-benz-
anthracenes (XLIV) and of the six isomers of monomethyl-3,4-benz-
phenanthrene (XLV) in connection with studies of the carcinogenic 
properties of aromatic hydrocarbons. As would be supposed, the spectra 
of the homologs resemble those of the parent compounds. Nevertheless 
5 0 P. P. Dikun and B. Ya. Sveshnikov, Zh. Eksperim. i. Teor. Fiz. 19 , 1000 (1949); 

Y. Kanda and H. Sponer, / . Chem. Phys. 2 8 , 798 (1958). 
5 1 Y. Kanda and R. Shimada, Spectrochim. Acta 17 , 279 (1961). 
5 2 P. Pesteil and A. Zmerli, Ann. Phys. 1 0 , 1079 (1955). 
5 3 H. Sponer and Y. Kanda, / . Chem. Phys. 4 0 , 778 (1964). 
5 4 Y. Meyer and R. Astier, / . Phys. Radium 24, 1089 (1963); J. Czekalla and K. J. 

Mager, Z. Elektrochem. 6 6 , 65 (1962). 
5 5 Y. Hirshberg, Anal. Chem. 2 8 , 1954 (1956). 
5 6 M. M. Moodie and C. Reid, / . Chem. Phys. 2 2 , 252 (1954). 
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between the homologs and the parent compounds and between the 
individual homologs there occur small differences in the positions and 
relative intensities of the bands and these can be useful in identifying 
these compounds analytically. Among the homologs of benzanthracene, 
the 9- and 10-monomethyl and also the 9,10-dimethyl compounds have 
definitely shorter lifetimes than any other isomers. 5 5 It is therefore 
interesting that these are the most strongly carcinogenic of the homologs 
of benzanthracene. 

The 0,0 band of the phosphorescence of 3,4-benzphenanthrene has 
been reported by Hi rshberg 5 5 as occurring at 496 m/x (in alcohol-
methanol-ether, 8:2:1), and all the monomethyl benzphenanthrenes 
except the 5 compound have 0,0 bands between 501 and 504 χημ. That 
of 5-methyl-3,4-benzphenanthrene (XLV), however, occurs at 512 ταμ. 
Here the phosphorescence clearly reveals a steric effect—overcrowding 
of the hydrogen atoms that are found at the 4' position and in the 
methyl group. 

Z a n d e r 3 7 has measured the phosphorescence spectra of monomethyl-
and monoethylcoronene. 5 7 In position, the bands correspond very 
closely with those of coronene, but in the distribution of intensities 
there is a definite difference from that of the parent substance in that the 
0,0 bands are relatively intense. This is another pointer to the conclusion 
that the extreme weakness of the 0,0 phosphorescence band of coronene 
must be attributed to a symmetry prohibition additional to the genuine 
intercombination prohibition. 

2.2. SUBSTITUTION PRODUCTS OF AROMATIC HYDROCARBONS 

Although the phosphorescent lifetimes and quantum yields of aromatic 
hydrocarbons are greatly altered by halogen substitution, the effect on 
the positions of the transitions is relatively small. The halogen mono-
substitution products of naphthalene have been investigated particularly 
thoroughly, 1 and in Table 10 the positions of their 0,0 bands in glassy 
solid solutions at 77°K have been collected for all these fluoro, chloro, 
bromo, and iodo compounds. As will be seen, halogen substitution shifts 
the phosphorescence toward longer wavelengths (with the one exception 
of 2-fluoronaphthalene), and substitution in the 1 position has a greater 
5 7 E. Clar, B. A. McAndrew, and M. Zander, Tetrahedron, 2 3 , 985 (1967). 

1 J. Ferguson, T. Iredale, and J. A. Taylor, J. Chem. Soc. p. 3160 (1954). 
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TABLE 10 Phosphorescence of Monohalogenonaphthalenes*'b 

Halogen 

1-Isomer 2-Isomer 

Halogen 0,0 Band (cm- 1) Δ (cm-i) 0,0 Band (cm"1) Δ (cm"1) 

F 21,062 184 21,268 - 2 2 
Cl 20,645 601 21,069 177 
Br 20,652 594 21,036 210 
I 19,000(?) 2246(?) 21,040 206 

a Δ = displacement of 0,0 band from 0,0 band of naphthalene (21,246 c m - 1 ) . 
b Data for 1-Iodonaphthalene are from R. V. Nauman, Thesis, University of 

California (1947), and for 2-Iodonaphthalene, G. N. Lewis and M. Kasha, / . Am. 
Chem. Soc. 6 6 , 2100 (1944); all the rest are from J. Ferguson, T. Iredale, and J. A. 
Taylor, / . Chem. Soc. p. 3160 (1954). All measurements were made at 77°K in light 
petroleum (except for the iodonaphthalenes, which were in EPA). 

The introduction of several halogen atoms into an aromatic hydro
carbon causes the red shift of the phosphorescence to increase, its 
magnitude depending, among other things, on the positions of the 
substituents. The influence of multiple substitution of halogens on the 
wavelengths of the transitions of naphthalene and anthracene is shown 
by Table 11. If the α positions of anthracene are successively occupied 
by chlorine atoms, the red shift averages about 200 cm 1 per chlorine. 
As would be expected the effect of substitution at the 9 and 10 positions 
of anthracene is somewhat greater. 2 

The ratio of the quantum yields of fluorescence to phosphorescence is 
definitely altered by halogen substitution in naphthalene but the total 
quantum yield remains approximately the same. This means that with 
2 M. R. Padhye, S. P. McGlynn, and M. Kasha, / . Chem. Phys. 2 4 , 588 (1956). 

effect than in the 2 position. Although the relative intensity distribution 
of the naphthalene spectrum remains almost unchanged by fluorine 
substitution, it is considerably affected by the heavier halogen atoms. 
Complete phosphorescence spectra of the monohalogenonaphthalenes 
(except the iodine derivatives) have been given by Ferguson, Iredale, 
and Taylor. 1 
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T A B L E 1 1 Phosphorescence of Di-, Tri-, and Tetrahalogenated Naphthalenes 
and Anthracenes a'b 

Compound 0,0 Band (cm"1) Δ (cm- 1) 

1,5-Dibromonaphthalene 20,086 1160 
2,6-Dibromonaphthalene 20,806 440 
1 -Chloroanthracene 14,732 195 
1,5-Dichloroanthracene 14,568 359 
1,4,5,8-Tetrachloroanthracene 14,155 772 
1,10-Dichloroanthracene 14,128 799 
1,5,10-Trichloroanthracene 13,800 1127 
9,10-Dichloroanthracene 14,150 700 
9,10-Dibromoanthracene 14,060 790 

a Δ = displacement from naphthalene (21,246 c m - 1 ) or anthracene (14,927 c m - 1 ) . 
b Results for the dibromonaphthalenes from J. Ferguson, T. Iredale, and J. A. 

Taylor, J. Chem. Soc. p. 3160 (1954); the remainder from M. R. Padhye, S. P. 
McGlynn, and M. Kasha, / . Chem. Phys. 2 4 , 588 (1956). The values for 9,10-dichloro-
and 9,10-dibromoanthracene are derived from S-T absorption measurements at 
room temperature; all the rest from phosphorescence measurements at 77°K, the 
halogenoanthracenes in EPA and the halogenonaphthalenes in light petroleum. 

increase in the radiationless deactivation of the excited states. Ferguson 
and Iredale 4 have reported on the extremely weak phosphorescence of 
iodobenzene as well as of 0 - , m-, and ^-chloroiodobenzene. 

The introduction of an —OH, —SH, or — N H 2 group into an aromatic 
hydrocarbon also causes a red shift of the phosphorescence spectrum. 
Table 12 contains the positions of the 0,0 bands and the lifetimes of a 
number of phenols. For the phosphorescence of the dihydroxy phenols 

3 E. H. Gilmore, G. E. Gibson, and D. S. McClure, J. Chem. Phys. 2 0 , 829 (1952). 
4 J. Ferguson and T. Iredale, J. Chem. Soc. p. 2959 (1953). 

naphthalene the introduction of the heavy atoms has only a small 
influence on the frequencies of the radiationless transitions from the 
lowest singlet and triplet states to the ground state. Benzene behaves 
quite differently. Not only the quantum yield of the fluorescence but 
also that of the phosphorescence is appreciably smaller for the halogeno-
benzenes than for unsubstituted benzene, 3 and this points to a great 
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hydroquinone, resorcinol, and pyrocatechol, see Zudin . 5 Information 
concerning the positions of the phosphorescence transitions of a number 
of aromatic amines such as aniline, diphenylamine, 1- and 2-naphthyl-
amine, 2-aminofluorene, and others has been given by Lewis and 
Kasha . 6 

The phosphorescence of aromatic nitro compounds is of the η-π* 
type. 7 Usually these substances show no fluorescence, whereas their 

TABLE 1 2 Phosphorescence of Phenols'* 

Compound 0,0 Band (cm"1) Lifetime (sec.) 

Phenol 28,500 2.9 
1-Naphthol 20,500 1.9 
2-Naphthol 21,100 1.3 
Thio-2-naphthol 20,800 0.28 
4-Phenanthrol 21,150 2.1 

a Results for 4-phenanthrol are unpublished measurements by 
M. Zander (1965). For all other compounds band positions are 
according to G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 6 6 , 2100 
(1944), and lifetimes according to D. S. McClure, / . Chem. Phys. 17 , 
905 (1949). All measurements were made at 77°K in EPA. 

phosphorescences attain high quantum yields (0.8-1.0); their phos
phorescent lifetimes are short (e.g., 1-nitronaphthalene, 0.049 second; 
naphthalene, 2.6 seconds), and in the vibrational structure of their 
spectra there appears the Raman frequency characteristic of the aromatic 
nitro group (ca. 1450 c m - 1 ) . 

Lewis and K a s h a 6 have published the phosphorescence transitions of 
numerous aromatic nitro compounds, and Corkill and Graham-Bryce 8 

have reported on those of the 10 isomeric dinitronaphthalenes and 

5 A. A. Zudin, Izv. Akad. Nauk SSSR, Ser. Fiz. 2 3 , 142 (1959); Chem. Abstr. 5 3 , 
11,989 (1959). 

6 G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 6 6 , 2100 (1944). 
7 M. Kasha, Radiation Res. Suppl. 2, 243 (1960). 
8 J. M. Corkill and I. J. Graham-Bryce, J. Chem. Soc. p. 3893 (1961). 
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McClure has given some results for the lifetimes of aromatic nitro 
compounds. 9 Table 13 contains a selection of their data. 

Some interesting results have been found for the nitroanilines and the 
nitronaphthylamines, which have been investigated by Foster et al.10 

and by Corkill and Graham-Bryce, 8 respectively. These compounds show 
either fluorescence or phosphorescence. Perhaps Foster's measurements 
ought to be extended, since his apparatus was only able to record 

TABLE 1 3 Phosphorescence of Aromatic Nitro Compounds" 

Compound 0,0 Band (cm- 1) Lifetime (sec.) 

Nitrobenzene 21,100 
1 -Nitronaphthalene 18,800 0.05 
1,2-Dinitronaphthalene 17,300 — 
1,3-Dinitronaphthalene 19,230 — 
1,4-Dinitronaphthalene 17,800 — 
1,5-Dinitronaphthalene 19,125 0.11 
2-Nitronaphthalene 19,550 — 
2,6-Dinitronaphthalene 18,850 — 
2-Nitrofluorene 20,600 0.13 
4-Nitrobiphenyl 20,500 0.08 

a Data for the nitronaphthalenes are from J. M. Corkill and I. J. 
Graham-Bryce, / . Chem. Soc. p. 3893 (1961); for all other compounds, 
from G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 6 6 , 2100 (1944). 
Phosphorescent lifetimes are from D. S. McClure, J. Chem. Phys. 17 , 
905 (1949). All measurements were made at 77°K in EPA or ethanol. 

phosphorescences that had lifetimes greater than 0.1 second. Of the three 
isomeric nitroanilines, only the 1,4 isomer phosphoresces but the other 
two fluoresce. Again, of the 14 isomeric nitronaphthylamines three 
phosphoresce (l-nitro-2-naphthylamine and 4- and 5-nitro-l-naphthyl-
amine), all the others showing fluorescence exclusively. From these 
results it seems likely that there is a connection between the lumin
escence properties of the compounds and the conjugation of the two 

9 D. S. McClure, J. Chem. Phys. 17 , 905 (1949). 
1 0 R. Foster, D. L. Hammick, G. M. Hood, and A. C. E. Sanders, / . Chem. Soc. 

p. 4865 (1956). 
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TABLE 14 Phosphorescence of Nitroarylamines* 

Compound 0,0 Band (cm"1) 

4-Nitroaniline 19,400 
2-Methyl-4-nitroaniline 19,150 
2,6-Dimethyl-4-nitroaniline 18,950 
4-Nitro-1 -naphthy lamine 17,400 
5-Nitro-l-naphthy lamine 17,100 
1 -Ν itro-2-naphthy lamine 17,350 

a Data for the nitroanilines are from R. Foster, D. L. 
Hammick, G. M. Hood, and A. C. E. Sanders, / . Chem. Soc. 
p. 4865 (1956); for the nitronaphthylamines, from J. M. 
Corkill and I. J. Graham-Bryce, / . Chem. Soc. p. 3893 (1961). 
All measurements were made in ethanol at low temperatures. 

N 0 2 — group the phosphorescence disappears, but a substituent ortho 
to the N H 2 — group has no effect on the luminescent behavior. From 
this Foster et al.10 have derived a model of 4-nitroaniline in the triplet 
state. Table 14 gives the positions of the phosphorescence transitions of 
several of the compounds investigated. 

In the wider sense there belong also to this chapter the aromatic 
carbonyl compounds: aldehydes, ketones, carboxylic acids, and so on. 
The majority of the aromatic aldehydes and ketones that have been 
investigated show, like the nitro compounds, «-π* phosphorescence. 7 

The lifetimes of these phosphorescences are, as a rule, extremely short, 
and so the emissions are frequently observable not only in rigid solutions 
at low temperatures, but also in liquid solutions at room temperature, 

substituents. In 12 of the 17 nitroarylamines investigated conjugation 
between the N 0 2 — and N H 2 — groups is prevented by steric inter
ference of substituents in ortho positions or is impossible on electronic 
grounds since meta quinoid systems would be involved. Eleven of these 
12 compounds fluoresce; only one phosphoresces. Among the remaining 
five nitroarylamines, in which conjugation is complete between the 
substituents, three phosphoresce and two fluoresce. If a further sub
stituent is introduced into 4-nitroaniline in an ortho position to the 



84 2. Phosphorescence Properties of Individual Compounds 

in the vapor phase, and in the crystalline state, as has already been 
referred to elsewhere (see Section 1.1). Sandros and Backstrom 1 1 have 
observed the phosphorescence of benzil, anisil, and biacetyl in oxygen-
free solutions in benzene at room temperature; the phosphorescence 
decay period of ca. 5 χ 10~ 5 second reaches approximately that of the 
lc-ng-lived fluorescence, as has been found for naphthalene, for example . 1 2 

The singlet-triplet absorption spectra of aromatic carbonyl compounds 

TABLE 1 5 Phosphorescence of Aromatic Aldehydes, Ketones, and 
Carboxylic Acids" 

Compound 0,0 Band (cm"1) Lifetime (sec.) 

Benzaldehyde 25,200" 1.6 χ 1 0 ~ 3 C 

1 -Naphthaldehyde 19,900*·rf ca. ld 

Acetophenone 26,000* 7.5 χ 10-3 c 
Benzophenone 24,400* 5.0 X 10-3 e 
Anthrone 25,000* 
1-Benzoic acid 27,200* 2.5e 

2-Naphthoic acid 20,900* 2.5e 

a All measurements were made in EPA at 77°K. 
* G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 66, 2100 (1944). 
0 A. Martinez, Compt. Rend. 2 5 5 , 491 (1962). 
d R. Shimada and L. Goodman, J. Chem. Phys. 4 3 , 2027 (1965). According to 

these authors 1-naphthaldehyde displays π-π* phosphorescence. 
e D. S. McClure, / . Chem. Phys. 17, 905 (1949). 

with η-π* phosphorescence, like benzaldehyde, acetophenone, and 
benzophenone, also show interesting deviations from the usual behavior. 
As Kanda et al.13 have found, the intensity of the S-T absorption of 
these compounds is not raised by the presence of oxygen. Reference 
has already been made to the high quantum yields of aromatic carbonyl 
compounds with η-π* phosphorescence and to the fact that they do not 
usually fluoresce (see Section 1.3). 
1 1 H. L. J. Backstrom and K. Sandros, Acta Chem. Scand. 1 4 , 48 (1960). 
1 2 M. Kasha and R. V. Nauman, / . Chem. Phys. 17, 516 (1949). 
1 3 Y. Kanda, H. Kaseda, and T. Matumura, Spectrochim. Acta 2 0 , 1387 (1964). 
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Phosphorescence spectra have been measured for numerous aro
matic carboxylic ac ids , 1 4 such as benzoic, salicylic, phthalic, and gallic 
acids, and for acid derivatives s u c h 1 5 as /?-aminobenzoic acid, 0 - and, 
/7-bromobenzoic acid, etc. Similar measurements have also been reported 
for the ni tr i les 1 6 (benzonitrile, o- and /7-dicyanobenzene, 0 - , m-, and 
/7-toluonitrile). 

Table 15 gives phosphorescence data for some aromatic aldehydes, 
ketones, and carboxylic acids. 

2.3. QUINONES 

XLVI XLVII 

O O Ο 

1 4 Β. A. Pyatnitskii, Dokl. Akad. Nauk SSSR 109 , 503 (1956); Chem. Abstr. 5 1 , 
9330a (1957); Izv. Akad. Nauk SSSR, Ser. Fiz. 2 3 , 135 (1959); Chem. Abstr. 5 3 , 
11,991b (1959). 

1 5 P. A. Teplyakov, Izv. Vysshikh Uchebn. Zavedenii, Fiz. p. 135 (1959); Chem. Abstr. 
5 3 , 19,567g(1959). 

1 6 K. Takei and Y. Kanda, Spectrochim. Acta 1 8 , 1201 (1962). 
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For the quinones, of which /?-benzoquinone (XLVI), naphtho-1,4-
quinone (XLVII), and the monoquinones XLVIII-LII have been 
relatively well investigated, there exist, as for the aromatic aldehydes 
and ketones (see Section 2.2), two types of excited states, 7 r , 7 r * states 
and « , 7 7 * states.f As is well known, the latter are derived from the 
electronic configuration of the ground state by the promotion of an 
electron from a nonbinding atomic orbital (such as a lone-pair electron 
of the carbonyl oxygen) into a 7 7 * orbital. The luminescence behavior of 
the quinones XLVI-LII is effectively determined, if it is known whether 
the lowest singlet excited state is of 77,77-* or « , 7 7 * type. 

The bands of longest wavelength that are observed in the UV spectra 
of hexacene-6,15-quinone (LI) and heptacene-7,16-quinone (LII) are 
intense 7 7 - 7 7 * bands; they are found at 454 m/x (log e = 4.08) for quinone 
LI and 460 m/x (log e = 4.38) for quinone LII in trichlorobenzene. That 
the band shift is so small in passing from the hexacene quinone to the 
heptacene is in agreement with Hartmann's "part system rule ." 1 

Zander 2 has found that in solution at room temperature LI and LII 
show an intense fluorescence, the spectrum of which is the mirror 
image of that of the longest-wavelength 7 7 - 7 7 * absorption band 
group. If the fluorescence is investigated in mixed crystals with phen-
anthrene, naphthalene, or trichlorobenzene at — 196°C the spectrum, 
which is only vaguely structured in liquid solution at room temperature, 
is split up into several narrow bands. The fluorescence spectra of the 
quinones LI and LII show the same dependence on solvent as the 
longest-wavelength 77 ,77* absorption band, i.e., they are shifted toward 
longer wavelengths with increasing dielectric constant of the solvent. 
There can, from these results, remain no doubt that the lowest singlet 
excited states of these hexacene and heptacene quinones are 77 ,77* states. 
This is also, at least for the heptacene quinone, in agreement with 
quantum mechanical calculations of Pullman and Diner. 3 

Phosphorescence could definitely not be demonstrated for hexacene 
and heptacene quinones. Of course if the emissions were very weak and 
occurred at long wavelengths their observation might be very difficult. 

t It should be noted that η-π* and 7 7 - 7 7 * denote transitions; but η,π* and 7 7 , 7 7 * , 

states. 
1 H. Hartmann and E. Lorenz, Z. Naturforsch. lm, 360 (1952). 
2 M. Zander, Naturwissenschaften 5 3 , 404 (1966). 
3 B. Pullman and S. Diner, / . Chim. Phys. 5 5 , 212 (1958). 
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This situation is considered in the term scheme reproduced in Fig. 14a, 
with which the observed luminescence properties of the quinones LI 
and LII are comparable. However, other possible explanations are 
conceivable. 

The bands of longest wavelength in the U V spectrum of the quinones 
XLI I -L are weak ( β < ΙΟ2) η,π* bands of the CO group and lie between 
ca. 420 and 470 imz. 1 Like the vast majority of compounds, the lowest 
singlet excited states of which are of « , 7 7 * type, the quinones show no 

' Γ Τ Γ , 7Γ* 

' Γ Τ Γ , 7Γ* 

' Γ Τ Γ , 7Γ* 

Fig. 1 4 . Term scheme for quinones. (a) Heptacene quinone type; (b) Anthra-
quinone type. 

measurable fluorescence either at room temperature or in rigid solution 
at low temperature. On the other hand, for these quinones well-structured 
intense phosphorescence spectra are observed that correspond to the 
transition from the η,π* triplet state to the ground state. They occur 
between about 450 and 520 τημ and depend only slightly on the sizes of 
the molecules. 2 The phosphorescence spectrum of te trace ne-5,12-
quinone (XLIX) in EPA is reproduced in Fig. 15 as an example. Further 
splitting of the bands can be observed in iodobenzene solution. The 
luminescent behavior of the quinones XLVII -L corresponds with 
the term scheme shown in Fig. 14b. The small singlet-triplet splitting 
of the η,π* configuration is worth noting; its order of magnitude is 
1000-3000 cm" 1 . 

The question of the position and properties of the lowest π,π* triplet 
states of these quinones is of interest. In intensity and vibrational 
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structure their longest-wavelength 77 ,77* absorption bands are comparable 
with the para bands (the La bands) of the aromatic hydrocarbons. 
We ought, therefore, to assume that the singlet-triplet separations of the 
first 77 ,77* states of the quinones correspond with those observed for the 
para bands, that is, have the approximate magnitude of 10,000 c m - 1 . 

0 

O^OO 
1 0 

1 
450 500 550 

λ (m/i,) -

600 650 

Fig. 15. Phosphorescence spectrum of tetrazene-5,12-quinone (XL1X) in EPA 
at 77° K. [According to M. Zander, Z. Elektrochem. 71, 424 (1967).] 

From the position of the first 7 7 - 7 7 * absorption transition (ca. 25,000 
c m - 1 ) for the tetracene and pentacene quinones there results then a 
77 ,77* triplet state at about 15,000 c m - 1 . This requires, however, that 
the 77 ,77* triplet state for these compounds lie considerably lower than 
the observed « , 7 7 * triplet state (ca. 19,500 c m - 1 ) . If this argument is 
accepted it would seem that the quinones provide an exception to 
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Kasha's rule , 4 according to which in any molecule only the prevailing 
lowest state of a given multiplicity is capable of emission (see Section 1.1). 
From the experimental material so far available it is not possible to decide 
whether this is the case or whether the assumption made—equality of 
the singlet-triplet splitting of the 77 ,77* states in quinones and hydro
carbons—is incorrect. 

In the matter of its structure, ^-benzoquinone (XLVI) occupies a 
rather special position in relation to the quinones considered so far. 
In its UV spectrum « , 7 7 * absorption is obse rved 1 , 5 between about 500 
and 280 m/x. This absorption has been investigated in the crystalline 
state 6 at 20°K as well as in the gas state. 7 Kanda et al* accept a value of 
18,682 c m - 1 for the position of the « , 7 7 * triplet state on the basis of a 
detailed analysis of the spectrum of the vapor. 

2.4. AROMATIC N-HETEROCYCLICS 

Pyridine, the simplest aromatic JV-heterocyclic, shows no phosphor
escence. Its S-T absorption spectrum has been measured by Evans. 1 

Ο 0 
LUI LIV LV 

Of the monocyclic diazines, pyr imidine 2 (LIII) and pyrazine 3 (LIV) 
phosphoresce, whereas pyridazine 4 (LV) does not. The emission of the 
diazines is « - 7 7 * and the quantum yields are high. The compounds show 
no measurable fluorescence either in the vapor state or in liquid or solid 

4 M. Kasha, Discussions Faraday Soc. 9, 14 (1950). 
s F. W. Kingstedt, Compt. Rend. 176, 1550 (1923). 
6 J. Sidman, / . Am. Chem. Soc. 78, 2363 (1956). 
7 T. Anno and A. Sado, / . Chem. Phys. 32, 1602 (1960). 
8 Y. Kanda, H. Kaseda, and T. Matsumura, Spectrochim. Acta 20, 1387 (1964). 
1 D. F. Evans, / . Chem. Soc. p. 3885 (1957). 
2 M. Krishna and L. Goodman, / . Am. Chem. Soc. 83, 2042 (1961); R. Shimada, 

Spectrochim. Acta 17, 30 (1961). 
3 L. Goodman and M. Kasha, J. Mol. Spectry. 2,58 (1958); R. Shimada, Spectrochim. 

Acta 17, 14 (1961). 
4 M. A. El-Sayed, J. Chem. Phys. 36, 573 (1962). 
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solution. This behavior points to a very high rate for the intersystem 
crossing process. El-Sayed 5 has shown that intersystem crossing 
between states of different orbital character (χη,π* <-» 3π,π* or 
ιπ,π* < - > 3 Λ , 7 Γ * ) takes place with considerably greater rate than between 

'ΓΤΓ, 7 Γ * 

Fig. 16. Term scheme for aromatic ^-heterocyclics (diazines). 

states with the same orbital character (χη,π* < - » 3 « , Τ Γ * or χπ,π* <-» 3 7 7 - , 7 r * ) . 

From this it follows according to El-Sayed that the term scheme shown 
in Fig. 16 can be accepted for the phosphorescent diazines. The inter
system crossing process χη,π* - > 3 7 Γ , 7 Γ * has a high rate (ca. 10 9 per second) 
and so, too, has the subsequent internal conversion from this 7τ,?τ* 
triplet state to the η,π* triplet state by which the radiation is emitted. 
Hence the η,π* triplet state becomes densely populated. 

Paris and colleagues 6 have reported on the phosphorescence of sym-
triazine (LVI), but in ^m-tetrazine (LVII) 7 and its dimethyl derivative 8 

N ^ N N ^ N 

L I 1 n 
LVI LVII 

5 M. A. El-Sayed, / . Chem. Phys. 38, 2834 (1963); see also the comprehensive review 
by S. K. Lower and M. A. El-Sayed, Chem. Rev. 66, 199 (1966). 

6 J. P. Paris, R. C. Hirt, and R. G. Schmitt, J. Chem. Phys. 34, 1851 (1961). 
7 M. Chowdhury and L. Goodman, / . Chem. Phys. 36, 548 (1962). 
8 M. Chowdhury and L. Goodman, / . Chem. Phys. 38, 2979 (1963). 
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the rare case of an «,π* fluorescence has been observed ; another example 
has also been found by Lipper t 9 in 9,10-diazaphenanthrene. An explana
tion of these η,π* fluorescences of aromatic ^-heterocyclics has been 
given by El-Sayed. 5 

The luminescent behavior of the bicyclic quinoline (LVIII) depends 
in an interesting way on the solvent. 1 0 In nonpolar solvents only phos
phorescence appears, with no fluorescence. By analogy with many other 
examples it must, therefore, be concluded that the lowest singlet excited 
state in a nonpolar solvent is an « , 7 7 * state. In polar solvents fluorescence 
is observed as well as phosphorescence. Clearly in a polar solvent the 
lowest singlet excited state is a 77 ,77* state. It has been known for a long 

time that « , 7 7 * absorption bands are displaced toward shorter wave
lengths with increasing polarity of the solvent, and that 77 ,77* absorption 
bands move toward longer wavelengths. Clearly the lowest « , 7 7 * and 
77 ,77* singlet excited states of the quinoline molecule lie so close together 
that the sequence of the term series is reversed by change of solvent. 

In contrast with the monocyclic azaaromatics, the phosphorescence of 
the bi- and polycyclic azaaromatics so far investigated is of 77 ,77* type. 
The phosphorescent lifetimes have the order of magnitude of seconds 
and in parts the spectra very closely resemble those of the corresponding 
aromatic hydrocarbons; for example, that of quinoline is very similar 
to that of naphthalene. 

The phosphorescence spectrum of isoquinoline (LIX) is nearly the 
same as that of quinoline. It has been measured by Dorr and co
workers , 1 1 who have investigated these properties for a large number of 
aromatic JV-heterocyclics. 

9 E. Lippert, in "Luminescence of Organic and Inorganic Materials" (H. P. Kallmann 
and G. M. Spruch, eds.), p. 274. Wiley, New York, 1962; E. Lippert and W. Voss, 
Z. Physik. Chem. (Frankfurt) [N.S.] 31, 321 (1962). 

1 0 M. Kasha, Radiation Res. Suppl. 2, 243 (1960). 
1 1 F. Dorr and R. Millier, Ζ. Elektrochem. 63, 1150 (1959); F. Dôrr and H. Gropper, 

ibid. 67, 193 (1963). 

LVIII LIX 
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The phosphorescence spectra of several benzologs of quinoline— 
5,6-benzoquinoline (LX), 7,8-benzoquinoline (LXI), and phenanthridine 
(LXII)—have been measured. 1 2 They correspond very closely with that 
of phenanthrene. Vibrational analyses for LX and LXI have been given 
by Kanda and Shimada. 1 3 

LX LXI LXII 

A few aromatic ^-heterocyclics with two nitrogen atoms have also 
been studied, e.g., the phenanthrolines LXIII, LXIV, and LXV and 
benzoquinoxaline (LXVI) , 1 2 which all correspond to phenanthrene. 

LXIII LXIV LXV 

LXVI 

A comparison of the phosphorescence spectra of dibenzoquinoxaline 
(LXVII) and of the corresponding hydrocarbon triphenylene (LXVIII) 
is interesting. Although the position of the transition in the two com
pounds is almost identical—the 0,0 bands lie at about 23,000 (LXVII) 
and 23,250 c m - 1 (LXVIII)—the spectra are characteristically different in 
the distribution of the intensity. In the triphenylene spectrum the 0,0 
band is extremely weak; in the dibenzoquinoxaline, on the other hand, 

1 2 H. Gropper and F. Dorr, Z. Elektrochem. 67, 46 (1963). 
1 3 Y. Kanda and R, Shimada, Spectrochim. Acta p. 211 (1959). 
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this band is by far the most intense in the whole spectrum. From many 
examples it appears that, compared with the other bands, the 0,0 phos
phorescence transition is scarcely altered if, in place of CH groups, 
one or more Ν atoms are built into the aromatic framework provided 
that the phosphorescence transition of the hydrocarbon is symmetry 

LXVII LXVIII 

permitted. The entirely different properties of dibenzoquinoxaline and 
triphenylene support the supposition that the phosphorescence transition 
of the triphenylene is symmetry forbidden 1 1 (see Section 1.3). 

The T-S transitions of several N-analogs of anthracene have been 
investigated. The S-T absorption spectra of acridine (LXIX), 1-aza-
anthracene (LXX), and 2-azaanthracene (LXXI) have been measured by 
Evans 1 4 together with many other aromatic ^-heterocyclics. Phenazine 
(LXXII ) , 1 0 in contrast with anthracene, shows no fluorescence, and 

LXIX LXX LXXI 

LXXII 

though the phosphorescence of anthracene is extremely weak, that of 
phenazine has a quantum yield of ca. 1. All the observed T-S transitions 
of ^-heterocyclic analogs of anthracene are of π,π* type and agree in 
position very closely with the T-S transition of anthracene. The entirely 
1 4 D. F. Evans, / . Chem. Soc. p. 2753 (1959); ibid. p. 1351 (1957). 
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Compound 0,0 Band (cm - 1 ) 

Quinoline (LVIII) 21,700" 
Isoquinoline (LIX) 21,200* 
Naphthalene 21,300 

5,6-Benzoquinoline (LX) 21,865c 

7,8-Benzoquinoline (LXI) 21,790c 

Phenanthridine (LXII) 22,050* 
0-Phenanthroline (LXIII) 22,100* 
m-Phenanthroline (LXIV) 22,150* 
/?-Phenanthroline (LXV) 22,200* 
Benzoquinoxaline (LXVI) 21,000* 
Phenanthrene 21,600 

1-Azaanthracene (LXX) 15,070e 

2-Azaanthracene (LXXI) 14,870e 

Anthracene 14,850 

1-Azapyrene (LXXIII) 16,860 / 

Pyrene 16,850 

a G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 
2100(1944). 

* F. Dorr and H. Gropper, Z. Elektrochem. 67, 193 
(1963). 

c Y. Kanda and R. Shimada, Spectrochim. Acta p. 211 
(1959). 

* H. Gropper and F. Dorr, Z. Elektrochem. 67, 46 
(1963). 

eO. F. Evans, J. Chem. Soc. p. 2753 (1959). (T-S 
absorption). 

/ M. Zander and W. H. Franke, Chem. Ber. 99, 1279 
(1966). 

different ratio of the quantum yields for phosphorescence and fluor
escence obtained on passing from anthracene to phenazine points to the 
participation of an η,π* singlet excited state in the phenazine phos
phorescence. 

TABLE 16 Phosphorescence of Aromatic 
N-Heterocyclics 
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Little is known concerning the phosphorescence spectra of ^-hetero
cyclic analogs of peri-condensed hydrocarbons. That of 1-azapyrene 
(LXXII I ) 1 5 agrees very closely with that of pyrene (LXXIV); their 
0,0 bands lie at 16,860 and 16,850 c m - 1 , respectively, and the T-S 
transition of 1-azapyrene has also been observed in absorption (at 
16,930 c m " 1 ) . 1 4 

LXXIII 

A selection of phosphorescence data for a few aromatic iV-hetero-
cyclics is given in Table 16. 

2.5. BENZOLOGS OF FURAN, PYRROLE, AND THIOPHENE 

With the simple five-membered-ring heterocyclics, furan, pyrrole, and 
thiophene, Fialkovskaya 1 and H e c k m a n 2 were able to observe neither 
fluorescence nor phosphorescence. It may therefore be taken as certain 
that these compounds, if they emit at all, do so only extremely weakly. 
A "singlet-triplet absorption spectrum" that has been "observed" 3 

for thiophene in the region of 315 ιτιμ, arises, as E v a n s 4 has shown, 
from impurities. 

In contrast to the parent compounds the benzologs of furan, pyrrole, 
and thiophene produce intense phosphorescence of π,π* type. Those of 
pyrrole have been investigated more thoroughly than the others. 

The characteristic phosphorescence spectrum of indole (LXXV) is 

is M. Zander and W. H. Franke, Chem. Ber. 99, 1279 (1966). 
1 Ο. V. Fialkovskaya, J. Phys. Chem. (USSR) 11, 533 (1938); Acta Physicochim. 

USSR 9,215 (1938). 
2 R. C. Heckman, J. Mol. Spectry. 2, 27 (1958). 
3 M. R. Padhye and S. R. Desai, Proc. Phys. Soc. (London) A65, 298 (1952). 
4 D. F. Evans, / . Chem. Soc. p. 3885 (1957). 
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displayed in Fig. 17 and that of the next higher benzolog, carbazole 
(LXXVI), in Fig. 5. Zande r 5 has similarly measured the mono- and 
dibenzocarbazoles (LXXVII-LXXXIV). It is revealed that the positions 
of the phosphorescence spectra of indole, carbazole, and the benzo-
carbazoles approximate closely those of naphthalene, phenanthrene, and 
the phenanthrene benzologs corresponding to LXXVII-LXXXIV. 

Fig. 17. Phosphorescence spectrum of indole (LXXV) in EPA at 77°K. 

In Fig. 18 the positions of the 0,0 bands of the carbazoles and of the 
analogous aromatic hydrocarbons have been plotted. It will be seen that 
the positions of the transitions change in a very similar manner with the 
number of benzene nuclei and the direction of annellation in both series 
of compounds. With one exception the phosphorescence spectra of the 

5 M. Zander, Chem. Ber. 97, 2695 (1964); 8th European Congr. Mol. Spectry., 
Copenhagen, 1965 Report. 

H 

400 450 500 550 

λ (m/x) 
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carbazoles lie at shorter wavelengths than those of the corresponding 
hydrocarbons. Their lifetimes are invariably longer. 3,4:5,6-Dibenzo-
carbazole (LXXXII), the one compound that does not conform to the 
relationship shown in Fig. 18, coincides remarkably well with the 

H 
LXXV 

Ν· 
H 

LXXVI 

LXXVII LXXVIII LXXIX 

LXXX LXXXI LXXXII 

LXXXIII LXXXIV 

corresponding hydrocarbon 3,4:5,6-dibenzophenanthrene not only in 
the position but also in the vibrational structure of its phosphorescence 
spectrum. The spectra of both compounds are reproduced in Fig. 19. 
Table 17 gives a collection of phosphorescence 0,0 bands of carbazoles 
and, for some of them, their phosphorescent lifetimes. It should be 
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2 5 * 1 0 * 
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0 0 o9 Sx? 0θό> 

Fig. 18. Positions of the phosphorescence transitions of benzologs of carbazole 
and phenanthrene. 

mentioned that the close analogy between carbazoles and benzologs of 
phenanthrene has also been shown to prevail in the UV spectra of 
numerous more highly annellated compounds. 6 

Phosphorescence data for 4,5-iminophenanthrene (LXXXV), which 
is, so far, the only known carbazole analog of a peri-condensed hydro-

NH 

LXXXV LXXXVI 
6 M. Zander, 8 th European Congr. Mol. Spec try., Copenhagen, 1965 Report; M. 

Zander and W. H. Franke, Chem. Ber. 97, 212 (1964); ibid. 98, 588 (1965). 
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500 550 600 650 

λ (rryi) ^» 

Fig. 19. Phosphorescence spectra of 3,4:5,6-dibenzocarbazole (LXXXII) (—) 
and of 3,4:5,6-dibenzophenanthrene (—) in EPA at 77°K. [According to M. Zander, 
Chem. Ber. 97, 2695 (1964).] 

carbon, pyrene (LXXXVI), are also available. 7 The spectrum of 4,5-
iminophenanthrene is displaced about 2400 c m - 1 toward the violet 
compared with that of pyrene and its phosphorescent lifetime is con
siderably longer (1.5 second and 0.2 second). Its 0,0 band is given in 
Table 17. 

Of the benzologs of thiophene, thionaphthene (LXXXVII) has been 
investigated thoroughly. H e c k m a n 2 has measured its phosphorescence 

CP 
LXXXVII LXXXVIII 

7 M. Zander and W. H. Franke, Chem. Ber. 99, 1279 (1966). 
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TABLE 17 Phosphorescence of Carbazolesa 

Compound 0,0 Band (cm - 1 ) Lifetime (sec.) 

Carbazole (LXXVI)* 24,510 — 
9-Methylcarbazolec 24,450 7.8 
9-Phenylcarbazolec 24,600 — 
1,2-Benzocarbazole (LXXVII)d 21,050 3.6 
3,4-Benzocarbazole (LXXVIII)* 20,700 3.3 
2,3-Benzocarbazole (LXXIX) 6 18,200 1.1 
l,2:7,8-Dibenzocarbazole (LXXX)* 21,460 4.1 
1,2:5,6-Dibenzocarbazole (LXXXIf 20,660 3.0 
3,4:5,6-Dibenzocarbazole (LXXXII) 6 19,610 2.1 
9-Methyl-2,3:6,7-Dibenzocarbazole 18,380 — 

(LXXXIII)C 

Indolo-3',2' : 2,3-carbazole (LXXXIV)* 20,620 5.7 
4,5-Iminophenanthrene (4-/f-Benzo- 19,230 1.5 

(def)carbazole) (LXXXV)* 

a All measurements were made at 77°K in EPA. 
b From M. Zander, Chem. Ber. 97, 2695 (1964). 
c From M. Zander, unpublished work (1965). 
d From M. Zander, Erdoel Kohle 19, 278 (1966). 
e From M. Zander and W. H. Franke, Chem. Ber. 99, 1279 (1966). 

TABLE 18 Phosphorescence of Benzologs of Thiophene and Furan* 

Compound 0,0 Band (cm - 1 ) Lifetime (sec.) 

Thionaphthene (LXXXVII)* 24,010 ca. 0.5 
Diphenylene sulfide (LXXXIII) 6 24,325 ca. 2.0 
1,2-Benzodiphenylene sulfide (LXXXIX)C 20,830 0.9 
2,3-Benzodiphenylene sulfide (XC)C 18,690 0.3 
Diphenylene oxide (XCl)b 24,515 ca. 5.0 
1,2-Benzodiphenylene oxide (XCII)C 21,280 4.0 
2,3-Benzodiphenylene oxide (XCIII)C 19,230 1.4 

a All measurements made in EPA at 77°K. 
b From R. C. Heckman, Mol. Spectry. 2, 27 (1958). 
c From M. Zander, unpublished work (1965). 
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spectrum and given a vibrational analysis. The extremely low intensity 
of the band of shortest wavelength is noteworthy and Heckman has 
discussed it exhaustively. Using Kasha's method with ethyl iodide 
Padhye and Pabe l 8 have studied the singlet-triplet absorption spectrum 
that is related as a mirror image to the phosphorescence spectrum of 
thionaphthene. The phosphorescence spectrum of diphenylene sulfide 
(LXXXVIII), which has also been examined by Heckman, 2 in contrast 
with that of thionaphthene, is shifted somewhat toward the red, but has 
a very similar vibrational structure, and the corresponding spectra of the 
benzodiphenylene sulfides (LXXXIX) and (XC) are likewise known. 9 

XCI 

The phosphorescence spectrum of diphenylene oxide (XCI) has been 
measured at low temperatures, by H e c k m a n 2 in EPA and by Kanda and 
colleagues 1 0 in a cyclohexane matrix. The spectrum reported by Kanda 
is extraordinarily rich in bands and a detailed vibrational analysis is 
given of it. Similar phosphorescence measurements are available for the 
benzodiphenylene oxides XCII and XCII I . 9 

XCII XCIII 
A collection of phosphorescence data for benzologs of thiophene and 

furan is given in Table 18. 

» M. R. Padhye and J. C. Pabel, J. Sci. Ind. Res. (India) 1 5 B , 206 (1956). 
9 M. Zander, unpublished data (1965). 

1 0 Y. Kanda, R. Shimada, H. Hanada, and S. Kajigaeshi, Spectrochim. Acta 17, 
1268 (1961). 
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2.6. ALIPHATIC COMPOUNDS 

Most of the work that has appeared on triplet spectroscopy of organic 
compounds relates to aromatics. Very much less is known about 
aliphatic compounds. 

The simplest organic compound that ought to show phosphorescence 
is ethylene. Actually, however, the phosphorescence reported for 
halogenated ethylenes by Lewis and Kasha 1 at about 4000 À appears 
not to be genuine, and Pot ts , 2 who searched for the phosphorescence of 
tetramethylethylene, found none. Today it can be regarded as certain 
that ethylene itself and its simple derivatives show no measurable 
phosphorescence. The reasons for this are not really understood. 

The position of the lowest triplet state of ethylene has, however, long 
been known from singlet-triplet absorption measurements. Snow and 
Al l sopp 3 found in 1934 a weak absorption band at 2100 Â, which they 
immediately interpreted correctly as the singlet-triplet absorption. This 
work must have been the first in which a singlet-triplet absorption of an 
organic compound was observed and correctly identified. Measurements 
and calculations by later a u t h o r s 2 ' 4 confirmed the interpretation. 

Evans 5 has measured the singlet-triplet absorption spectrum of 
butadiene by the oxygen method (see Section 1.2). 

Lewis and Kasha 1 have investigated the phosphorescence properties of 
a long-chain polyene, lycopene ( C 4 0 H 5 6 ) . An interesting feature is that 
the all-trans form showed scarcely any luminescence, though after 
conversion to a configuration in which cis groupings were present 
phosphorescence could be measured. 

Beer 6 has reported on the phosphorescence of several polyacetylenes 
(in EPA at -170°C). Entirely aliphatic polyacetylenes as well as those 
with two phenyl substituents show phosphorescence that was found to 
occur at progressively greater wavelengths the greater the number of 
acetylene groups. Table 19 gives a selection of Beer's results. 

ι G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 66, 2100 (1944). 
2 W. J. Potts, Jr., J. Chem. Phys. 23, 65 (1955). 
3 C. P. Snow and C. B. Allsopp, Trans. Faraday Soc. 30, 93 (1934). 
4 \ V . E. Moffitt, Proc. Phys. Soc. (London) 63, 1292 (1950); E. P. Carr and H. 

Stucklen, / . Chem. Phys. 4 , 760 (1936); L. W. Pickett, M. Muntz, and Ε. M. 
McPherson, / . Am. Chem. Soc. 73, 4862 (1951). 

5 D. F. Evans, / . Chem. Soc. p. 1735 (1960); Proc. Roy. Soc. A255, 55 (1960). 
6 M. Beer, J. Chem. Phys. 25, 745 (1956). 
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TABLE 19 Phosphorescence of Polyacetylenes"-b 

Compound 0,0 Band (cm"1) Lifetime (sec.) 

H 3 C - ( C ^ C ) 3 - C H 3 22,320 0.5 
H 5 C 2 — ( C = C ) 4 — C 2 H 5 18,820 — 

Ph—C=C—Ph 21,870 0.3 
Ph—(C=C) 2—Ph 20,270 0.1 
Ph—(C—C)3—Ph 19,380 0.04 
Ph—(C^C) 4—Ph 17,150 0.01 

a All measurements in EPA at -170°C. Ph = Phenyl. 
b From M. Beer, J. Chem. Phys. 2 5 , 745 (1956). 

Similarly various aliphatic aldehydes and ketones have had their 
phosphorescence properties studied. Formaldehyde 7 shows no phos
phorescence. However, at the long-wavelength end of its absorption 
spectrum a few weak bands can be observed and these have been definitely 
identified as the singlet-triplet absorption bands. They correspond to a 
transition that is forbidden both by symmetry and by spin from the 
ground state to the «,π* triplet state of the molecule. 

A weak phosphorescence is observed for glyoxal 8 (CHOCHO) as well 
as for deuteroglyoxal (CDOCDO). The 0,0 band of the singlet-triplet 
transition, which can also be observed in absorption, occurs at 19,544 
c m - 1 (for deuteroglyoxal). 

In contrast to this compound, b iace ty l 1 , 9 (CH3COCOCH3) displays a 
very intense phosphorescence. It can be observed both in solid and in 
liquid solution and in the vapor state. 

Simple aliphatic ketones such as ace tone , 1 0 methyl ethyl ke tone , 1 0 

7 J. Brinen and L. Goodman, / . Chem. Phys. 3 5 , 1219 (1961); A. Cohen and C. Reid, 
/. Chem. Phys. 2 4 , 85 (1956); G. Robinson, Can. J. Phys. 3 4 , 699 (1956); J. C. D. 
Brand, / . Chem. Soc. p. 858 (1956); for comprehensive reviews, see J. W. Sidman, 
Chem. Rev. 5 8 , 689 (1958) and G. Robinson and V. DiGiorgio, Can. J. Chem. 
3 6 , 31 (1958). 

8 J. C. D. Brand, Trans. Faraday Soc. 5 0 , 431 (1954). 
9 J. W. Sidman and D. S. McClure, / . Am. Chem. Soc. 7 7 , 6461 and 6471 (1955); 

M. Bhaumik and M. El-Sayed, / . Chem. Phys. 4 2 , 787 (1965); H. L. J. Backstrom 
and K. Sandros, Acta Chem. Scand. 14 , 48 (1960). 

i° D. S. McClure, / . Chem. Phys. 17 , 905 (1949). 
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diethyl ke tone , 1 0 cyclopentanone, 1 1 etc. phosphoresce at 4400-4500 Â. 
The phosphorescent lifetimes of aliphatic carbonyl compounds are very 
short; they amount to a few milliseconds or less. 

2.7. ALKALOIDS, D R U G S , AND BIOCHEMICAL SYSTEMS 

Numerous alkaloids, drugs, and biochemical systems that contain 
aromatic or heterocyclic complexes show phosphorescence at low 
temperatures. This branch of phosphorescence spectroscopy, in which 
clinical chemists, biochemists, and biophysicists are especially interested, 
is acquiring increasing significance at the present time, among other 
reasons because of the important role that the triplet state is likely to 
play in many biochemical reactions. Within the space of the present 
monograph only a few aspects and individual results from this already 
extensive field can be discussed. 

Winefordner and his colleagues 1 have measured the phosphorescence 
spectra of many alkaloids. These consist of one or two broad bands 
between ca. 300 and 500 χημ. The phosphorescence decay times for the 
compounds investigated lie between 0.25 second for morphine and 7.4 
seconds for yohimbine hydrochloride. A number of interesting rela
tionships seem to exist between the positions of the phosphorescence 
transitions of the alkaloids and their constitutions, though they were not 
discussed in detail. It is surprising to observe, for example, that the 
phosphorescence bands of the compounds used, codeine, morphine, and 
thebaine, the aromatic complex of which is a benzene nucleus, occur at 
rather long wavelengths ; these alkaloids show broad bands at 500 χημ. 

Again, although pyridine itself displays no phosphorescence, it is 
found that the simple pyridine derivatives nicotine, nornicotine, and 
anabasine phosphoresce in an alcoholic solution containing sulfuric acid 
at 77°K. The broad band of these compounds lies at about 400 χημ and 
its phosphorescent lifetime is 5-6 seconds. 

It is to Winefordner and his collaborators 2 that we owe the employ
ment of phosphorescence spectroscopy in studying pharmaceuticals. 

1 1 S. R. LaPaglia and B. C. Roquitte, J. Chem. Phys. 66, 1739 (1962). 
1 J. D. Winefordner and H. A. Moye, Anal. Chim. Acta 3 2 , 278 (1965); H. C. Holli-

field and J. D. Winefordner, Talanta 1 2 , 860 (1965). 
2 J. D. Winefordner and M. Tin, Anal. Chim. Acta 3 1 , 239 (1964); J. D. Winefordner 

and H. Latz, Anal. Chem. 3 5 , 1517 (1963). 
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In a later chapter (see Section 4.6) the important analytical applications 
of these measurements will be thoroughly discussed. For the present only 
aspirin (acetylsalicylic acid) and procaine (XCIV) are referred to as 
examples of drugs that phosphoresce at low temperatures. 

H 2N—d Λ — C — Ο — C H 2 — C H 2 — Ν 
/ C 2 H 5 

\ ^ J \ \ C 2 H 5 

— Ο 
XCIV 

Recently the phosphorescence behavior and photochemical properties 
of nucleic acids have aroused great interest. Bersohn and Isenberg 3 have 
shown that the phosphorescence of deoxyribonucleic acid (DNA) is a 
simple superposition of those of its guanine and adenine components. 
It is interesting that the phosphorescence of D N A is quenched by small 
amounts of iron(III) or manganese(II) ions. In their electronic properties 
the dinucleotides are useful models of polynucleotides and Michelson 
and co-workers 4 have studied the triplet energy transfer from their 
purine components (adenine) to their pyrimidine components (cytosine) 
by measurement of their phosphorescence spectra. Haug and D o u z o u 5 

have carried out triplet-ESR research on the nucleic acid building stones 
in connection with the photochemical properties of these compounds. 
Among other things it was demonstrated that the photochemical dimer-
ization of orotic acid—of interest in connection with the properties of 
nucleic acids as carriers of genetic information—proceeds via the triplet 
state. 

Debye and Edwards 6 found that of 18 amino acids investigated only 
those that contain an aromatic ring, namely tyrosine, tryptophan, and 
phenylalanine, phosphoresce. The phosphorescence of natural proteins 
such as albumin, globulin, gelatin, and keratin at low temperatures 
arises, as the work of various authors s h o w s , 6 , 7 from these aromatic 
amino acids, especially tyrosine and tryptophan. 

3 R. Bersohn and J. Isenberg, Biochem. Biophys. Res. Commun. 1 3 , 205 (1963). 
4 C. Helene, P. Douzou, and A. M. Michelson, Biochim. Biophys. Acta 109, 261 

(1965). 
5 A. Haug and P. Douzou, Z. Naturforsch. 20b, 509 (1965). 
6 P. Debye and J. D. Edwards, Science 116, 143 (1952). 
7 Yu. A. Vladimirov and Ch'in-Kuoli, Biofizika 7, 270 (1962). 
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Freed et al} have developed a series of new solvents for phosphor
escence measurements on proteins, e.g., a mixture of 2 0 % methyl-
hydrazine, 4 0 % methylamine, and 4 0 % trimethylamine. In solvents of 
this kind these workers have measured the phosphorescence spectra of 
numerous enzyme proteins such as chymotrypsin, pepsin, and catalase. 
Here too the phosphorescence clearly originates in the aromatic amino 
acids tryptophan and tyrosine. 

The phosphorescence properties of other biochemically important 
compounds have also been investigated. Thus Singh and Becker 9 have 
reported on the phosphorescence of solutions of chlorophylls a and b at 
77°K. Both compounds show 7 7 - 7 7 * phosphorescence; the bands lie at 
8850 and 9250 Â for chlorophyll a and at 8750 and 9150 Â for chlorophyll 
b. 

Similarly Longwor th 1 0 has reported on phosphorescence studies of 
purines, including purine itself, adenine, guanine, and caffeine, which are 
also of interest in connection with the phosphorescence of nucleic acids. 

In a study of the phosphorescence of various biochemical systems 
Steele and Szent-Gyôrgyi 1 1 have obtained information on a hormone, 
progesterone. 

s S. Freed, J. H. Turnbull, and W. Salmre, Nature 1 8 1 , 1731 (1958). 
9 J. S. Singh and R. S. Becker, / . Am. Chem. Soc. 8 2 , 2083 (1960). 

1 0 J. W. Longworth, Biochem. J. 8 4 , 104 (1962); see also: B. J. Cohen and L. Good-
mann, / . Am. Chem. Soc. 8 7 , 5487 (1965). 

1 1 R. H. Steele and A. Szent-Gydrgyi, Proc. Natl. Acad. Sci. U.S. 4 3 , 477 (1957). 


