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into an open sample tube containing the same height of carbon di
sulfide as contained in the sealed sample tube. The corrections 
were 1.5 and 0.7° at —50 and —100°, respectively, when the tem
perature was measured by the second thermocouple at the height 
of the receiver coil. At the very bottom of the tube the temperature 
was 1 ° warmer than at the receiver coil. The temperature gradient 
along the axis of the tube near the receiver coil was less than 0.3 °/cm. 
Samples spinning changed the temperature by less than 0.1 °. The 
temperature was also unaffected by the presence of radiofrequency 
power used for deuterium decoupling. Temperature corrections 
were obtained for all the temperatures at which rates were measured. 

All the spectra were obtained on a Varian HR60 spectrometer 
operating at 60 Mc/sec and modified by the addition of a second 
audio phase/detector26 working at a variable frequency O2) obtained 
from a General Radio interpolation oscillator, No. 1107A. The 
60-Mc/sec transmitter frequency was frequency modulated at the 
frequency vi, and the output of the radiofrequency receiver was 
phase detected so as to obtain a dispersion mode signal. This 
signal was amplified by a Philbrick amplifier and applied in the cor
rect sense to the pickup coils of the superstabilizer. The signal from 
the methylene chloride was used for locking the magnetic field to a 
frequency (60 Mc/sec ± vi) by the procedure just described. Thus 
a stabilized field sweep can be obtained by sweeping the frequency 
v%. For this purpose we used a 2-rpm synchronous motor fitted 
with gears ranging in reduction ratio from 1:1 to 50:1. Sweep 
rates as low as 4 cps/min were obtained by driving the main dial 
of the oscillator. Still lower sweep rates, down to 0.713 cps/min, 
were obtained over a sweep width of 20 cps, when the subsidiary dial 

(26) D. D. EHeman and S. L. Manatt, J. Chem. Phys., 36, 2346 
(1962). 

was driven. Frequency measurements showed that the oscillator 
scale was linear with rotation. 

Spectra were obtained via phase detection at a fixed frequency 
(ft) of about 2000 cps of the Varian integrator, which was used 
in the side-band mode. A variable attenuator was employed to 
control the intensity of the magnetic-field modulation at the fre
quency vi. For the double-resonance studies, a third frequency v3, 
was obtained from a Hewlett-Packard oscillator, Model 200AB, 
which had been modified by the attachment of several potentiom
eters to the RC circuit so as to allow precise settings of the fre
quency. This frequency was applied to the modulation input of 
the 60-Mc/sec transmitter, via a Hewlett-Packard 35OD attenuator. 
In these experiments a notch filter, consisting of a series high-Q 
inductance-capacitor circuit tuned to v3, was connected across the 
output of the radiofrequency receiver. 

Deuterium decoupling was accomplished with an NMR Special
ties, Inc., Model HD60 spin decoupler. This instrument is essen
tially a single side-band suppressed-carrier radiofrequency generator 
which makes use of a 9.2-Mc/sec crystal-controlled oscillator. An 
audio oscillator was used to generate and adjust the side-band 
frequency. The radiofrequency power was increased until no 
further change was observed in the line being decoupled. Since 
the deuteron resonance spectrum in C6HDn was only a few cycles 
per second wide, even at low temperatures, very little power was 
required to obtain complete decoupling. At room temperature, the 
line width of the proton spectrum, with deuteron decoupling, of 
C6HDn was identical with that of TMS. The line width at half-
height of TMS was in the range of 0.2 to 0.5 cps, depending on the 
care used in the adjustment of the field homogeneity 

The frequency stability of the various audio oscillators was found 
to be excellent provided that these instruments had reached thermal 
equilibrium in a temperature-controlled environment. 
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Abstract: The phosphorescence excitation method is used to investigate the singlet-triplet absorption spectra of 
45 representative aromatic hydrocarbons. From this preliminary study we have obtained singlet-triplet spectra 
which should be of general use. We have also obtained information regarding molecular vibrational frequencies of 
triplet-state molecules; energy transfer in halogenated benzene crystals; the triplet-state properties of iodo-sub-
stituted benzenes and evidence for uncertainty principle broadening of the S -*• T absorption spectra; external 
heavy-atom effects on S - * T transitions of guest molecules in heavy-atom host crystals; detection of low-yield 
photochemical reactions; the assignment of the lowest triplet state in polyacenes; and substituent effects on S —*• 
T transitions. 

Al though it has been over 20 years since Lewis and 
•*»• Kasha first published their classic paper in which 
they identified the phosphorescent states of organic 
molecules as triplet states,3 it has only been in recent 
years that many implications of their work have been 
fully appreciated. The current interest in the triplet 
state of organic molecules has been generated by recent 

(1) NASA Predoctoral Fellow. 
(2) Alfred P. Sloan Fellow. 
(3) G. N. Lewis and M. Kasha, J. Am. Chem. Soc, 66, 2100 (1944). 

developments in a number of fields, including photo
chemistry,4 - 8 spectroscopy,9 - 1 3 photobiology,1 4 - 1 7 and 

(4) N. J. Turro, "Molecular Photochemistry," W. A. Benjamin, Inc., 
New York, N. Y., 1965, 

(5) J. G. Calvert and J. N. Pitts, "Photochemistry," John Wiley and 
Sons, Inc., New York, N. Y., 1966. 

(6) G. S. Hammond and N. J. Turro, Science, 142, 1541 (1963). 
(7) W. M. Moore, G. S. Hammond, and R. P. Foss, J. Am. Chem. 

Soc, 83, 2789 (1961). 
(8) G. S. Hammond and P. Leermakers, ibid., 84, 207 (1962). 
(9) N. Blake and D. S. McClure, /. Chem. Phys., 29, 722 (1958). 
(10) H. Sponer, Y. Kanda, and L. Blackwell, ibid., 29, 721 (1958). 
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theory of triplet states.1S-23 All of these developments 
have generated a need for more detailed information on 
the spectroscopic properties of triplet-state molecules. 
Until now most of our information regarding the 
properties of triplet-state molecules has been obtained 
from studies of triplet-singlet emission, but there are 
many important questions which cannot be answered 
by an investigation of the triplet -*• singlet emission.24-27 

To obtain information about triplet states which lie 
above the lowest triplet state, vibrational frequencies of 
triplet-state molecules, exciton effects on S -»• T transi
tions, and oscillator strengths for S -»• T transitions, 
some type of absorption measurement is required. 
Direct measurement of singlet-triplet spectra by the 
usual absorption technique are difficult because the 
transitions are so weak (oscillator strengths typically 
range f rom/ = 1O-9 to 1O-6). In order to obtain suf
ficient optical density, high sample concentrations and 
long path lengths are usually required, and with these 
conditions there are invariably problems due to impurity 
absorption. In spite of these difficulties, there have 
been, in favorable cases, some reasonably successful 
studies of S0 -*• T absorption,28-41 but the total number 
of molecules which have been studied by direct S —»• T 
absorption measurements remains rather small. 

This scarcity of reliable and useful S0 -*• T absorption 
spectra serves to emphasize the difficulties involved. 
We recently described a "new" method, the phospho
rescence excitation (PE) method, which considerably 
simplifies the problem of measuring S -*• T absorption 
spectra.42-48 In this method the action spectrum or the 

(11) H. Sternlicht, G. Nieman, and G. W. Robinson, J. Chem. Phys., 
38, 1326 (1963). 

(12) A. Kawada and R. C. Jarnagin, ibid., 44, 1919 (1966). 
(13) R. M. Hochstrasser, ibid., 39, 705 (1963). 
(14) J. W. Longworth, R. O. Rahn, and R. G. Shulman, ibid., 45, 

2930 (1966). 
(15) R. H. Steele, Biochemistry, 2, 527 (1963). 
(16) J. Franck and J. L. Rosenberg, / . Theoret. Biol, 7, 276 (1964). 
(17) R. Bersohn and I. Isenberg, J. Chem. Phys., 40, 3175 (1964). 
(18) G. Nieman and G. W. Robinson, ibid., 37, 2150 (1962). 
(19) J. Katz, S. Rice, S. Choi, and J. Jortner, ibid., 39, 1683 (1963). 
(20) J. Jortner, S. Rice, J. Katz, and S. Choi, ibid., 42, 309 (1965). 
(21) G. W. Robinson and R. P. Frosch, ibid., 37, 1962 (1962). 
(22) G. W. Robinson and R. P. Frosch, ibid., 38, 1187 (1963). 
(23) M. A. El-Sayed, ibid., 38, 2834(1963). 
(24) S. K. Lower and M. A. El-Sayed, Chem. Rev., 66, 199 (1966). 
(25) M. Kasha, Discussions Faradav Soc, 9, 14(1950). 
(26) D. S. McClure, J. Chem. Phys., 17, 905 (1949). 
(27) E. H. Gilmore, G. H. Gibson, and D. S. McClure, ibid., 20, 

829 (1952). 
(28) D. S. McClure, N. W. Blake, and P. L. Hanst, ibid., 22, 225 

(1954). 
(29) Y. Kanda, H. Kaseda, and T. Matumura, Spectrochim. Acta, 20, 

1387(1964). 
(30) J. Sidman, J. Am. Chem. Soc, 78, 2363 (1956). 
(31) L. Goodman and M. Kasha, J. MoI. Spectry., 2, 58 (1958). 
(32) M. Kasha, J. Chem. Phys., 20, 71 (1952). 
(33) A. Sklar, ibid., 5, 669 (1937). 
(34) D. Evans, J. Chem. Soc, 1351 (1957). 
(35) D. Evans, ibid., 3885 (1957). 
(36) M. Tsubomura and R. S. Mulliken, / . Am. Chem. Soc, 82, 5966 

(1960). 
(37) S. D. Colson and E. R. Bernstein, / . Chem. Phys., 43, 2661 

(1965). 
(38) W. Eberhardt and H. Renner, J. MoI. Spectry., 6, 483 (1961). 
(39) P. Avakian, E. Abramson, R. G. Kepler, and J. C. Caris, J. 

Chem. Phys., 39, 1127 (1963). 
(40) P. Avakian and E. Abramson, ibid., 43, 821 (1965). 
(41) G. Castro and R. M. Hochstrasser, J. MoI. Cryst., 1, 139 (1966). 
(42) W. Rothman, A. Case, and D. R. Kearns, / . Chem. Phys., 43, 

1067(1965). 
(43) W. A. Case and D. R. Kearns, Abstracts of the Western Regional 

Meeting of the American Chemical Society, Los Angeles, Calif., Nov 
1965, published in Scalacs, 10, 38 (1965). 

(44) W. Rothman and D. R. Kearns, ibid., 10, 44(1965). 
(45) W. Rothman, W. A. Case, and D. R. Kearns, Abstracts, 10th 

excitation spectrum of the phosphorescence of a sample 
is measured and, under appropriate conditions, this 
corresponds to the S0 -*• T absorption spectrum of the 
sample. Excitation spectra techniques are, of course, 
not new.49-51 What is surprising, however, is that it 
was only recently realized that this method is a par
ticularly powerful and useful one for studying the very 
weak So -»• T transitions in organic molecules.42-48 

Although the excitation technique is a very sensitive 
one for the detection of S0 -*- T absorption, it is remark
ably less susceptible to impurity effects than the direct 
absorption measurements. It is sufficiently simple to 
use that it reduces the determination of S0 -*• T spectra 
to an almost routine measurement. The method should 
be of interest not only to spectroscopists who wish to 
carry out high-resolution studies, but also to organic 
chemists who would like a convenient method for 
obtaining S0 —»• T spectra. 

In earlier reports we discussed the use of the phos
phorescence excitation method in the determination of 
S0 -*• T spectra of aromatic molecules dissolved in 
nonheavy-atom- and heavy-atom-containing sol-
vents42'44-45i47and of crystals of aromatic molecules.43-46 

With the crystalline samples we were able to observe 
the S0 -*• T absorption spectra of molecules in the 
absence of any heavy-atom effect. More recently 
Hirota used this same technique with crystals doped with 
phenanthrene-t/io or naphfhalene-c/s to further enhance 
the sensitivity of the method.52 In the present paper 
we wish to discuss some additional aspects of the method 
which were not adequately treated earlier. We 
illustrate the use of the method in the investigation of 
S0 -*• T absorption spectra of some 40 atomatic hydro
carbons and give a preliminary discussion of some of our 
observations. 

Results and Discussion 
Naphthalene Derivatives. The S -*• T absorption spec

trum of naphthalene has been studied by several differ
ent techniques. Kasha first obtained the direct S -»• T 
absorption spectrum of naphthalene by the use of 
ethyl iodide as a heavy-atom perturber.32 Avakian, et 
a!., have used a delayed fluorescence excitation tech
nique to study the S -»• T absorption spectrum of crystal
line naphthalene.40 Evans has used the O2 perturba
tion technique to measure the S -»• T absorption spec
tra directly.34 Very recently Hanson and Robinson 
have reported the positions of the S -*• T absorption 
bands of crystalline naphthalene.63 The spectrum which 
we obtained by the PE method (shown in Figure 1) 
is found to agree well with the results previously re
ported. 

The phosphorescence excitation spectra of various 
substituted naphthalenes are shown in Figures 1 and 2 
along with their singlet-singlet absorption and phos
phorescence emission spectra. The position of the 
0-0 band of the S0 -»• T absorption of the substituted 

Annual Meeting Biophysical Society, Boston, Mass., Feb 1966, TEl, 
p 82. 

(46) W. Rothman and D. R. Kearns, ref 45, TE2, p 82. 
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(48) W. A. Case and D. R. Kearns,/. Am. Chem. Soc, 88, 5087 (1966). 
(49) J. R. Loofbourow, Growth Symp., 12, 75 (1948). 
(50) H. F. Blum, "Biophysical Research Methods," M. F. Uber, Ed., 

Interscience Publishers, Inc., New York, N. Y., 1950, pp 417-450. 
(51) C. A. Parker, Anal. Chem., 34, 502 (1962). 
(52) N. Hirota, J. Chem. Phys., 44, 2199 (1966). 
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Figure 1. The S0-T absorption and emission spectra and the S0 —*• S absorption spectra of naphthalene and seven halogenated derivatives. 

naphthalenes are summarized in Table I along with the 
same data for other compounds which we studied. 

From the absorption and emission spectra we see 
that there is generally good overlap between the 0-0 
band in absorption and emission, and with a few notable 
exceptions, the S0 —»• T absorption spectra are roughly 
mirror image symmetric with respect to the phospho
rescence spectra. This is fortunate since it is often as
sumed to be true in the analysis of the emission spectra. 
In every case the lowest triplet state was assigned as a 
3(ir, 7T*) state on the basis of (i) similarity with the 

S0 -* T absorption and emission of naphthalene, (ii) 
long lifetimes for the nonhalogenated compounds (/ 
-~ 1 sec); and(iii) sensitivity of the S0 -»• T absorption 
spectrum to an external heavy-atom effect.2*•32 

Definite evidence for a second triplet state was found 
only in the case of 2-naphthaldehyde (see Figure 2), and 
this state was assigned as an 8(n, it) state. This as
signment was based on a consideration of the intensity 
of the transition (no heavy-atom solvent was required 
to observe it) and its position with respect to the 0-0 
band of the S0 -*• Sn,w band (Sn,, <-> Tn,x splitting = 
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Figure 2. The S0-T absorption and emission spectra and S0 -*• S absorption spectra of eight naphthalene derivatives. 

2400 cm - 1 48). Several other naphthalene derivatives 
which contained substituents with nonbonding elec
trons gave diffuse S0 -*• T spectra in the short-wavelength 
region. It is possible that this diffuseness was also due 
to transitions to low-lying (n, -K) triplet states. 

According to reliable theoretical calculations,5455 

the lowest triplet state of naphthalene and presumably 
its derivatives, should be assigned as a 3La state, and 
this prediction is supported both by a comparison of the 
calculated and observed zero-field splitting of the triplet 
state of naphthalene,5657 and by perimeter model calcu-

(54) R. Pariser, / . Chem. Phys., 24, 250 (1956). 
(55) N. S. Ham and K. Ruedenberg, ibid., 25, 13 (1956). 

lations on the triplet-state energies of the polyacenes.58 

This assignment is further supported by the observation 
that the 0-0 band of the S0 -»• T absorption and the 
second singlet state (1LJ are shifted in a parallel manner 
by the various substituents, whereas there is almost an 
anticorrelation between substituent effects on the 
lowest singlet state (1L,,) and the lowest triplet state. 

Phenanthrene Derivatives. The S0 -»• T absorption 
spectra of some phenanthrene derivatives are presented 
in Figure 3. The vibrational structure of the S0 -»• T 

(56) M. Gouterman, ibid., 30, 1367 (1959). 
(57) C. A. Hutchison and B. W. Mangum, ibid., 34, 908 (1961). 
(58) D. R. Kearns, ibid., 36, 1608 (1962). 
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Figure 3. The S0-T absorption and emission spectra and S0 ->- S absorption spectra of four phenanthrenes. 

absorption spectra of both phenanthrene and dihydro-
pyrene are reasonably well resolved and a tentative 
vibrational analysis is given in Table II, along with 
corresponding data for the phosphorescence emission. 

According to calculations by Ham and Ruedenberg55 

the second triplet state of phenanthrene is predicted 
to lie within 200 cm - 1 of the lowest excited singlet 
state. Although we have been unable to locate this 

Table I. Triplet-State Energies of Aromatic Hydrocarbons" 

Naphthalene 
1-Chloronaphthalene 
1 -Bromonaphthalene 
1-Iodonaphthalene 
2-Chloronaphthalene 
2-Bromonaphthalene 
2-Iodonaphthalene 
1,4-Dibromonaphthalene 
2-Methylnaphthalene 
2-Ethoxynaphthalene 
1 -Phenylnaphthalene 
2-Phenylnaphthalene 
1-Naphthoic acid 
2-Naphthoic acid 
2-Hydroxynaphthalene 
1,5-Dihydroxynaphthalene 
2,7-Dihydroxynaphthalene 
1,5-Dinitronaphthalene 
Acenaphthalene 
1,2,3,6,7,8-Hexahydropyrene 
2-Naphthaldehyde 

. Phenanthrenes 
Phenanthrene 
4,5-Dihydropyrene 
3-Acetophenanthrene 
9-Acetophenanthrene 

4720 
4890 
4800 
4840 
4750 
4750 
4750 
4920 
4700 
4620 
4860 
4870 
4970 
4810 
4750 
4960 
4710 
5150 
4830 
5020 
4780 

4630 
4690 
4850 
4900 

. Polyphenyls 
(taken from phosphorescence) 

Biphenyl 
2-Bromobiphenyl 
2-Iodobiphenyl 
4,4 '-Dichlorobiphenyl 
o-Terphenyl 
m-Terphenyl 
1,3,5-Triphenylbenzene 
p-Terphenyl 

Diphenylmercury 
Tetraphenyltin 

. Halogenated Benzenes 
1,4-Dichlorobenzene 
l-Bromo-4-chlorobenzene 
1,4-Dibromobenzene 
1,3,5-Trichlorobenzene 
1,3,5-Tribromobenzene 
1,2,4,5-Tetrachlorobenzene 
1,2,4,5-Tetrabromobenzene 
Hexachlorobenzene 

. 

4370 
4400 
4550 
4550 
4640 
4440 
4440 
4900 

3450 
3420 

3565 
3590 
3600 
3615 
3620 
3730 
3740 
3900 

Values given are the positions of the 0-0 band in angstrom units. 
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Table II. S0 -* T Transitions in Phenanthrene 
and 4,5-Dihydropyrene 

S 0 ^ T 
absorption, 

c m - 1 

0(s)" 
400 (m) 
880(sh) 

1480(s) 
1860 (w) 
2390 (sh) 

2890 (m) 

3660 (sh) 

Phenanthrene • 

T -* Sc 
c m - 1 

0(s) 
410 (s) 
820 (w) 

1220(sh) 
1390(sh) 
1640 (s) 
2030 (w) 
2430 (w) 
2650 (sh) 
2810 (sh) 
2990 (m) 
3220(sh) 
3390(sh) 
3590 (sh) 

i phosphorescence" 
Analysis 

0,0 
0,406 
0,830 
0, 830 + 406 
0,1347 
0, 1608 
0,1608 + 406 
0,1603 + 880 
0,13,472 
0, 1608 + 830 + 406 
0,1608 + 1347 
0,1608 X 2 
0,1347 + 1608 + 406 
0,1608 X 2 + 406 

4,5-Dihydro
pyrene 
S 0 ^ T 

absorption, 
c m ' 1 

0(s) 
370 (m) 
790 (sh) 

1410(s) 
1860 (w) 

2870 (m) 

3850 (m) 

« T. Azumi and S. P. McGlynn, /. Chem. Phys., 37, 2413 (1962). 
6s , strong; m, medium; w, weak; sh, shoulder. 

triplet state, the S0 -*• T absorption spectrum presented 
in Figure 3 indicates that it must lie above 28,200 cm - 1 , 
or within 800 cm - 1 of the lowest singlet state. In the 
long-wavelength region (>3800 A) the S0 -* T ab
sorption spectrum of dihydropyrene (see Figure 3) 
is quite similar to that of phenanthrene. In the 3800-
3600-A region, however, a band appears in the dihy
dropyrene spectrum which does not occur in the phen
anthrene spectrum. By application of the various tests 
of sample purity,48 we demonstrated that this band was 
not due to some impurity. We have therefore tenta
tively assigned the 3700-A absorption band in dihydro
pyrene as a transition to the second triplet state. 

Polyphenyls. The S0 -»• T and S0 -»• T absorption 
spectra and phosphorescence spectra of various poly
phenyls are presented in Figure 4. An unfortunate 
feature which characterizes these compounds is the al
most total lack of vibrational structure in the PE spectra. 
Although disappointing, this was not unexpected in 
view of the structureless S0 —* S absorption which 
these same compounds exhibit. In contrast to the 
structureless absorption, both the fluorescence and the 
phosphorescence spectra of the polyphenyls are usually 
structured,59 so that with these compounds there is a 
breakdown in the usual mirror-image symmetry be
tween absorption and emission spectra. Presumably 
this lack of mirror-image symmetry can be attributed to 
a difference between the geometry in the ground and 
excited states.3'60 In the ground state there is a rota
tion about the essential single bond(s) linking the phenyl 
groups, whereas in the excited state there may be con
jugation between the rings. Absorption probably 
involves excitation of molecules which have a number 
of different possible geometrical configurations, whereas 
emission occurs from molecules which all have the same 
planar geometry. These results serve to emphasize 
the need to study both the absorption and emission 
spectra in order to characterize excited-state properties 
of molecules.61 

(59) I. B. Berlman, "Handbook of Fluorescence Spectra of Aromatic 
Compounds," Academic Press Inc., New York, N. Y., 1965. 

(60) H. H. Jaffe and M. Orchin, "Theory and Applications of Ultra
violet Spectroscopy," John Wiley and Sons, Inc., New York, N. Y., 
1962, p 273. 

Evidence for excited-state double-bond character 
in the central C-C bond was, of course, obtained 22 
years ago by Lewis and Kasha who found that ortho 
substituents which prevented the two rings of biphenyl 
from becoming coplanar also blue shifted the phos
phorescence.3 The fact that the phosphorescence of 
o-terphenyl occurs at higher energy than that of p-
terphenyl (see Figure 4) can be attributed to steric 
interaction between the rings in the ortho derivative 
which prevents the rings from becoming coplanar. 

There is a further parallel between the phospho
rescence and fluorescence with respect to the variation in 
the energy of the emission for the various isomers. As 
has been pointed out elsewhere, all of the m-polyphenyls 
have substantially the same S0 -»• S spectra.60 As 
might have been anticipated, we find that the same is true 
for the phosphorescence. This invariance is taken to 
indicate that conjugation in these meta derivatives is 
only possible between two adjacent rings, whereas 
conjugation between more than two rings would involve 
structures with long bonds.60 The large red shifts in 
both the fluorescence and phosphorescence spectra of 
the /j-polyphenyls with increasing number of rings is, 
correspondingly, attributed to the fact that conjugation 
can extend through all phenyl rings. 

Recently Hirota used the PE method to obtain the 
S0 -*• T absorption spectrum of a biphenyl crystal 
doped with phenanthrene-rfio.62 In contrast to the 
broad, structureless absorption bands which we ob
tained with the polyphenyls, the spectra which he re
ported for biphenyl was structured. As most of our 
measurements were made on samples dissolved in a 
rigid glass matrix, it is possible that the difference 
between our observations is related to some crystal 
effect. This is not the case in ^,p'-dichlorobiphenyl, 
since the S0-*- T absorption spectra of both a crystalline 
and a solution sample were unstructured (see Figure 4). 
In view of this and the similarities between the So -*• 
S and S0 -*• T absorption and emission spectra, Hirota's 
observation of structured S0 -*• T absorption in biphenyl 
is somewhat surprising. 

In the course of our examination of o-terphenyl, we 
noted the appearance of several strong bands in the 
region of 3300-3500 A. By application of the various 
tests of sample purity discussed elsewhere,48 we were 
able to show that these bands were due to an impurity 
which proved to be triphenylene. Although this com
plication could have been anticipated in view of Kha-
rasch's earlier report of the photochemical formation 
of triphenylene from o-terphenyl in solution,62 it is 
interesting to note that, through proper use of purity 
checks, the production of rather small quantities of a 
photochemical reaction product was easily detected. 

Metal Polyphenyls. The S0 -*• T spectra of crystalline 
samples of diphenylmercury and tetraphenyltin are 
shown in Figure 5. For comparison the S0 -*• T spectra 
of tetraphenyltin in solution obtained by direct absorp
tion is also shown in Figure 5,63 and it is seen that the 
spectra obtained by the two different methods agree 
well. These spectra closely resemble the S0 -»• T spec
tra of benzene which has its 0-0 band at 3388 A 

(61) J. B. Birks and D. J. Dyson, Proc. Roy. Soc. (London), 27S, 135 
(1963). 

(62) N. Kharasch, T. G. Alston, H. B. Lewis, and W. Wolf, Chem. 
Commun., 242, (1965). 

(63) S. R. LaPaglia, Spectrochim. Acta, 18, 1295 (1962). 
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Figure 4. The S0-T absorption and emission spectra and S0 -*• S absorption spectra of eight polyphenyls. 
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Figure 5. The S0-T absorption spectra of two metal polyphenyls. 

in solution and a prominent 900-cm-1 vibrational pro
gression.64 In diphenylmercury the 0-0 band is at 
3450 A and the vibrational spacing is 910 cm -1 , while 
in tetraphenyltin the 0-0 band is at 3420 A, and the 
vibrational spacing is 930 cm -1 . 

Halogenated Benzenes.66 For our studies of the 
S0 -*- T spectra of the substituted benzenes we used 
crystalline samples instead of solutions, because of 

(64) G. W. King and E. H. Pinnington, J. MoI. Spectry., IS, 394 
(1965). 

(65) In collaboration with J. J. Ewing. 
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complications caused by solvent impurities and because 
much higher sample concentrations could be obtained 
with crystals. The S0 -*• T absorption spectra of eight 
naphthalene-doped halogenated benzene crystals are 
presented in Figure 6. Hirota has previously obtained 
the S -*• T spectrum of tetrachlorobenzene using the 
PE method, and our results are in accord with his.52 

Because the assignment of the lowest triplet state in 
benzene is central to the assignment of the triplet states 
in other aromatic hydrocarbons, benzene and sub
stituted benzenes have occupied a rather special status 
in triplet-state spectroscopy. In spite of the numerous 
efforts to identify the nature of the lowest triplet state 
in substituted benzenes, certain observations still re
main puzzling. Hochstrasser, for example, has ex
amined in detail the S0 -*• T absorption spectra of both 
/?-dibromobenzene and />-dichlorobenzene and con
cludes that either (i) our present understanding of the 
mechanism of spin-orbit coupling in halogenated aro
matic hydrocarbons is incorrect, or (ii) that the pre
ferred assignment of the lowest triplet state of benzene 
as a 3L3 (

3B1J) state is incorrect.66 The assignment of 
the lowest triplet state of hexachlorobenzene also seems 
to be in dispute.67,68 

Even without a detailed vibrational analysis of our 
spectra, it is possible to derive some useful information 
regarding the assignment problem. In view of the 
relatively small effect of substituents on the energy of the 
S0 -*• T transitions, we conclude that the lowest triplet 
of these substituted compounds should be given the 
same assignment as the lowest triplet state of benzene. 
A correct assignment of the triplet states in these sub
stituted benzenes should give the correct benzene assign
ment. 

Hexachlorobenzene. Olds has examined the polar
ization of the phosphorescence emission from single 
crystals of hexachlorobenzene and concluded that the 
lowest triplet state corresponds to a 3B211 (

3Lb) in D6h 

symmetry,67 contrary to the usual 3L3 assignment. 
Russell and Albrecht, on the other hand, have ex
amined the polarization of the hexachlorobenzene phos
phorescence emission in rigid glass solution and con
clude that the lowest triplet state should be assigned as a 
3L3 state.68 It should be noted, however, that the 
phosphorescence which they observed is displaced over 
3000 cm - 1 to the red of that observed by Olds, and over 
4400 cm - 1 from the 0-0 band which we observed in 
our S0 -»• T excitation spectra. It is difficult to under
stand why there should be such a large displacement of 
the solution phosphorescence relative to the crystal 
absorption. 

The lack of coincidence between our crystal absorp
tion spectra and Olds' emission spectra is also sur
prising. For the reasons presented in the discussion 
of the PE method,48 we believe that our crystal absorp
tion measurements are more reliable than crystal emis
sion studies. Furthermore, within the accuracy of our 
experiments ( ± 5 A in this case), the same S0 -»• T bands 
have been observed by Ron and Schnepp in direct 
absorption measurements on crystals of hexachloro
benzene.69 Because of the lack of coincidence between 

(66) R. M. Hochstrasser, 151st National Meeting of the American 
Chemical Society, Pittsburgh, Pa., 1966, Abstract 71N. 

(67) D. W. Olds,/. Chem. Phys., 35, 2248 (1961). 
(68) P. G. Russell and A. C. Albrecht, ibid., 41, 2536 (1965). 
(69) A. Ron and O. Schnepp, private communication. 
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Figure 6. The S0-T absorption spectra and the S0 -»• S absorption 
spectra of eight halogenated benzene. 

the crystal absorption and emission spectra and because 
of the unusual phosphorescence which Albrecht ob
served in solution, a reexamination of hexachloroben
zene seems called for. 

Iodobenzene Derivatives. Because of an internal 
heavy-atom effect, the S0 -*• T transitions of />-iodo-
toluene and /)-diiodobenzene are quite strong (e ~ 
0.5), and some years ago McClure observed the S0 -*• 
T absorption spectrum of p-diiodobenzene in direct 
absorption measurements.28 More recently Castro 
and Hochstrasser obtained the S0 -»• T absorption of 
single crystals of/7-diiodobenzene at liquid helium tem
peratures.41 In view of the intensity of the S0 -*• T 
absorption in this compound, we were surprised to 
find that we were unable to obtain the singlet-triplet 
absorption spectra of naphthalene-doped crystals of 
/>-iodotoluene or of j9-diiodobenzene. At first we sus-
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Figure 7. The S0 —>• T absorption spectra of naphthalene in EEET 
and in several halogenated benzenes at 770K. 

pected that the naphthalene had not been incorporated 
in the crystals, but this was disproven by two observa
tions. In the first place, strong naphthalene phos
phorescence was observed when the samples were 
excited at 3200 A, the onset of the naphthalene S0 -»• S 
absorption. Since pure naphthalene crystals are not 
phosphorescent, this proves that naphthalene was 
soluble to some extent in the iodobenzene crystals. 
Secondly, and more importantly, we were easily able 
to observe the So -*• T absorption spectrum of the naph
thalene which was present as a guest in the iodoben
zene crystals (/j-iodotoluene or p-diiodobenzene) by the 
PE method. These results are presented in Figure 7. 
Clearly, there was an external heavy-atom effect on 
naphthalene S0 -> T absorption, and this could have 
arisen only if some of the naphthalene was actually dis
solved in the crystals. It is remarkable, therefore, that 
in the 3700-3200-A region (not shown in Figure 7), 
where the S0 -*• T absorption of the host molecules is 
known to occur, there was a minimum in the PE spec
trum, the depth of which depended upon the thickness 
of the crystal. 

These experiments indicate that triplet-state iodo
benzene molecules do not transfer their energy even to 
a naphthalene neighbor. Presumably there is some 
other radiationless deactivation process which occurs 
more rapidly (6 X 10n/sec) than triplet-triplet energy 
transfer (10IO/sec).70 Rupture of the C-I bond appears 
to be a likely process.71'72 Such a large radiationless 
rate constant would lead to an uncertainty principle 
broadening of 100-300 cm""1. Interestingly, the bands 
observed in the S0 -*• T absorption spectra of the p-
diiodobenzeneat 4.20K41 are anomalously broad (~200 
cm"1), perhaps due to uncertainty principle broadening. 

Singlet-Triplet Absorption Spectra of Guest Molecules 
in Heavy-Atom-Containing Crystals. In the course of 

(70) The S o - T extinction coefficient for an aromatic hydrocarbon 
molecule perturbed by an iodine-containing neighbor molecule is esti
mated to be 2 X 10~3 (see ref 28) and the extinction coefficient of the 
So -*• T transition in p-diiodobenzene is about 0.5. If we assume that 
there are six iodobenzenes which have the possibility of transferring 
triplet-state energy to naphthalene, then absorption of light by the iodo-
benzenes should be ~1,5 X 103 ( = 6 X 0.5/2 X 10"s) times more effec
tive in producing naphthalene triplet states than direct So -* T excitation 
of the naphthalene. 

(71) T. L. Cottrell, "The Strengths of Chemical Bonds," Butterworth 
& Co., Ltd., London. 1954. 

(72) W. Wolf and N. Kharasch,/. Org. Chem., 26, 283 (1961). 

our investigation of the singlet-triplet absorption spec
tra of naphthalene-doped crystals of the halogen-sub
stituted benzenes, we found that it was also possible to 
observe the S0 -*• T absorption spectrum of the naph
thalene which was present substitutional^ in low con
centrations. These results are shown in Figure 7 
along with the S0 -»• T absorption spectrum of naph
thalene in ethanol, ether, ethyl iodide, and toluene 
(EEET). As expected, the phosphorescence intensity 
produced by direct excitation of the naphthalene in 
the dibromobenzene crystal was some 103 times weaker 
than that produced by excitation of the host in its S0 -*• 
T absorption band. 

Although these spectra are not particularly well re
solved, there do appear to be differences, depending 
upon the nature of the host. For example, in EEET 
the first S0 -*- T band of the naphthalene is twice as 
strong as the second prominent vibronic band, whereas 
in the diiodobenzene crystal these two bands are of 
comparable intensity, and other bands which appeared 
only as weak shoulders in EEET now appear promi-
nantly. El-Sayed has noticed similar effects on the 
naphthalene phosphorescence spectra due to heavy-
atom substituents on the naphthalene and attributed 
it to the existence of two different spin-orbit coupling 
schemes within the molecule.73 It appears from our 
very preliminary investigation of environmental effects 
on the naphthalene S0 -*• T absorption spectra that there 
may be important similarities between the external 
and internal heavy-atom effects on S0 -*• T transitions. 
If correct, this should facilitate our understanding of 
the mechanism of the external heavy-atom effect. 
The doped halogen crystals appear to provide a useful 
media for investigating external heavy-atom effects 
in a much more quantitative way than has been possible 
with the rigid glass systems, which have a random 
arrangement of heavy-atom molecules around the solute. 

Experimental Section 
Although we discussed the PE method in detail earlier, 42~)8 

there were some aspects which were not treated. For pure crystals 
which phosphoresce, impurity effects can usually be evaluated by 
the procedures used to check compounds dissolved in glassing 
solutions. If a crystal does not phosphoresce, it is necessary 
to dope it with some phosphorescent compound which has a triplet 
state below that of the host. With these doped crystals there are two 
types of impurities, which may be important. 

(a) Unwanted impurities, which have a lower energy triplet state 
than the host molecules and which phosphoresce, are easily detected 
by checking the phosphorescence spectrum to see whether or not it 
is characteristic of the guest molecules. 

(b) Impurities, which have a triplet state above that of the host, 
may absorb light in a S0 —*- S transition, undergo intersystem cross
ing to a triplet state, and sensitize the guest phosphorescence by 
triplet-triplet energy transfer through the host. This type of 
impurity will probably not affect the spectra for at least 2000 cm - 1 

above the 0-0 band, because singlet-triplet splittings observed 
for organic molecules are usually greater than 2000 cm"1.74 Fur
thermore, the presence of this type of impurity can be detected by 
noting if there are changes in the excitation spectrum upon further 
purification of the guest and host compounds. 

These simple experimental tests provide very useful criteria for 
establishing the authenticity of phosphorescence excitation spectra. 
Hot bands are another possible complication. Whether or not 
this is a problem depends on the Boltzman factor and the ratio 
of the extinction coefficient of nearby allowed S0 -*• S transitions 

(73) T. V. Pavlopoulos and M. A. El-Sayed, J. Chem. Phys., 41, 1082 
(1964). 

(74) S. P. McGlynn, F. J. Smith, and G. Cilento, Photochem. Photo-
bial., 3, 269 (1964). 
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to the extinction coefficient of the S0 -* T transition. The Boltz-
man factor for a A£ = 1000 cm'1 is <r2° or 2 X 10~9 at 770K. If 
the extinction coefficient ratio is less than 109, we may work to 
within 1000 cm"1 of a S0 -*- S transition without problems due to 
hot bands. If the ratio of the extinction coefficients is smaller, 
then it is possible to work even closer to the 0-0 band of the S0 
-* S transition. 

Apparatus. The PE spectra and the phosphorescence spectra 
were obtained using a previously described phosphorescope.4S 

In our studies we have used two types of samples: (1) samples 
dissolved in a glassing solvent and (2) crystalline samples. To 
obtain the S0 -*• T spectra of a dissolved sample, the following 
procedure was used. The sample was first dissolved in a suitable 
glassing mixture to which a heavy-atom component (methyl iodide, 
ethyl iodide, for bromoform) could be added.48 For most of the 
measurements we used a 2:2:1:1 mixture of ethyl iodide-ether-
ethanol-toluene (EEET). The solution was cooled in liquid ni
trogen and then inserted in a precooled sample holder. The spec
tral distribution of the phosphorescence was obtained for several 
wavelengths of excitation. Finally, the excitation spectrum of the 
phosphorescence was obtained by monitoring the intensity of the 
phosphorescence as a function of the wavelength of the exciting 
light. For crystalline samples a similar procedure was used. 

The resolution of the spectra for the benzene derivatives is better 
than 150 cm"1 while the resolution of the rest of the spectra is better 
than 200 cm-1. The absolute wavelength is reproducible to bet
ter than ±10 A for spectra of the benzene derivatives and to better 
than ±20 A for the rest. 

The spectral distribution of the photon output was determined for 
the various monochromators and gratings which we used by placing 
a fluorescent fluorescein solution at the sample position and moni
toring the fluorescence intensity. The resulting photon distribution 
curves are presented in Figure 8. The photon distribution shown 
in Figure 8A was used for the substituted benzenes. The photon 
distribution shown in Figure 8B was used for all other compounds 
except 1- and 2-pheny!naphthalene, and acenaphthene and hexa-
hydropyrene where the photon distribution shown in Figure 8C 
was used. The excitation spectra have not been corrected for the 
spectral distribution of the exciting light, as this was reasonably flat 
over the region of interest. In several cases, however, it was neces
sary to correct for the lines in xenon spectrum in the 4500-5000-A 
region. The phosphorescence spectra were not corrected for the 
response of the 1P28 photomultipler. 

Materials. A necessary criterion of purity in these experiments 
is the absence of any detectable extraneous emission not belonging 
to the compound of interest. The various methods for determining 
compound purity have been outlined elsewhere.48 Because mod
erate purity was required, all compounds which were not purified 
more extensively by other means were routinely recrystallized sev
eral times from a suitable solvent. If a compound exhibited anom
alous emission or indicated the presence of an impurity in any other 
way, it was subject to further purification until that impurity was 
eliminated. The following compounds were zone refined: p-
dichlorobenzene; p-dibromobenzene; l-bromo-4-chlorobenzene; 
1,2,4,5-tetrachlorobenzene; hexachlorobenzene; biphenyl; o , 
m-, and p-terphenyl; 1,3,5-triphenylbenzene; naphthalene; 2-
bromonaphthalene; and phenanthrene. The following solvents 
were used without further purification: ethanol, U. S. Indus
tries Chemical Co., reagent grade; ethyl ether, Mallinckrodt, 
analytical reagent; toluene, Matheson Coleman and Bell (MCB), 
spectroquality; 2-propanol, MCB, spectroquality; methyl iodide, 
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Figure 8. The relative photon intensities of the xenon source with 
different monochromators: (A) Bausch and Lomb ultraviolet 
monochromator (used for all halogenated benzenes); (B) Bausch 
and Lomb visible monochromator (used for all other molecules ex
cept four naphthalene derivatives); (C) Jarrell-Ash monochromator 
(used for 1- and 2-phenylnaphthalene, acenaphthene, and 1,2,3,6,7,8-
hexahydropyrene). 

MCB, White Label; and ethyl iodide, MCB, reagent. 2-Methyl-
tetrahydrofuran was distilled from ketyl. 

The bromoform which was used as a heavy-atom solvent for most 
of the polyphenyls was subject to the following purification: it 
was distilled at reduced pressure over copper wool in a nitrogen 
atmosphere, and then it was stored in a dark container over copper 
wool and had 2 % 2-propanol added to increase stability. 

The S0 -* S absorption spectra of the compounds were either 
measured in absolute ethanol or taken from the literature.73 _S2 
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