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t,ion of solutions should be of major importance. Rlore- 
over, ion-selective electrodes are most effective for the 
measurement of exactly those ionic species (e.g., Xaf 
K+, Ca2+, F-, S042-, S2-, NO3-, Clod-, etc.) which 
are most difficult to measure by other techniques. 

Ion-selective electrodes measure the activities of ions 
in solution and do so with considerable sensitivity and 
selectivity. Such measurements are rapid and non- 
destructive and can be carried out on a continuous, 
automated basis. Because of these desirable charac- 
teristics ion-selective electrodes are being used widely 
for chemical studies, biomedical measurements, pollu- 
tion and oceanographic monitoring, and industrial 

control. About two dozen types of ion-selective elec- 
trodes are already available, but more are being de- 
veloped as the fundamentals of electrode operation and 
selectivity are elucidated. 

At the present time, we find ourselves in the pleasant 
position of having suitable electrodes selective for many 
important ions. Table I1 illustrates some of the recent 
analytical applications of these electrodes. The state 
of the art has now progressed to the point where accurate 
analytical measurements using these electrodes are read- 
ily carried out and where ion-selective electrodes are 
being used increasingly for fundamental chemical and 
biochemical studies. 
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The electrons of molecules in nonexcited states reside 
in the lowest molecular orbitals. The energies of these 
orbitals, i.e., the energies of these electrons, can be 
determined experimentally by photoelectron spectros- 
copy.2a For theoretical methods see, e.g., Jungen.2b 

The electrons of a ground-state molecule are often 
classified, for simplicity, as to the electronic systems to 
which they belong. For most organic molecules the 
electrons can be classified as follows: electrons which 
form localized u bonds; T electrons which form 7r bonds, 
not necessarily localized; nonbonding n electrons which 
are localized in valence shells of atoms, and do not par- 
ticipate in complex formation such as hydrogen bonding, 
charge-transfer complexes, etc. ; and 6 electrons which 
are situated in the inner shells of atoms. In  certain 
types of molecules, especially in molecules containing T 

electrons, one or more electrons can be promoted to 
higher orbitals without decomposing the molecule. 
The molecule is then said to be in an excited state and 
the promotion energy is called excitation energy. 

In  this paper me shall concern ourselves with two 
questions: what are the physical mechanisms by which 
a molecule can leave the excited state and how do these 
mechanisms compete with each other? All processes 
following absorption and leading to the first reaction 
product are called primary steps. The first reaction 

(1) Visiting Professor, from Iwan N. Stranski-Institut, 11. Insti- 
tut  far Physikalishe Chemie der Technischen Universitat Berlin. 

(2) (a) D. W. Turner, “Molecular Photoelectron Spectroscopy,” 
John Wiley & Sons, Inc., New York, N. Y., 1969; (b) M. Jungen, H. 
Labhart, and G. WagniBre, Themet. Chim. Acta, 4, 305 (1966); (c) 
M. Kasha, et al., “Radiationless Transitions in Molecules,” Division 
of Biology and Medicine, Bulletin No. 37, U. S. Atomic Energy Com- 
mission (Institute of Molecular Biophysics, Florida State Cniversity, 
Tallahasee, 1968) ; (d) J. Jortner, et al., J .  Chem. Phys., 49,610 (1968) ; 
50, 2916, 4061 (1969); (e) R. 31. Hochstrasser, et al., ibid. ,  49, 971 
(1968). 

product could for instance be an intermediate if the 
photochemical reaction is a multistep reaction, or it 
could be the original molecule in its ground state. 

Theoretical approaches to the kinetics of radiationless 
transitions have been obtained by using time-dependent 
perturbation theory to obtain probabilities for Born- 
Oppenheimer zeroth-order excited-state transitions. 
However the excited states are not pure in view of con- 
figuration interaction between nearly degenerate zeroth- 
order states. The optically excited state can be de- 
scribed in terms of a superposition of molecular eigen- 
states and it can be shown that the resulting wave func- 
tion exhibits an exponential nonradiative decay. The 
line width and the radiationless lifetime can be expressed 
in terms of a single molecular parameter, the square of 
interaction energy between the zeroth-order state and 
the manifold of all vibronic states located within one 
energy unit around that state.2c-e “Internal conver- 
sion” and “radiationless intersystem crossing” are then 
better termed “internal mixing” and “intersystem 
mixing,” respectively. 

Luminescence spectroscopy is a useful tool to investi- 
gate the mechanisms of transformation of electronic 
excitation energy and the primary steps in photochem- 
istry if the latter compete with the luminescence but do 
not quench it beyond an experimental limit in intensity. 
The following quantities are measured in luminescence 
spectroscopy. 

(1) Quantum efficiency, Q p  = ne/%, 5 1, where n, = 
number of quanta absorbed, ne = number of quanta 
emitted. The sum of the quantum yields of all compet- 
ing processes, fluorescence included, is unity, by defini- 
tion. 

(2) Spectral quantum distribution q(fi), which should 
preferably be plotted-by international recommenda- 
tion-as the relative number of quanta emitted within 
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wave number intervals of equal size.3 From this one 
can obtain the absolute luminescence spectrum by the 
normalizing condition 

(3) Decay time 

T a im I l ( i )d t / im  I ( t )  dt S 70 5 7 e  

The radiative lifetime T~ can be obtained from the area 

i m e c d  In v 

of the corresponding absorption band. Its order of 
magnitude is given roughly by the relation re = lW4/ 
emax, where E ,  the molar extinction coefficient, is given in 
liters/mole centimeter and T~ is in seconds. The 
natural lifetime, 70, is determined by all spontaneous 
deactivation mechanisms together. 
(4) Degree of polarization, P = (111 - IJ/(Iil -I- 111, 

where Ill and .IL are the intensities of the luminescence 
light polarized parallel and perpendicular, respectively, 
to the exciting light. In  liquids, due to random orienta- 
tion, the limiting values are - l / 3  5 P 5 +‘/2. The 
more rigid the medium and the shorter the decay time, 
the nearer is P either to or to + l / 2 ,  depending on 
whether the transition moments for absorption and 
emission are perpendicular or paralle14~5 to each other. 

A schematic diagram of a spectrofluorimeter with 
polarization attachment and with devices for variable- 
pressure and variable-temperature investigations is 
given in ref 6 .  For measurements of relative quantum 
efficiencies see Parker,l and of decay times see Kramer.8 
Decay functions have been measured using the mode- 
locking laser t e~hn ique .~  

Relaxation Phenomena and Solvent Effects 
During an electronic transition the position and the 

velocity of all atomic nuclei of a molecule remain al- 
most unchanged (Franck-Condon principle). With 
each transition the physical properties of a molecule are 
changed since the electronic charge distribution is 
changed. In  different excited states, therefore, such 
properties as electric dipole moment or electric quadru- 
pole moment or nuclear configuration, as well as dis- 
sociation constants, pH values, and the ability for 
complex formation, are different. For example, in 
substituted aromatic compounds basic sites often are 

(3) J. H. Chapman, Th. Forster, G. Korttlm, E. Lippert, W. H. 
Melhuish, G. Nebbia, and C. A. Parker, Appl. Spectry., 17, 171 
(1963). 
(4) Th. Forster, “Proceedings of the 18th European Congress on 

Molecular Bpectrosoopy, Copenhagen, 1965,” B. Bak, Ed., Butter- 
worths, London, 1965. 
(5) P. P. Feofilov, “Polarized Emission,” Consultants Bureau, 

New York, N. Y., 1961. 
(6) F. Aurich and E. Lippert, Spectrochim. Acta, 22,1073 (1966). 
(7) C. A. Parker, “Photoluminescence of Solutions,” Elsevier, 

Amsterdam, 1968. 
(8) K. Kramer, 2. Naturforsch., 22a, 1108 (1967). 
(9) H. E. Lessing and E. Lippert, pager presented a t  the Inter- 

national Conference on Molecular Luminescence, Chicago, Ill., 1968. 

more basic and acidic sites more acidic in the 1 ( ~ * , ~ ) 1  

state than in the ground state.1° If both such func- 
tional groups are present it might be that the molecule 
in its fluorescing state exists either as a cation or as an 
anion, but at  no pH value of the solution in its neutral 
form (Figure 1 l l ) .  

Besides the normal Stokes red shift which is essentially 
due to the fact that absorption and fluorescence transi- 
tions in most cases occur from lower to higher vibra- 
tional terms, there is an anomalous Stokes red shift of 
the fluorescence band maximum, as compared with the 
spectral position of the absorption band maximum, 
which is due to intermolecular interaction effects. With 
each electronic transition a relaxation process will start 
before all other processes. With increasing Stokes red 
shift an increasing percentage of absorption energy 
finally would be transformed into heat. Even if the 
quantum efficiency of fluorescence equals 1, the energy 
efficiency does not, unlike the resonance fluorescence 
effect of atoms. 

If the electric dipole moment changes with an elec- 
tronic transition the mean orientation of surrounding 
polar solvent molecules will change (Figure 212). These 
solvent effects give rise to photophysical relaxation 
cycles. Each electronic transition brings the thermo- 
dynamical system solute-solvent to a so-called Franck- 
Condon state. Then reorientation processes will start 
which are due to changes in intermolecular interaction 
energy, and the system tends to achieve the thermody- 
namical equilibrium state. By second-order perturba- 
tion theory it is possible to calculate the difference 
p e  - pg between the dipole moments of the two elec- 
tronic states from the dependency of the anomalous 
Stokes red shift on the polarity of the ~ o l v e n t . ’ ~ - ~ ~  

8s - et - ( p e  - ~ g ) ’ A f  

D-1 n 2 - 1  
D + ‘/z 

Af=--- 
n2 + l / 2  

where D = dielectric constant and n = refractive index. 
A second possibility for the determination of molec- 

ular excited-state dipole moments comes from the effect 
of polar solvent molecule concentration on the anoma- 
lous Stokes red shift of solute fluorescence in mixtures of 
polar and inert s ~ l v e n t s . ’ ~ ~ ’ ~  Let us assume the solute 
molecule possesses a certain number of sites on its sur- 
face which could be occupied by polar solvent molecules; 
these then have two possibilities, either to  occupy such.a 
site or to remain free in the solution. Langmuir’s 
adsorption isotherm equation can then be applied to 

(10) E. Lippert and H. Prigge, Ber. Bunaenges. Phys. Chem., 69,458 

(11) E. Lippert and H. Prigge, 2. Elektrochem., 64,662 (1960). 
(12) E. Lippert, 2nd International Symposium on Dyes, W. Forst, 

Ed., Verlag Chemie, Weinheim, 1966, p 342. 
(13) H. Labhart in ref 12, p. 160. 
(14) W. Liptay in ref 12 p 263. 
(15) E. Lippert, 2. Naturforsch., loa, 567 (1965). 
(16) E. Lippert, 2. Elektrochem., 61,962 (1957). 
(17) N. Mataga, Y. Kaifu, and M. Koizumi, Bull. Chem. Soc. Jan., 

(1965). 

29,465 (1956). 
(18) E. Lippert and F. Moll., 2. Elektrochem., 58,718 (1954). 
(19) E. Lippert, 2. Phys. Chem. (Frankfurt amMain), 6,125 (1956). 
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Figure 1. pK values of lumazine compounds:11 e, excited state; g, ground state. 
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Figure 2. A photophysical relaxation cycle.12 $ is the mean 
angular deviation of a nearest-neighbor polar solvent ‘molecule 
dipole moment from the electric field produced by a solute mole- 
cule, the dipole moment of which is higher in the first excited 
singlet state, SI, than in the electronic ground state, So. Straight 
lines refer to the free molecule. 

ternary mixtures a t  different temperatures and the 
adsorption enthalpy determined. At higher concentra- 
tions of polar solvent molecules the higher density out- 
side of the cage (formed by nearest neighbors) increases 
the red shift. On the other hand, the Coulomb repul- 
sion forces between adsorbed molecules decrease the 
adsorption energy and hence the number of adsorbed 
molecules and the observed red shift. The two effects 
therefore cancel each other to a large extent. 

The values for dipole moments of ~ ( T * , P ) ~  states of 
substituted aromatic compounds obtained by these 
two methods are in fairly good agreement with each 
other and with the results obtained by some other 

methods developed in the meantime utilizing effects of 
external electric fields on the absorption and fluorescence 
spectra of s o l ~ t i o n s . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The anomalous Stokes 
red shift, however, is small a t  high temperatures because 
thermal motion acts against better orientation, and it is 
also small a t  low temperatures when the viscosity of the 
solvent becomes so high and the relaxation time so large 
that the solution cannot achieve thermal equilibrium 
during the lifetime of the fluorescence excited state. 
For most aromatic compounds the fluorescence decay 
time is of the order of magnitude of 1 nsec and the 
anomalous Stokes red shift achieves its maximum at  a 
temperature where the first relaxation time of the sol- 
vent also has a value of about 1 nsec.12i22 

Radiationless Transitions 
Radiationless processes can be divided into those 

which have activation energies and those which do not. 
A transition to an unstable state leading to photolysis 
can be achieved either by direct absorption to that state, 
in which case the dissociation is called “photodissocia- 
tion,” or by acquisition of activation energy from a 
stable excited state, in which case the effect is called 
“predissociation” (Figure 323). Fluorescence quench- 
ing of aromatic nitro compounds, for instance, occurs by 
predissociati~n.~~ Luminescence concentration quench- 
ing in many cases is due to excimer predissociation. 

Radicals formed by photolysis in a randomly oriented 
solution will show randomly oriented spin directions 

(20) W. Liptay, etal., Ber. Bunsenges. Phys. Chem., 71,548 (1967). 
(21) H. Labhart, Advan. Chem. Phys., 13,179 (1968). 
(22) E. Lippert, W. Ltlder, and F. Moll., Spectrochim. Acta, 10, 858 

(1959). 
(23) E. Lippert, “Fluoreszenzspektroskopie,” Ullmanns Encyklo- 

padie der Technischen Chemie, 3. AuAage, Band II/l, Mtinchen- 
Berlin, 1961. 
(24) E. Lippert, 2. Phys. Chem. (Frankfurt am Main), 2,  328 

(1954). 
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Figure 3. Potential energy surface diagram showing electronic 
states of a diatomic molecule X-Y (or a separated chemical bond) 
and transitions.2a rza, is the nuclear distance: a, absorption of 
photons; b, bimolecular addition reactions, dimerization; c, 
complex formation; d, dissociation; e, predissociation; f,  fluores- 
cence: spontaneous emission; g, fluorescence: induced emis- 
sion; h, annihilation, P-type delayed fluorescence; i, internal con- 
version of excitation energy within a given spin system; j ,  inter- 
conversion (energy dissipation by collisions etc., and vice versa); 
k, radiationless intersystem crossing (intercombination); 1, delo- 
calization of energy: exciton formation; m, energy migration; 
n, ring closure; o, oxidation (by atomic or molecular oxygen); p, 
phosphorescence; q, quenching; r, relaxation processes, inter- 
molecular; s, sensitized react>ions; t, tautomerism; u, rearrange- 
ments (umlagerungen); v, isomerization (cis-trans, etc.); w, 
hydrogen atom abstraction (wasserstoffatomabspaltung); x, re- 
dox reactions, univalent; y, protolytic reactions; z, ionization: 
solvated electron formation and capture. 

even if the decomposition is performed in the presence 
of an external magnetic field. As a consequence 
relaxation processes will start to approach Boltzmann 
distributions of the electron spin orientations which 
should be either parallel or antiparallel t o  the applied 
magnetic field. This relaxation process is accompanied 
by optical polarization effects in electron spin resonance 
spectraz6$26 and is followed by dynamic nuclear spin 
polarization due to the angular momentum conservation 
r ~ l e . ~ ~ * ~ ~  We are starting such investigations using the 
rare gas matrix isolation method as described by Welt- 
ner.29 

If the excited states of a free molecule are not too far 
apart from each other energetically, the rate for radia- 
tionless internal conversion is much higher than that 
for radiative deactivation, and the lowest excited SI 
will be reached so fast that fluorescence can be observed 

(25) M. Schwoerer and H. Sixl, Chem. Phys. Letters, 2,14 (1968). 
(26) M. S. de Groot, I. A. M. Hesselmann, J. Schmidt, and J. H. 

(27) H. Fischer and J. Bargon, Accounts Chem. Res., 2,110 (1969). 
(28) G. Maier and H. C. Wolf. 2. Naturforsch.. 23a. 1068 (1968). 

van der Waals, Mol. Phys., 15,17 (1968). 

(29) W. Weltner, Jr., D. Mcleod, Jr., -and P: H. .Kasai,’J. Chem. 
Phys., 46,3172 (1967). 

only due to the radiative conversion SI -t So. The 
lowest excited states, SI, of indole,80 t r y p t ~ p h a n , ~ ~  and 
p-dimethylaminobenz~nitrile~~ are slightly polar states 
of the ‘Lb type, but the highly polar ‘La state is not far 
from it. With increasing polarity of the solvent the in- 
termolecular interaction energy between the solvent and 
the ‘L, state of the solute is much larger than the Lb - 
L, difference. In  its thermodynamic equilibrium the 
system will then be in its ‘La state and, therefore, only 
fluorescence from the ‘La state will be observed. In 
inert solvents, however, only the fluorescence from the 
1Lb state will occur. Solvents of intermediate polarity 
and intermediate viscosity might show both fluorescence 
bands which could be easily distinguished by the sign of 
the fluorescence polarization degree since the transition 
moment for transitions from the ground state to the 
‘La state is much higher than that to the ‘Lb ~ t a t e . ~ ~ , ~ ~  

If the highest filled molecular orbital of a hetero- 
aromatic compound is a nonbonding n orbital, the rate 
of the a* --t ?r fluorescence from the lowest lying singlet 
state of the a-electronic system to the ground state 
might be smaller than the rate of the radiationless n -t n 
transition which brings the molecule into an l(a*,n)l 
excited state. The intramolecular univalent redox 
reactions a* -t n between the different n and ?r elec- 
tronic systems in most cases are radiationless because 
they are passing through S(a*,n) and 3(a*,n) triplet 
states. The radiative lifetimes of the l(n*,n) state of 
symmetric t e t r a ~ i n e ~ ~  and of 9,lO-dia~aphenanthrene~~~~~ 
are so small that their n* -t n fluorescence has been 
observed (Figure 49. The a*-n transition moment 
does not vanish because of the partial s character of the 
n orbital and is, therefore, directed perpendicular to the 
molecular plane of the n-electron system so that the 
absorption polarization degree is negative if the fluores- 
cence is excited by a* -+ a absorption processes.39 

Isotopic effects have been observed showing that 
deuteration of either component of the system increases 
the luminescence quantum efficiency as well as the 
lifetime of the emitting state but decreases the amount 
of polarization of luminescence in s o l ~ t i o n s . ~ ~ ~ ~ ~ - ~ ~  
FOrster4O suggests a direct relation between the mech- 

(30) R. Lumry, el al., ibid., 47,1020 (1967). 
(31) S. V. Konev, “Fluorescence and Phosphorescence of Proteins 

and Nucleic Acids,” (S. Udenfriend, Translator) Plenum Press, New 
York, N. Y., 1967. 
(32) E. Lippert, Angeu. Chem., 73, 695 (1961). 
(33) E. Lippert in “Luminescence of Organic and Inorganic 

Materials,” H. P. Kallman and G .  M. Spruch, Ed., John Wiley & 
Sons, Inc., New York, N. Y., 1962, pp271-273. 
(34) E. Lippert, W. Luder, and H. Boos, Advan. Mol. Spectrosc., 

Proc. Int. Meet. &h, 274 (1962). 
(35) L. Goodman and M. Chowhury, J. Chem. Phys., 36,548 (1962). 
(36) E. Lippert and W. Voss, Z. Phys. Chem. (Frankfurt am Main), 

(37) E. Lippert in ref 33, pp 274-275. 
(38) F. Aurich, Ph.D. Thesis, Stuttgart, 1965. 
(39) E. M. Kreidler, Ph.D. Thesis, dtuttgart, 1966. 
(40) Th. Forster and D. K. Rokos, Chem. Phys. Letters, 1, 279 

(41) J. H. van der Waals and M. S. de Groot, Mol. Phys., 4, 189 

(42) Y. Ooshika, J. Phys. Soe. Jap., 9,594 (1954). 
(43) B. R. Henry and M. Kasha, J. Chem. Phys., 47,3319 (1967). 
(44) W. D. Robinson, ibid., 38,1187 (1963). 

31,321 (1962). 

(1967). 

(1961). 
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Figure 4. Fluorescence and absorption spectra38 (F and A, re- 
spectively) and the absorption polarization spectrum APF: 
(0) 10-a M in Nuiol; ( 0 )  lod6 M methylcyclohexane-isopentane 
( 3 : l ) .  

anism of the anomalous Stokes red shift and intercon- 
version processes by direct and very strong coupling 
between the excited solute and the surrounding polar 
solvent molecules. 

The different types of coupling and the different 
kinetic behavior observed by Forster for both water 
and heavy water solvents might depend on the different 
maximum vibrational amplitudes. The coupling mech- 
anism might either be a mechanical one due to the vibra- 
tional modes present in the above-mentioned cage 
(which the inner shell solvent molecules form around the 
solute) or it might be an electronic coupling. When 
discussing the latter case one should consider that there 
is no electronic excited state of the water molecule 
available and, therefore, an exciton formation allowing 
for delocalization of electronic excitation energy is not 
possible. However, it might be possible that the solute 
excitation energy proceeds to the solvent cage via 
nonstationary states as they are known from Raman 
scattering theory.45 For a discussion of long-range and 
short-range energy coupling see Forster46 and Merri- 
field, 47 respectively. 

Isomerization Reactions and Shapes of 
Potential Surfaces 

Potential surfaces are different for different electronic 
states and they are changed, therefore, by each transi- 
tion. Azobenzene does not fluoresce at  all. Com- 
pared with g,lO-diazaphenanthrene, the two phenyl 

(45) J. Brandmoller and H. Moser, “Ramanspektroskopie,’: 

(46) Th. Forster in “Comprehensive Biochemistry,” M. Florkin 

(47) R. E. Merrifield, Accounts Chem. Res., 1, 129 (1968). 

Steinkopf, Darmstadt, 1962. 

and E. Stotr, Ed., Elsevier, Amsterdam, 1967. 

groups of the azobenzene molecule are not linked to- 
gether by a second bond so that torsional modes around 
the N=N double bond and the C-N single bonds be- 
come possible. The torsional modes allow for trans- 
formation of the excitation energy into heat by inter- 
acting with the surrounding solvent molecules. Pre- 
sumably the lifetimes of the lowest lying excited states 
of azobenzene are shortened drastically by torsional 
modes.48*49 

The first absorption band and the corresponding 
fluorescence band of 9-methoxy-10-phenanthrenecar- 
boxanil have almost the same vibrational structure as 
phenanthrene itself. These transitions to and from the 
‘Lb state of the phenanthrene system are shifted to the 
red and intensified by the substitutions in 9,lO position. 
Even the twisting vibrations do not quench the fluores- 
cence totally since the excitation energy is essentially 
localized in the phenanthrene s-electronic system. 
The aniline group, therefore, is not necessarily coplanar 
with the phenanthrene aromatic system but might be 
oriented perpendicular to it. The n electrons located 
at  its nitrogen atom may then interact with an excited 
aromatic s-electron System (just as that of the ‘Lb state 
of phenanthrene) and, therefore, an excimer with a T- 
bone type structure might be formed (Figure 550). Di- 
alkylanilines are well known for being strong electron 
donors for charge-transfer complex formation and es- 
pecially for the formation of heteroe~cimers.5~ 

In  the aromatic o-hydroxyazomethine compounds 
there is a double minimum potential for the position 
of the proton along the intramolecular hydrogen 
bond.52*53 Under these conditions cis-trans-isomeriza- 
tion reactions, therefore, proceed along a pathway of 
potential minima, each step of which needs an activa- 
tion energy of less than 7 kcal/mol, as compared with 
an activation energy of about 20 kcal/mol for corre- 
sponding hydrocarbons having no such intramolecular 
hydrogen bond. 

Planar cis-trans isomers have almost the same s- 
electronic structure and almost identical absorption 
spectra. p-Dimethylaminocinnamonitrile is an ex- 
ample.s4 Stilbene, however, has a nonplannr cis form 
due to steric hindrance. An energy diagram for the 
lowest lying states is given in Figure 6.55 Due to tor- 
sional quenching, fluorescence is observable only at  
temperatures sufficiently low that viscosity is large 
enough. Insofar as the cis-trans photoisomerization 
proceeds via triplet states,s6 one should assume that the 

(48) C. Steel and T. F. Thomas, Chem. Commun., 900 (1966). 
(49) H. Rau, Ber. ~unsenges. Phys. Chem., 72,408 637, 1068 (1968). 
(50) J. Musrik, Ph.D. Thesis, Stuttgart, 1966. 
(51) T. Okada, H. Matsui, H. Oohari, H. Matsumoto, and N. 

(52) E. Lippert in “Hydrogen Bonding,” D. Had%, Ed., Pergamon 

(53) E. Lippert, D. Samuel, and E. Fischer, Be?. Bunsenges. Phya. 

Mataga, J .  Chem. Phys., 49,4717 (1968). 

Press, London, 1959, p 217. 

Chem., 69, 155 (1965). 
(54) E. Lippert and W. Lader, 2. Phys. Chem. (Frankfurt am 

Main), 33,60 (1962): J. Phw. Chem. 66,2430 (1962). 
(55) E. Lippert, Z.  Phyi. Chem. (Frankfurt am Main), 42, 125 

(56) J. Saltiel, J. Am. Chem. Soc., 90, 6394 (1968); 91, 1265 (1969). 
(1964). 
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Figure 5.  Temperature dependence of fluorescence in methylcyclohexane-isopentane (3 : 1 ).w 
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Figure 6. Energies of electronic states of stilbene isomers; waves: 
benzophenone SI and TI energies.ss 

reaction proceeds to a certain extent between the states 
Tz(trans) and T ~ ( c i s ) . ~ ~  This is possible since the rate 
for conversion has the order of magnitude of a reciprocal 
vibrational frequency, as has the torsional mode. 
Internal conversion Tz(trans) + Tl(trans) competes 
with the trans-cis isomerization Tz(trans) -t TI(&). 
Intersystem crossing, T,(cis) -t So(cis), competes with 
cis-trans isomerization TI(&) -t T2(trans). Inter- 
system crossing is allowed by spin-orbit coupling which 
could be increased by heavy-atom effects. In  thephoto- 
stationary state of 3,3'-dibromostilbene only the cis 
form is present, but no trans isomer could be 

Bianthryl has the high symmetry of point groups Dz 
or D2d. At low temperatures in inert solvents and rigid 
media its fluorescence spectrum shows a well-resolved 
vibrational structure, just the mirror image of the cor- 
responding first absorption band. However at  higher 

(57) E. Lippert and K. Kriiger, Z .  Phgs. Chem. (Frankfurt am 
Main), 66,293 (1699). 

79 

Figure 7. Fluorescence spectra of bianthryl, 7 X M in 
glycerine at68 (---) 344"K, (-) 238"K, (-*-) 182°K. 

temperature, in lower viscosity media, or in polar sol- 
vents the fluorescence shows the anomalous Stokes red 
shift of a structureless broad band (Figure 758) as has 
been discussed above for polar compounds which pos- 
sess a higher electric dipole moment in the fluorescing 
state. This is in contradiction to the assumption that 
a molecule of such a high symmetry should have a 
vanishing molecular dipole moment in every electronic 
state. The Stokes red shift of bianthryl increases with 
increasing solvent polarity factor, A!, and the slope 
asymptotically approaches the value to be expected for 
the biradical formed by the transfer of one electron 
from one anthryl group to the other. The resulting 
nonequivalency of the two anthryl groups is then as- 

(58) E. Lippert and F. Sohneider. Ber. Bunsenges. Phys. Chem., 73,  
1155 (1969). 
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Figure 8. Primary steps diagram (see caption to Figure 3). 

sumed to be induced by polar solvent molecules. Stabil- 
ization occurs by the twisting vibration which at  times 
passes through an angle of 90" because of a rather large 
amplitude of the twisting mode in the first excited 
singlet state. Along the twisting angular vibrational 
coordinate the potential function presumably possesses 
two minima at  angles 90" f 6 which are symmetrical 
to the minimum at 90" of the ground state. Further 
investigations are in progress.58 

The primary steps discussed so far are summarized in 
Figures 3 and 8. For further information about photo- 
physical primary steps via triplet states the attention of 
the reader is drawn to preceding papers in this jour- 
na147169*60 and by Bennett.61 

Induced Emission. The Organic Dye Solution Laser 
Lasers as light sources have the advantages that the 

light is intense, rather monochromatic, and polarized. 
However, if the excitation energy is too high in intensity, 
in addition to high-temperature effects, an additional 
source of error may occur: stimulated emission. This 
effect reduces the decay time, increases the quantum 
efficiency, and sharpens the fluorescence band. 

In 1962 Morontz, et a1.,62 pointed out that the triplet- 
singlet TI + So organic dye laser would not be possible 
because of the very small transition moment. In  1964 
several coworkers and P3 gave a first report on SI --t 
SO organic dye solution laser theory. In 1966 first 
experimental results were obtained by S ~ r o k i n , ~ ~  
S ~ h a f e r , ~ ~  and Spaeth.66 

(59) XI. El Sayed, Accounts Chem. Res., 1,8 (1968). 
(60) A . M .  Trozrolo, ibid. ,  1, 329 (1968). 
(61) R. Bennett, J. Chem. Phys., 41,3037 (1964). 
(62) D. J. hlorontr, B. G. White, and J. C. Wright, ibid., 37, 2041 

(63) F. Aurich, H. E. Lessing, D. Rapp, and E. Lippert, Verh. 
(1962); Phys. Rev. Letters, 8,23 (1962). 

Deut. Phys. Ges., 8,288 (1964); 11,544 (1967). 
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Figure 9. Calculated densities@ of fluorescence photons (n) and 
excited molecules ( N * ) ,  respectively, if fluorescence quantum yield 
for spontaneous emission, Qp, is 1. 

By application of Statz-de Mars type equations 
developed by Rapp16' it became evident that Lorentzian 
band shapes will be maintained by the organic dye 
solution laser even if high-intensity laser impulses are 
used for excitation. However, the fluorescence intensity 
will show an oscillating behavior if the pulse intensity 
exceeds 10 JIW. Just after such a pulse has started the 
solute molecules will absorb light and the excited-state 
density increases, followed by an increase of fluorescence 
photon density which initially is only due to  spontane- 
ous fluorescence. However, if fluorescence photon 
density is high enough, induced emission starts and the 
excited-state population density decreases, followed by 
a decrease of photon density, etc. (Figure 968). This 
result will greatly help the investigation of primary pro- 
cesses in photochemical reactions if both the absorbing 
species and the reaction product fluoresce. 

Even in biochemical dark reactions, not only in 
photobiology, excited states may play an essential role. 
The lowest excited electronic states of pigments, aro- 
matic amino acids, etc., could be reached by accumula- 
tion of vibrational energy since large molecules have a 
large number of normal vibrations. Triplet-triplet 
annihilation may then lead to  the formation of singlet 
states, thus providing the system with still higher 
amounts of energy available fbr further reactions. For 
further literature see Ede lmanr~ ,~~  Foote,'O and K o n e ~ . ~ ~  

(64) P. P. Sorokin and J. R. Lankard, IBM J. Res. Deuelop., 10, 162 

(65) F. P. SchLfer, W. Schmidt, and J. Volze, A p p l .  Phys. Letters, 9, 

(66) M. I. Spaeth and D. I?. Bortfield, ibid., 9,179 (1966). 
(67) W. Rapp, PhD. Thesis, Berlin, 1968. 
(68) P. Borrell and H. H. Greenwood, Proc. Roy. SOC. (London), 

(69) A. M. Edelmann and W. 0. McClure, Accounts Chem. Res., 1, 

(70) C. S. Foote, ibid. ,  1, 104 (1968). 

(1966). 

306 (1966). 

A298,453 (1967). 

65 (1968). 


