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In another study? the dienol 73, which was produced
by the action of methyllithium on the dienone 72,% has
been treated with formic acid to give what is almost
certainly the bicyelic alecohol 74. We envisage extend-
ing this reaction to the cyclization of the tetraenol 75
which, we hope, will give a significant amount of the

(34) W. 8. Johnson and L. A, Dolak, work in progress.

(35) F.B. LaForge, N. Green, and W. A. Gersdorff, J. Am. Chem.
Soc., 70, 3707 (1948).

(35a) NoTe AppEDp IN Proor. M. U. 8. Sultanbawa and M. F,
Semmelhack have prepared the tetraenol 75 and shown that it gives,
on treatment with formic acid, a significant amount of a single crys-
talline tetracyclic hydrocarbon which;we suspect isthe substance 76.

(36) W. F. Johns, J. Am. Chem. Soc., 80, 6456 (1958); G. Stork, K.
N. Khastgir, and A. J. Solo, ¢bid., 80, 6457 (1958).
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tetracyclic diene 76.252 The latter substance, on ozonoly-
sis, would be expected to yield the triketo aldehyde 77
which, by analogy to previous work,3 should undergo a
double intramolecular aldol condensation to give 16-de-
hydroprogesterone (78).
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thanks to the National Science Foundation, the U. S. Public Health
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tered by the American Chemical Society, for support of this research.
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The triplet—singlet radiative transition in aromatic hydrocarbons is the most forbidden electronic transition
known for polyatomic molecules. It is thus found that the spin-orbit interaction mechanisms that give
the lowest triplet state its radiative properties are sensitive to weak perturbations, e.g., solvent effects, halo-
gen substitution, and lattice vibrations. Explanations are proposed for the observed sensitivity of the
mechanisms of these transitions to the different perturbations. In mixed, as well as in pure, aromatic crys-
tals and in some of their derivatives, polarization results indicate that lattice vibrations do not modify the
m*— 7 phosphorescence mechanisms. On the other hand, a strong coupling between the electronic motion
and the lattice motion has been observed in the =* — n phosphorescence of the pyrazine crystal in which
the intermolecular C—H - . . N hydrogen bonding constitutes a major part of the lattice energy. The rate
of the nonradiative process involving change in multiplicity (intersystem crossing) in compounds having
n,7* and =, * states is predicted to be approximately two to three orders of magnitude faster than in com-
pounds having only one of these types of transitions. The importance of the order and the type of the
energy levels depends on the validity of the Born-Oppenheimer approximation. The emission decay of
pyrazine at very low temperatures (4.2°K) indicates that: (1) intersystem crossing favors the population
of one of the triplet sublevels over the others (spin polarization) and (2) spin lattice relaxation between the

triplet sublevels is slower than the phosphorescence process.

I. Introduction

The phosphorescence emission of organic molecules in
rigid media was first observed? in 1895, In 1942, the
emission was shown* to be electric dipole radiation and
in 1944 it was identified®* as radiative intercombination
between the lowest triplet state and the ground singlet
state. The paramagnetic character of the emitting
triplet state was first demonstrated” in 1945.

Singlet—triplet transitions are spin forbidden, hence
phosphorescence emission requires spin—orbit interac-

(1) Alfred P. Sloan and Simon Guggenheim Fellow.

(2) Contribution No. 2118,

(8) E.Wiedemann and G. C. Schmidt, Ann. Physik, 56, 201 (1895),

(4) 8. Weissman and D. Lipkins, J. 4m. Chem. Soc., 64, 1916
(1942).

(6) G. N. Lewis and M, Kasha, ibid., 66, 2100 (1944).

(6) A, Terenin, Acta Physicochim. URSS, 18, 210 (1943); Zh. Fiz.
Khim., 18, 1 (1944).

(7) G.N.Lewisand M. Calvin, J. Am. Chem. Soc., 67, 1232 (1945).

tion. In molecules, spin-orbit interactions may have
different forms and thus a number of mechanisms can be
written down to account for the radiative properties of
the T — 8 transition. A large portion of our research
efforts during the past few years has been spent on the
problem of elucidating these mechanisms and explaining
the observed polarization characteristics of the phos-
phorescence radiation. It is found that, due to the
small spin—orbit interactions in organic molecules (0.10~
100 em—* or 0.3-300 cal/mol), the emission mechanism
is not unique and is sensitive to rather weak perturba-
tions, e.g., solute-solvent interactions, halogen substitu-
tion, and lattice vibrations in certain erystals. These
studies are described in more detail in section II.

Until 1961, there was no expression for the intramo-
lecular nonradiative transition probability between

(8) M. Kasha, Discussions Faraday Soc., 9, 14 (1950).
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different states. It was concluded® from experimental
data that the rate constant of radiationless transitions
between excited states of the same multiplicity (internal
conversion) is approximately 101? sec—! while that be-
tween excited states of different multiplicity (intersys-
tem crossing) is approximately 10° sec~!. The study
of the dependence of the observed lifetime on deuterium
substitution leads eventually to the development of the
theory of nonradiative transitions? we presently have for
polyatomic molecules.

The rate of the intersystem crossing process between
two states of different electronic origin (e.g., n,=* and
m,7*) is found? to be 1000 times faster than that
between two states of the same electronic origin {(e.g.,
7, 7* s> 7% or n,7* sv— n,r*). If the nuclear and
electronic motions areinterdependent, the above selec-
tion rules break down and give rise to new selection
rules: If in a molecule containing hoth n,»* and r,7*
states f(e.g., carbonyls, nitrogen heterocyclics) the
two states are strongly intermixed, the rate of the non-
radiative transitions should be about two orders of
magnitude faster than in compounds with only one
type of state or the other. These and other aspects
of nonradiative transitions are covered in section III.

In section IV, an outline showing the direction in
which research in these two fields ought to be pursued is
put forward.

II. Radiative Properties

Introduction. The phosphorescence emission!! is now
firmly believed to be due to a triplet — singlet electronic
transition. If the spin and orbital motions of the elec-
tron are independent of one another, this transition does
not give rise to electric dipole radiation, because of spin
selection rules. However, in actuality, the spin and
orbital motions of the electrons are not independent,
even in atoms with very small nuclear charge. The
orbital motion of the electron induces a magnetic field
which interacts with its spin magnetic moment. This
spin—orbit interaction results in a change of the direction
of the spin-angular momentum of one electron, thereby
changing a singlet state into a triplet state and vice
versa. The strength of this interaction depends greatly
on the nuclear charge. In molecules, the following
additional mechanisms could be introduced as a result of
nuclear motion: (a) The spin-orbit interaction can be
modulated by the molecular vibration. This is known
as the spin vibronic interaction and might directly
change a triplet state into a singlet state and vice versa
(i.e., first-order interaction). (b) The molecule is first
deformed by a nontotally symmetric vibration. In the
deformed molecular configuration, new spin—orbit inter-
actions might result which are vanishing in the original
nondeformed geometx"y. This type of interaction is
second order in nature.

(9) G.W. Robinson, J. Mol. Spectry., 6, 58 (1961); G. W. Robinson
and R. Frosch, J. Chem. Phys., 37, 1962 (1962); ibid., 38, 1187 (1963).

(10) M. A. El-Sayed, ibid., 36, 573 (1962); 38, 2834 (1963).

(11) For a recent review: 8. K. Lower and M, A, El-Sayed, Chem.
Rev., 66, 199 (1966).
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Table I
Relative Oscillator Strengths and Radiative Lifetimes of
Molecular Electronic Transitions in Aromatic Compounds

Oscillator Rad. lifetime,
Spin-allowed transitions strength sec
m,r¥* 0.001-1 10-7-10-¢
o,m* or 7,¢* <102 >10-¢
n,7* ~10-2 ~10-8
Spin-forbidden transitions

n,7* (¢,7* or m,¢*) 107105 10~2-10—¢
r,w* in haloaromatics 10-9-10-¢ 1-10-3
m,7* in unsatd hydrocarbons 10-u ~100

Thus, the total Hamiltonian ineluding spin—orbit
interaction is given by?!?

I = C‘Coo + Gcos.o. +

b:}cs.o. a5(300
aZ( an >Qa_oQa -+ az (aQa )Qa-oQa

= JCr + 3 + Kz + Hiv 1

where 3C; is the part of the Hamiltonian containing the
kinetic energy as well as all the electrostatic interaction
terms, 3Cyr is the spin vibronic interaction, whereas JCrv
and 3C;r constitute the second-order vibronic spin~orbit
terms, and 3Cs .. is the spin-orbit interaction term that
represents the interaction between the orbital motion of
an electron with its own spin magnetic moment or with
the spin magnetic moment of another electron; the
latter interaction is generally smaller than the first
especially in atoms beyond the first row in the periodic
table.

As a result of spin—orbit interaction, a singlet state is
contaminated by a triplet character and vice versa.
The mixing coefficient \ is proportional to the spin—orbit
interaction energy and inversely proportional to the en-
ergy separation of the intercombining singlet and triplet
states. The transition moment of the T <— S transi-
tion can then be written as

Mrpmsy = 2haMl o+ ;5N 0 (2)

where Ay is the mixing coefficient between the singlet
state 7 and the lowest triplet state T, and Ay is the mix-
ing coefficient between triplet state j and the ground
state. M, is the electric dipole moment of the transi-
tion between the singlet state 7 and the ground state and
M ; is the moment of the transition between triplet state
7 and the lowest triplet state Ti. The polarization of
the phosphorescence emission (i.e., Mr._,s,) thus re-
flects the polarization of M, and/or M. If one mea-
sures the polarization of the 0,0 band, one can identify
the mechanisms in which Ay or Ay involves direct spin-
orbit coupling (3¢11). On the other hand, the measure-
ments of the polarization of the vibronic bands whose
intensity is not accounted for by the Franck-Condon
principle can yield information about mechanisms in-
volving spin vibronie (3Cr11) and second-order spin—orbit
vibronie (3¢5 + 3Civ) interactions.

(12) A. Albrecht, J. Chem. Phys., 38, 354 (1963).
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Table 1L
The Percentage Distribution of the Total =,=* Phosphorescence
Emission Transition Probability () Among the Three Molecular
Axes (L, M, N) of Some Aromatics in Different Hosts

Solvent
—E.P.A~—
Py, ~——DBiphenyl—— ,——Durene——
Molecule Px + Pu Px Py, Py Px Py, Py

Naphthalene-ds ~70 ~30 275 ~5 ~20 €17 270 <13
Quinoxaline ~70 ~30 ~T75 ~5 ~20 <10 >75 >15
Phenanthrene-din  ~80  ~20 ~756 ~14 ~11 <38 250 <12

In the following sections, results obtained in our lab-
oratory are summarized. Possible explanations for
the observed results are discussed using the above
mechanisms.

Radiative Strength of Triplet — Singlet Transitions.
Table I gives a comparison between the oscillator
strengths and radiative lifetimes of spin-allowed (S; «—
So) and spin-forbidden (T, «——S;) transitions of different
electronic origins. The ratio of the oscillator strength
for the most orbitally allowed and the most orbitally for-
bidden transitions is equal to 10% and 10° for S-S and
S-T, respectively. The oscillator strength of T — S
transitions covers a wider range; this reflects mainly a
sensitivity of the spin—orbit interaction to intermolecu-
lar and intramolecular perturbations and the different
oscillator strengths of the mixing transitions (see eq
2). The most forbidden molecular electronic tran-
sition known is the triplet-singlet transition in aro-
matic hydrocarbons. The high degree of forbiddenness
is due to the fact that in planar molecules!? the strong
spin-allowed ,7* radiative transitions have very small
direct spin—orbit interaction with the triplet—singlet
transition (small mixing coefficients Ay and Ap). Only
the relatively weak (o,7) transitions (small M, and
M ;1) have relatively strong direct spin-orbit interaction
with T — 8 transition. Spin-orbit mixing between
singlet and triplet «,7* states occurs through spin vi-
bronic interaetion or second-order spin-orbit vibronic
interaction, neither of which gives strong radiative
properties to the T, , <— S transition in comparison
with the direct spin-orbit coupling with o,7 or other
out-of-plane polarized transitions.

In haloaromatics in which the halogen is coplanar with
the aromatic ring, the mixing between singlet and triplet
7,7 * states involving the 7 system of the halogen atom
is shown!* to be vanishingly small as in the parent hy-
drocarbon; therefore the only important direct spin-
orbit interaction oceurs between ¢, 7 and the 8-T transi-
tion leading to subspectrum 1.2 However, the relative
importance of the second-order spin-orbit vibroniec
interaction to the direct spin-orbit interaction is in-
creased in haloaromaties. The spectrum resulting from
the former interaction (subspectrum II in ref 15) has
comparable intensity to that resulting from the latter
type interaction (subspectrum I). This explains the

(13) D. 8. McClure, J. Chem. Phys., 20, 682 (1952).
(14) M. A. El-Sayed, ibid., 43, 2864 (1965).
(15) T. Pavlopoulos and M. A. El-Sayed, ibid., 41, 1082 (1964).
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observed out-of-plane vibration in the phosphorescence
of haloaromaties (subspectrum II). Since the second-
order interaction couples m,#* transitions to the S-T
transition, subspectrum IT is in-plane polarized.

The intramolecular heavy-atom effect on triplet—
singlet n, 7 * transitions is not as pronounced*? as on =, 7*
transitions. Substituting a bromine atom for an a-
hydrogen atom attached to a carbonyl group increases
the molar extinetion coefficient of the n,#z* transition by
a factor of ten at the most. Similar substitution for a
hydrogen atom attached to the naphthalene ring, on the
other hand, increases the molar extinction coefficient of
the =, 7* transition by a factor of 105104 The differ-
ence in the heavy-atom effect in the two cases is due to
the fact that n,»* T-8 transitions are strongly coupled
to the radiatively strong =, 7* transition by direct spin—
orbit interaction. Thus, the T—8 n,z* transition is in-
herently strong and thus is not sensitive to heavy-atom
perturbations. The observed intramolecular heavy-
atom effect on the T-S transitions of aromatic hydro-
carbons is thus a result'® of the inherent high degree of
forbiddenness of this transition due to the weak radia-
tive spin—orbit perturbation in these molecules. As a
result of this high degree of forbiddenness, strong
solvent effects have been observed on the mechanism of
these transitions as discussed in the following sections.

Mechanism of Phosphorescence and Polarization
Results. (1) Aromatic Hydrocarbons. Table IT sum-
marizes the relative probability distribution” of the
total phosphorescence emission along the three orthog-
onal molecular axes, L (long axis), M (short axis), and
N (normal to the molecular plane), of naphthalene-ds,
quinoxaline, and phenanthrene-dy, in different solvents.
It is clear that the direction of the emitting oscillator is
not fixed in the molecular framework and that its direc-
tion is highly sensitive to the host in which the molecule
is dissolved. Two mechanisms have been proposed to
explain these results. In the first mechanism,'® it is
proposed that the triplet—singlet transition is mixed
with ¢, transitions via direct spin—orbit (s.0.) coupling
(%¢51) with a coefficient 8. The o, transition of the
guest molecule (g) under consideration is proposed to be
strongly mixed with the nearby solvent transitions by
electrostatic interaction (e.s.) with a coefficient k. This
mechanism can be summarized as follows.

e.s. 8.0,
solvent transitions mv— (g,7)g "> (Tr % <= 8;), — guest
phosphorescence

According to this mechanism, the transition moment of
the phosphorescence of the guest can then be writ{en as

My = M, .9 + 8kM sorvent (3)

ﬂzmg is probably an order of magnitude smaller than
M sorvent, 80, if & = 0.2, the part of phosphorescence in-

(16) M. A. El-8Sayed, ibid., 41, 2462 (1964).

(17) N. K. Chaudhuri and M. A. El-Sayed, ibid., 43, 1423 (1965);
whid., 44, 3728 (1966).

(18) M. A. El-Sayed, bid., in press.
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Figure 1. The phosphorescence spectra (solid curves) and

polarization (broken curves) of naphthalene and its 8-halo deriva-
tives in rigid glass at 77°K. The spectra show that new spectra
(subspectra II) appear (connected with broken vertical lines)
which have opposite (in-plane) polarization to that of naphthalene
(out-of-plane polarized). An out-of-plane vibration seems to be
responsible for the appearance of the new subspectra.

tensity borrowed from the solvent transitions would be
four times as intense as that borrowed from o, 7 transi-
tions of the emitting molecule itself. This indicates
that mixing the guest o, states with as little as 49 of
host states leads to phosphorescence which is pre-
dominantly borrowed from the solvent transitions.
This mechanism explains the fact that the phosphores-
cence polarization depends greatly on the solvent used.
It might also account for the small change in the ob-
served lifetime of CyoDs (which is believed to be wholly
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radiative) as the solvent changes. The fact that all
solvents used have strong transitions with energies com-
parable to those of the o, 7 transitions of the guest makes
}kM solvent|? have similar values for the solutes used in
different solvents,

The second mechanism is proposed' to aceount for
the fact that, while most of the phosphorescence emis-
sion is polarized perpendicular to the molecular plane in
rigid glasses and in biphenyl host, most of the emission is
found to be in-plane polarized in durene host crystal.
It is proposed that the hybridization around one of the
carbon atoms of the emitting guest molecule in durene is
not pure sp?. The 7 system (made of P, atomic orbitals
when unperturbed) would then possess a small amount
of the P, and P, ecarbon atomic orbitals. This change of
hybridization is caused either by the crystal field of the
methyl groups of the durene host or by forcing the guest
molecule to be slightly nonplanar. As a result of mix-
ing P, and P, into the 7 system, the direct spin—orbit
coupling between the strong radiative x,7* transitions
and the triplet—singlet transition becomes nonvanishing.
Since strong =, 7* spin-allowed radiative transitions are
in-plane polarized, the phosphorescence in durene be-
comes in-plane polarized. According to this mecha-
nism, the emitting molecules inbiphenyl host orin glasses
have their = and ¢ systems orthogonal to one another.
The triplet—singlet transitions of the guest molecules are
intramolecularly mixed with the o,7 or other out-of-
plane spin-allowed transitions. This leads to the
observed out-of-plane polarization of the phosphores-
cence emission in these solvents.

(2) Haloaromatics. The phosphorescence spectrum
of haloaromaties shows, in addition to the out-of-plane
part of the emission observed in the parent hydrocar-
bons (subspectrum I), an in-plane polarized emission
with its origin separated from the 0,0 band by the fre-
quency of an out-of-plane molecular vibration. These
conclusions were made from the polarization results
obtained by the method of photoselection in rigid
medium (Figure 1).% The degree of polarization is
shown as a function of wavelength in Figure 1 with
broken lines while the actual spectrum is shown with
solid lines. Subspectra I of the different halo deriva-
tives are correlated with the parent hydrocarbon spec-
trum (vertical broken lines). The new subspectra in-
duced by vibrations are connected with solid vertical
lines. Subspectrum I results from direct spin-orbit
coupling between ¢, transitions and the S-T transition.
On the other hand, subspectrum II results from vibronic
spin—orbit interaction between ,7* transitions and the
S-T transition. The relative importance of subspec-
trum I or II depends on the position and number of the
halogen atoms. In order to determine the relative im-
portance of the short and long axis polarized emission of
subspectrum II, it was found essential to determine the
polarization of the phosphorescence emission of these
molecules in host lattices of known crystal structures.
The polarization ratios b/a, b/c¢’, and a,/co of the phos-
phorescence emission of 2-chloro-, 2-bromo-, 2-iodo-,
and 2,3-dibromonaphthalene in biphenyl host crystal
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Figure 2. The spectra and polarization of some bromonaphthalenes in host crystals showing the sensitivity of the emission mechanism
to the position and number of the halogen atoms as well as to the ratio of the sizes of the guest molecule to the host hole. The smaller

the ratio, the broader the spectrum.

were determined!® at 77°K. The relative transition
probability of the emitting oscillators along the Jong axis
(Py), short axis (Pu), and normal to the halonaphtha-
lene molecular plane (Px) has been determined for each
vibronic band in the spectrum. This is accomplished by
a three-dimensional analysis, using the observed polar-
ization ratios from any two host crystal faces and the
normalization condition: P. + Pum + Px = 100,
applied to any vibronic emission band. The relative
importance of the different spin-allowed transitions in
rendering the triplet-singlet spin-forbidden transition
allowed is concluded from the three-dimensional analy-
sis. These results are summarized in Table I1I.

In all the compounds studied, the out-of-plane electric
dipole allowed transitions contribute 20-409 of the in-
tensity of the phosphorescence of the halonaphthalenes
by direct spin—orbit perturbation (subspectrum I).
The in-plane electric dipole allowed transitions con-
tribute 60-809, of the intensity via spin—orbit vibronie
perturbation (subspectrum II). The relative amounts
of the long and short axis polarized emissions are very
sensitive to the position of the halogen atom in the
naphthalene ring. The long axis polarized emission
constitutes 55, 21, and 429, of the total emission of the
2-halo-, 1-bromo-, and 2,3-dibromonaphthalene, respec-
tively. The short axis polarized emission constitutes
10-20, 36, and 449, of the total emission of the 2-halo-,
1-bromo-, and 2,3-dibromonaphthalenes, respectively.
These observed variations in the long and short axis in-
plane polarized emission are readily explained by the
valence bond method if the perturbing transitions in-

(19) N.K.Chaudhuriand M. A. El-Sayed, J. Chem. Phys., in press.

volve the (intramolecular) charge-transfer states formed
from the ionic structures resulting from transferring
electrons from the halogen atoms to the ring or to other
halogens if present.

The relative amount of the out-of-plane emission is
found to be largest for the 2,3 derivative (~35%) in
rigid glasses but lowest (~179,) for the same compound
in biphenyl host. The decrease in the relative amount
of the out-of-plane emission in biphenyl host is a result
of host—guest interaction. The fact that the different
bands involving the lattice vibrations of the host are
found to have polarization similar to that of the phonon-
less band indicates that the host-guest interaction is
static in nature. Two mechanisms are proposed. In
the first mechanism, the intramolecular spin—-orbit per-
turbation is slightly changed by forcing the halogen to
be slightly nonplanar with the aromatic ring due to the
packing forces of the host lattice. The second mecha-

Table 111
The Distribution® of the Total Phosphorescence Emission of the
Halonaphthalenes in Host Lattice Along the Long Axis (PL),
Short Axis (Py), and Normal to the Molecular Plane (Py)

Guest Host Pr, Py PN
2-Chloronaphthalene Biphenyl 354 (58) 21(13) 25(27)
2-Bromonaphthalene Biphenyl 50 11 39
2-Iodonaphthalene Biphenyl 53 10 37
2,3-Dibromonaphthalene Biphenyl 39 (42) 44 (23) 17 (35)
1-Bromonaphthalene Naphtha~ 21 36 43

lene

¢ The values given in parentheses are those obtained in rigid
glasses using the method of photoselection.1s
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nism involves mixing between the host and guest elec-
tronic states.

(8) Effect of Lattice Vibrations. The low radiative
probability of the triplet-singlet transition raises the
question: Can lattice vibrations cause enough change
in the spin—orbit interaction to induce phosphorescence?
Two different systems have been examined: mixed
crystals and pure crystals. Mixed erystals of CyoDs,
CuDy, quinoxaline, 2-bromonaphthalene, and 2,3-di-
bromonaphthalene have been examined in biphenyl
and/or durene host lattices at 4.2°K. Both the spectra
and the polarization of the different vibronic bands have
been determined.? The general conclusions reached
are: (a) The polarization of the emission appearing
with or without coupling to the lattice modes is found to
be the same. (b) If the guest is incorporated in a host
lattice with a hole having a comparable or slightly larger
size than the size of the guest molecule, the vibronic
bands are found to be relatively broad and strongly
coupled to the lattice vibrations of the host (Figure 2).
(c) If the size of the host hole is relatively smaller than
that of the guest molecule, the vibronic bands appear
sharp with little or no coupling to the lattice vibrations
(Figure 2).

Result a indicates that in the systems studied, the
appearance of lattice vibrations has no perturbational
effects on the spin—orbit interaction for molecules in a
mixed crystal. The appearance of these lattice vibra-
tions merely indicates that the excited guest molecule
would like to have a disposition in the lattice that is
different from that in the ground state. Results b
and ¢ seem to support this explanation. If the guest
molecule librates in a time shorter than the radiative
lifetime (result b above), emission takes place from a
relaxed orientation of the guest excited molecule which
is different from its orientation in the ground state.
Since one might obtain a distribution of the relaxed con-
figuration, the different vibronie bands could be broad.
The appearance of the lattice vibrations in this case
merely satisfies the Franck—Condon principle as a result
of the difference in the disposition of the guest molecule
in the excited and ground states. In case ¢, the guest
molecule is probably prevented from rotating in the ex-
cited state and thus the guest molecule has the same
molecular disposition in the lattice in both the excited
and the ground states. In this case, the lattice vibra-
tions are not expected to appear (Franck-Condon prin-
ciple).

For pure crystal phosphorescence, we studied emis-
sion from quinoxaline, 2,3-dibromonaphthalene,? and
pyrazine?! at 4.2°K. The phosphorescence emission of
the first two molecules is a result of a #* — = transition
whereas that of pyrazine results from a =* — n transi-
tion. The following conclusions can be drawn from the
observed spectra of these molecules: (a) At least in
pyrazine, the origin of the emission spectrum is found to

(20) N. K. Chaudhuri and M. A. El-8ayed, in preparation.
(21) W. Moomaw and M. A. El-Sayed, J. Chem. Phys., 47, 2193
(1967).
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be lower in energy than the origin of the 8—T absorption
by 102 em~! (b) The phosphorescence spectra of
quinoxaline and 2,3-dibromonaphthalene from pure
crystals seem to be very similar to that from mixed
crystals (see Figure 3). (¢) The phosphorescence spec-
trum of pyrazine crystals gives evidence of a strong
coupling between the electronic and the lattice motions
as well as between the molecular vibration and lattice
vibration motions.

Since pyrazine is the only known molecular erystal in
which strong coupling between molecular and lattice
motions is demonstrated, we will discuss it in more de-
tail. Figure 4 compares?! the crystal spectrum (bot-
tom) with the molecular spectrum in cyclohexane
matrix (top). For each vibronic band, several lines
appear due to the different sites of pyrazine in the cyclo-
hexane matrix. The vibration analysis of the crystal
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Figure 3. A comparison of the phosphorescence of 2,3-di-
bromonaphthalene in biphenyl with that obtained from the pure
crystal at 4.2°K. The strong resemblance of the two spectra
indicates that host lattice vibrations do not have great perturba-
tional effects on the phosphorescence mechanisms in these sys-
tems.



14 M. A. E1-SAYED Vol. 1
T T T T A = T a
T |
+
| |
1 |
i 1
T

g U

3 hnd

E ; f ; } } t } } f ¢ ¢ t ¢ } } -+ ¢ H

s '

k]

[

~

W

y
t T T T= t + T T

4000 3950 3900 3850 3800
Wavelength, A.

9
4

§+ e e B S S J

4200 4150 4100 4050

Figure 4. The phosphorescence spectra of pyrazine in cyclohexane matrix (top) and of the pure crystal (bottom). The vibration
analysis identifies the latter as resulting from pyrazine emission. The predominance of the emission resulting from the coupling of the by,
lattice vibrations strongly indicates the strong coupling of the lattice vibration with electronic motion, This is the first case known where

lattice vibrations seem to induce phosphorescence emission.

spectrum corresponds in every respect with that of
pyrazine in cyclohexane, thus leaving no doubt that the
emission of the crystal is a result of the pyrazine Ty —
So transition. It is clear in the erystal spectrum that
the strongest peaks in any vibronic band are those whose
appearance is attributed to a coupling with the by, lat-
tice modes of frequencies 57 and 82 em—!. The unusual
intensity distribution of these bands might indicate that
these lattice vibrations play a specific role in the spin—
orbit perturbation of the n,z* transition. As in the
perturbation by intramolecular vibration, lattice vibra-
tion might affect the T-S transition by two mechanisms:
The first involves the spin-phononic term .2 (03Cq.0./
0Q,)0...0. (where @, is a normal coordinate of a lat-
tice mode) and the second involves 3Cs.. -+ .0 (93/
0Q) 0.l It is not yet known whether or not these
two types of perturbations are actually effective in
pyrazine or in any other molecular crystal, but investi-
gations along these lines are now in progress.

III. Nonradiative Properties

Introduction. It is now believed that in reasonably
large molecules, e.g., benzene, naphthalene, ete., non-
radiative transitions take place because of perturbation
caused by interactions within the molecule undergoing
the nonradiative transition. The solvent is believed to
act as a sink for the energy given off by the solute
molecule at a rate determined by the latter. In the
framework of the Born-Oppenheimer approximation,
the perturbation theory gives the following expression?®
for the probability of a nonradiative transition between
states I and II

2

W;[,II(SGC_I) = §“Z—2‘1 II”<91¢]911/>2<@1JJ’CI;‘bu>2 (4)
where 61, and 611; are the:vibrational wave functions ¢
and j of the electronic states I and IT, respectively; ®;
and ®1; are the electronic wave functions of states I and
II, respectively; 7 is the relaxation time of the vibronic
levels; 4C’ is the perturbing Hamiltonian. For transi-
tions between states of similar multiplicity, 3¢’ could be
the electron—electron repulsion term and/or the vibronie
interaction terms. TFor nonradiative transitions be-
tween states of different multiplicity, 3¢’ should contain
the spin-orbit interaction between the intercombining
states.

The Born-Oppenheimer approximation is probably
not valid when the transitions between the closely
spaced excited states are considered. An expression for
Wi, has recently been derived?? in which the Born-
Oppenheimer approximation is not made. In the fol-
lowing section, the radiationless processes in molecules
containing low-energy n,7* and =,x* states, e.g., nitro-
gen heterocyclies and carbonyl compounds, will be dis-
cussed. Selection rules will be derived assuming the
validity of the Born—Oppenheimer approximation. The
consequences of the breakdown of such an approximation
will then be briefly discussed.

Selection Rules for the Intersystem Crossing Proc-
ess. Ithas been shown? that in the framework of the
Born-Oppenheimer approximation, the electronic inte-
grals for the nonradiative transitions Sz, 7% = Ty, 2%,

(22) 8. H. Lin, J. Chem. Phys., 44, 3759 (1966).
(23) M. A. El-Sayed, bid., 38, 3032 (1963).
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Sayri* > Toyme*, and Sryr*mw> Ty r* have vanish-
ing one- and two center spin—orbit terms. On the other
hand, the electronic integrals for the nonradiative tran-
sitions Sp, z,* > Tpp n;* and Sz, 7 #w> Ty, r;* have one-
center spin—orbit interaction terms; the largest oneis on
the nitrogen atom. The vibrational overlap integrals
for these transitions are an order of magnitude larger
than that for the nonradiative transitions Sy z+n>Ty r or
Sx,z™> Ty These considerations give rise to the
following radiationless selection rules

XTw, x* /Tw, x*
Sr,r'\ Sn, t.\)KA
Tn,w' Tn, x*
Transitions connected by wwww- should be faster than
those interconnected by ~~~> by a factor of ~103.

The above results might account for a number of
qualitative observations. The intersystem crossing
rate constant in benzophenone and many other aromatic
carbonyls (e.g., benzaldehyde and acetophenone) whose
lowest singlet is an n,r* state below which there is a
triplet =,x* state is extremely fast (~10%° sec—%)).
These compounds show strong phosphorescence in rigid
media but no fluorescence. On the other hand aliphatic
carbonyls show both fluorescence and phosphorescence
(as well as giving rise to photodecomposition) upon ex-
citation. The fluorescence rate constant is ~10° sec™!
in aliphatic carbonyls. Since fluorescence has been ob-
served in a number of these aliphatic carbonyls, the in-
tersystem crossing rate constant in these compounds
might be ~107 sec~!. The major difference between
aliphatic and aromatic carbonyls is that the former
compounds have no triplet =,=* level between the low-
est singlet and triplet n,=* levels. Aromatic carbonyls
possess a triplet level of =, 7* type located between the
lowest singlet and the lowest triplet levels which are of
the n,7* type. This might facilitate the intersystem
crossing process in aromatic carbonyls.

Similar conclusions could be reached upon examining
the presently available qualitative results. Benzene
shows both fluorescence and phosphorescence and the
rate of intersystem crossing is believed to be ~108
sec—!, Pyrazine, on the other hand, whose lowest
singlet and triplet levels are of the n,z* type, shows very
strong phosphorescence and extremely feeble fluores-
cence with observed lifetime ~10—? sec. The radiative
lifetime of pyrazine is ~10~¢ sec and one is tempted
to believe that the 10-? sec observed lifetime of
pyrazine is determined by an intersystem crossing
rate constant of ~10° sec—!, which is 10?® times
faster than that observed for benzene in which no n,=*
levels exist between its m,7* states. It must be men-
tioned that the above conclusions are based on qualita-
tive and an insufficient number of observations. Ac-
curate values of quantum yields are perhaps the most
desperately needed quantities at present. Our under-
standing of nonradiative processes greatly suffers from
the lack of these quantities. Observed lifetimes are
now being measured, but unless they are coupled with
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quantum yield data it is rather difficult to determine the
path of the nonradiative transitions.

Should quantum yields become available for many of
these molecules, a reexamination of the above selection
rules will be advisable. Since the above selection rules
are derived using the Born—Oppenheimer approxima-
tion, an examination of the extent of the applicability of
the approximation would then be possible. The failure
of the Born—Oppenheimer approximation would have
the effect of relaxing the above selection rules. If both
the n,#* and =,r* states are strongly intermixed via
out-of-plane normal modes, then a nonradiative transi-
tion from the lowest level of one state proceeds to an iso-
energetic vibronic level which is an admixture of the
two states (n,r and =,7*), irrespective of the order of the
levels. Should this be the case then one would expect
the rate of radiationless processes in molecules contain-
ing n,7* and 7,7* to be faster (but not very sensitive to
the order of the levels) than in molecules containing
only one type or the other. Thus, the intersystem
crossing process should be faster in ketones and nitrogen
heterocyeclics than in unsaturated aliphatic and aromatic
hydrocarbons.

Spin Lattice Relaxation between the Triplet Sub-
levels. The fact that the phosphorescence emission is
strongly polarized indicates that spin—orbit interaction
leading to the emission is specific and is stronger for
transitions from one of the three sublevels of T, than
from the others.2* One might also expect, in the inter-
system crossing process, the rates of the transitions from
8; to the three sublevels of the friplet state to be un-
equal.?® Let us examine the case of pyrazine. Itismost
likely that the intersystem crossing process involves
Sn,r*m—> T*; *, where x indicates one of the sublevels of
T r,» inwhich the spins are polarized in a certain direction
in the molecular framework and with which the spin-
orbit interaction with Sp r* is strong. This process is
then followed by the rapid (1072 sec) process Ty zw—>
T*y,7. In this process the spin polarization has not
changed, yet the electronic state has changed its spatial
electronic characteristics. Spin depolarization can take
place by spin relaxation, a process which is much slower
than 1012 sec, the time required for the internal conver-
sion process T'r z* > Tn,x*. The emitting triplet (Tn,x)
is thus populated initially in a manner that is mainly de-
termined by the path followedin theintersystem crossing
process. The observed characteristics of the phospho-
rescence decay is determined by the following conditions:
(1) If spin lattice relaxation between the different sub-
levels of Thn,,* is slower than the radiative lifetime, a
decay is observed which can be resolved into two (or
perhaps three) exponential components with different
decay constants. (2) If the rate of spin relaxation is
comparable to the phosphorescence radiative lifetime of
the different emissions, a complicated, nonexponential

(24) If this is not the case, the emission from three sublevels would
be equally probable along the three molecular axes; .., the emission
would be depolarized.

(25) M. 8. DeGroot, I. A. Hesselmann, and J. H. van der Waals,
Mol. Phys., 12, 259 (1967).
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decay is observed. (3) As the rate of the spin relaxation
exceeds that of the radiative lifetime, the emission decay
becomes exponential. This behavior has recently been
demonstrated?® for pyrazine emission obtained in cyclo-
hexane, in dioxane, and in benzene matrix at low tem-
perature. At 4.2°, three decay constants are obtained,
one being ten and fifty times larger than the others.
A complicated decay is obtained between 4 and 11°K,
but above 11°K an exponential decay is observed
with a constant equal to that known for pyrazine. In
previous observations made on lifetimes, the tempera-
ture (77°K) and medium used are such that the rate of
spin relaxation is faster than the radiative lifetime. In
such cases an exponential decay is observed with a rate
constant & which is given by K = Z;%;N;, where k, is the
rate constant of the transition from one of the sublevels
of T to the ground state (T,' — §) and N, is the frac-
tion of the total molecules in T, that occupy T,".

IV. Future Studies

The radiative properties of the triplet state are far
more quantitatively understood now than 23 years ago
when it was first shown that the phosphorescence was a
result of a triplet-singlet transition. Since then a large
amount of research has been carried out on the triplet
state which not only answered a great number of ques-
tions but also raised others. The main questions which
are presently awaiting answers are: (1) What is the
natural radiative lifetime of the phosphorescence of
aromatic hydrocarbons? (2) What is the perturbation
effect of the solvent? (3) What is the relative impor-
tance of the different terms of the spin—orbit Hamiltonian
in providing the triplet—singlet transition with its radia-
tive power in different molecules?

To answer the first two questions, research directed at
accurate determination of the T-S absorption cross sec-

(26) L. Hall and M. A. El-Sayed, J. Chem. Phys., in press.
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tion in the gas phase as well as in different media is re-
quired. Accurate quantum yield data in different
media are also needed. The third question requires
collaboration between the vibration, electronic, and
magnetic resonance spectroscopists. An accurate as-
signment should be made for the different vibrations
that appear in the high-resolution phosphorescence
spectra of different molecules. From the type of vibra-
tion and the polarization of the vibronic band involving
it, the exact mechanism responsible for its appearance
can be deduced. The elucidation of the magnetic sub-
level giving rise to the emission using optical-esr double
resonance as well as Zeeman experiments will also be
valuable.

The intramolecular nonradiative processes in con-
densed media are less understood than the radiative
ones. The role played by the solvent in assisting the
molecule to cross potential energy surfaces has not yet
been examined. The extent of the validity of the Born—
Oppenheimer approximation is not known. The depen-
dence of the rate of radiationless processes on the order-
ing and the type of energy levels is not thorougly exam-
ined. The reason for this is undoubtedly the un-
known, vet badly needed, accurate values of quantum
vields of the radiative and nonradiative processes of
different molecules in different media. When these
values become available, our understanding of nonradia-
tive processes will be more accurate and correct. The
exact mechanism involved in the recently observed spin
lattice relaxation process between the triplet sublevels
needs to be investigated, both theoretically and experi-
mentally.
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