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THE triplet (phosphorescent) states (3 T') of conjugated
organic molecules have been proposed as participants
in many important photochemical reactions (photooxi-
dation, photoreduction, photosynthesis, etc.).-8:16-1]
As measurements of the quantum yields of fluores-
cence and phosphorescence have shown, for the vast
majority of aromatic compounds an appreciable frac-
tion of the molecules which have absorbed light go
over to the triplet state. Thus the latter plays an es-
sential role in luminescent and photochemical proces-
ses. Besides, a series of theoretical and experimental
studies has shown recently, the process of accumula-
tion of molecules in the triplet state under the action
of powerful flashes of exciting light can be used to ob-
tain a stimulated-radiation effect in organic systems
(lasers).[22:1100 A1) of this lends heightened interest to
the various pathways of occupation and deactivation of
the triplet state in aromatic compounds.

One of the ways in which triplet states can arise
and decay is through processes of radiationless trans-
fer of electronic-excitation energy. In spite of the
relatively short time which has elapsed since the first
publication on radiationless transfer of electronic-
excitation energy between triplet states of organic
molecules,**%7 a great deal about the mechanism of
the phenomenon has become clear. As it seems to me,
it is now time to give an account of the results
achieved along this line, in order to facilitate both
further studies of this effect and its application for
various purposes. I have attempted to perform this
task in the present review.

This review is divided into two parts as to subject.
The present article (III) presents the results of study
of energy transfer from the triplet state in glassy and
crystalline media at low temperatures. The studies
along this line have contributed most to understanding
the mechanism of the phenomenon. The following arti-

*For the first two articles of this series, see [**2],

cle (IV), which is being prepared for publication, will
discuss the studies concerned with energy transfer
involving triplet states in vapors, liquids, molecular
compounds, and intramolecular energy transfer, as
well as the application of the triplet-level energy-
transfer effect to the study of photochemical reactions.
As is known, the following system of electronic
levels (Fig. 1) satisfactorily describes the processes
of absorption, fluorescence, and phosphorescence of
aromatic compounds in solutions. The unexcited
ground state (! T') of aromatic molecules is a singlet
state, as a rule. The molecules also have a system of
excited singlet levels (! T*, ! T **, etc.) The transi-
tions from the ground state to these levels are al-
lowed*, and determine the system of electronic ab-
sorption bands of the molecules, Fluorescence is
emitted from the lowest excited (fluorescent) level
(1 T *) . The lifetime of the excited fluorescent state
of organic molecules in most studied cases lies with-

=, .
FIG. 1. The system of elec-
tronic-vibrational levels of com- e
plex organic molecules and the Ky
transitions between them. The
symbols to the right of the ar- 1
rows here and in Figs. 3 and 15
are the rate constants of the cor-
responding processes. See text y
for explanation. We are using P #
the notation for the levels sug- ¢ ’
gested by Terenin.[*]

1L

>

[

|

ar

o=
S
S

_rHN\
bttt

4F

*This means that there is no strict selection rule forbidding in-
tercombination, since these transitions can be weakened by sym-
metry selection rules that are not very strict, especially in solution
(see the article by Sponer and Teller[**]).

333



334 V.L. ERMOLAEYV

in the range 1077—107? sec.* Besides the excited
fluorescent level, most aromatic molecules have a
metastable or phosphorescent level 3T situated some-
what lower, The concept of metastable levels in or-
ganic molecules was introduced by Jablonski B9 in
1935 to explain the prolonged afterglow (phosphores-
cence) of aromatic molecules which appears when the
molecules are fixed in a rigid solution or on an adsor-
bent at room temperature or below.

In 1943 Terenin(3 gave reasons for the concept of
the triplet (biradical) nature of the metastable (phos-
phorescent) state of aromatic molecules. The ground
state and the fluorescent excited states of organic
molecules are singlets. Thus, the low probability of
radiative transition from the metastable state to the
ground state is explained by the selection rule well-
known in atomic spectroscopyt forbidding transi-
tions between levels of different multiplicities (inter-
combination transitions). A year later, an analogous
viewpoint was also set forth with detailed arguments
in an article by Lewis and Kasha, " and it is gen-
erally recognized at present.®-18:2628] The molecule
of the organic compound enters the triplet state upon
excitation in the ordinary absorption bands, which
correspond to transitions from the ground singlet
level (*T) to the first (! I'*) or higher (! [**, 1 #**,
etc.) excited singlet levels. Then, within a time
10711—10"* sec (kg), the molecule, without emitting,
goes over to the vibrational levels of the lowest sing-
let excited state,!] which come to thermal equili-
brium with the surrounding medium. The molecule
has three further possibilities: to go over to the
ground state with emission of fluorescence (k; in
Fig. 1), to be deactivated without emission (ky), and
finally, to go over without emission to the triplet
state (k;).** The probability (rate constant) ks of
this process, which we shall call intercombination
conversion, is comparable in magnitude for most
luminescent organic molecules with the probabilities
k, and k; . Thus, ordinarily an appreciable fraction,
and sometimes almost all of the molecules that have
absorbed light go over to the triplet state.

As has been stated above, the direct radiative tran-
gition from the triplet state to the singlet ground state
(kg is forbidden by the selection rule for transitions
between levels having different multiplicities (the rate
constant is 0.01—103 sec™!), This transition is mani-
fested as phosphorescence only when the molecule is
fixed in a rigid solution, so as to reduce the proba-

*See the monographs of Terenin,[*} Levshin,1*] Férster,[**]

bility of radiationless deactivation (k;), which com-
petes with the phosphorescence emission. We shall
call the spectrum which is emitted in such a direct
transition from the triplet state to the ground state
phosphorescence. * Besides, at sufficiently high
temperatures, the value of kT is comparable with the
energy difference between the phosphorescent and
fluorescent levels. Thus, a molecule can take up
thermal energy to go from the triplet state to the
lowest excited singlet state = (process kg). The
transition of the molecule from the latter state to the
ground state (k) will entail an emission identical in
spectrum with the fluorescence, but relatively delayed
by the time that the molecule has spent in the triplet
state. We shall call this type of after-emission de-
layed fluorescence. Besides making observations of
phosphorescence and delayed fluorescence, we can
demonstrate the presence of metastable molecules in
a solution by the triplet absorption from the lowest
triplet level to the higher excited triplet states 3T *,
ST **, etc. (process k; in Fig. 1). This transition is
allowed, since it takes place between states of the
same multiplicity. The studies of McClure, [1°T Craig
and Ross.?? and Porter and Windsor®9 have shown
that most aromatic molecules_have highly character-
istic 31 * — 3T spectra which differ sharply from the
absorption spectra of the same molecules in the
ground state. Owing to the use of flash lamps, the

37 * <31 spectra have recently beenused widely to
detect and study the properties of triplet molecules
in liquid solutions. Here the luminescence method is
hardly suitable, since the triplet molecules are deac-
tivated nonradiatively before they can emit. Never-
theless, the lifetimes of triplet molecules in degassed
liquid solutions are 10°—10°% times greater?!4 than
those of the singlet excited states of the same mole-
cules. The triplet states of organic molecules have
also been detected in the gaseous state, both by study
of the after-luminescence (Dikun, 43 Syeshnikov %)
and by use of flash lamps (triplet-triplet-absorp-
tion), 15!

The properties of molecules in the triplet state are
currently being studied intensively in different coun-
tries by various methods: phosphorescence (spectra,
yields, lifetime and decay mechanics), triplet-triplet

*To avoid confusion, we must make the qualification that dif-
ferent authors use here widely diffeting terminology, Terenin(®]
(p. 78) uses the term ‘‘phosphorescence’’ to denote the emission
arising from direct transition from the triplet state to the ground
state, while some American authors(**] call it ‘¢B-phosphores-
cence.” Pringsheiml®] (p. 347) calls it “‘delayed fluorescence,”’

while Sveshnikov[*] calls it the ‘‘long-wavelength phosphorescence
band.” Tereninl®] calls the after-emission due to transition from the
fluorescent level to the ground level after the molecule has spent
time in the triplet state ‘‘delayed fluorescence,’’ while the American
authors[**%] call it *‘a-phosphorescence,”” Pringsheim(*] calls it
*tphosphorescence,’’ and Sveshnikov(™] calls it the *‘short-wave-
length phosphorescence band.’’ We shall use the teminology adopted
in Terenin’s monograph.[*]

Pringsheim,[*] and the review by West.[%]

tSee, e. g., the monographs of Herzberg[’] and El’yashevich.[‘]

1We shall take k, to refer to both intramolecular processes of
radiationless deactivation and various external quenching processes
(chemical and physical).

**For proofs that the transition to the triplet state takes place

from the lowest excited singlet (fluorescent) state, see the disser-
tation of Sveshnikov.[**]
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absorption, electron paramagnetic resonance, etc.
The especial attention which has been paid to the
study of the triplet state of organic molecules is due
to the assumption that this state participates in many
important photochemical reactions. Even in the initial
article concerned with the interpretation of the meta-~
stable state of aromatic molecules as being the triplet
state, Terenin®¥ indicated the unsaturated (biradical-
like) nature of molecules in the triplet state, which
must give rise to the high chemical reactivity of this
state. In addition, the above-mentioned long lifetime
of the phosphorescent (triplet) state, even in liquid
solutions, has the consequence that a triplet molecule
has a greater probability of meeting a chemical-re-
action partner in diffusion-controlled reactions than a
molecule in the fluorescent state does. Among the
most important photochemical reactions assumed to
take place with direct participation of the triplet state
of organic molecules, we should cite: 1) photosynthe~
sis in green plants (Terenin, (6] Frankm]) , 2) photo-
oxidation and photoreduction of dyes (Terenin, L
Adelman and Osterl!y | 3) photooxidation of deriva-
tives of anthracene (Bowen and Tanner, %8 Vember

and CherkasovP* ™) and benzaldehyde (Karyakin[6:17),

4).dye-sensitized oxidation of organic compounds
(Terenin,® Schenck and Koch[117y

1. CONCENTRATION QUENCHING, SHORTENING OF
DECAY TIME, AND CONCENTRATION DEPOLAR-
IZATION OF PHOSPHORESCENCE AND DELAYED
FLUORESCENCE

The problem of whether electronic-excitation en-
ergy can be transferred nonradiatively from a mole-
cule in the metastable (triplet) state to an unexcited
molecule, raising the latter to the metastable level,
was a topic for discussion for a long time. The exper-
imental data obtained by studying the relation of the
yield, lifetime, and polarization of phosphorescence to
the dye concentration did not solve this problem un-
equivocally. The collection of information on proces-
ses of energy transfer from the metastable state of
molecules by studying the concentration~dependence
of their phosphorescence properties is greatly com-
plicated by concentration effects involving the fluores-
cent state of the molecule.

a) Concentration quenching and shortening of the
decay time of phosphorescence. In 1934 Shishlovskii
and Vavilov™ found a decrease by a factor of 1-1/2
in the decay time 7 of the delayed fluorescence of rho-
duline orange in highly viscous sugar solutions as the
concentration of the activator was increased from
7.5% 1074 M to 2.2 x 1073 M (moles/liter). At con-
centrations below 7.5 x 10”4 M, the decay time does
not depend on the dye concentration. Levshin and
Vinokurov % have also observed a shortening of the
7 of the delayed fluorescence of fluorescein in boric
acid as the dye concentration was increased from
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3.7x 107* to 1.1 x 1072 M. Along with the shortening
of the time 7, they observed a decrease in the de-
layed-fluorescence yield.* By analogy with the quench-
ing and shortening of T found in concentration quench-
ing of fluorescence (Vavilov, ) Galanin0%), we might
assume that here also these effects are due to a ra-
diationless energy transfer between triplet and unex-
cited dye molecules accompanying the quenching.
However, Lewis, Lipkin, and Ma.gelf10 studied the
phosphorescence of fluorescein in a mixture of gly-
cerol with 5% phosphoric acid at 90°K, and found only
a very small shortening of the lifetime of the fluores-
cein molecules in the metastable state as the dye con-
centration was increased from 5x 1075 to 5 x 102

M1 (7 decreased here from 1.96 to 1.72 sec).

In 1947 SveshnikovP? confirmed again the occur-
rence of concentration quenching and shortening of the
7 value for phosphorescence of fluorescein in boric
acid with increase in the dye concentration at 173°
and 290°K. Sveshnikov®? also showed that, in accord
with what we would expect from kinetics, the decline
in the delayed fluorescence of fluorescein in boric
acid at 290°K due to quenching is considerably more
rapid than that of phosphorescence and the total emis~
sion. Shortly thereafter, Sveshnikov, together with
Dikun and Petrov,m"m observed a shortening in the t
for phosphorescence of benzene, toluene, and other
benzene derivatives on going from dilute alcoholic
solutions to concentrated solutions and to the pure
substances at 90°K . Concentration quenching and
shortening of the 7 for phosphorescence have also
been observed by Kato 02 gor trypaflavin adsorbed
on filter paper at 290°K, and by Teplyakov® for
solutions of salicyclic, cinnamic, and anthranilic
acids at 90°K . In these studies, as in the earlier
ones, however, no test was made of whether the
change in the 7 of the phosphorescence is due to the
formation of aggregates of trypaflavin or the aromatic
acids at high concentrations, or to the effect of pH
change in the solution on the luminescence, as is very
likely in the concentration range studied. From this
standpoint, the data of Dikun, Petrov, and Sveshnikov
[18:39] 5eem more reliable. They worked with benzene
and toluene, which are less prone to association, al-
though even this type of molecule is known to form
aggregates consisting of an excited and a normal
molecule (the so-called ‘‘excimers’’). 379

*The relative phosphorescence yield at various concentrations
can be estimated most simply by measuring either the initial inten-
sity of the after-emission upon prolonged excitation with t > Typos,
or from the total after-emission as obtained by integration of the in-
tensity of the after-emission over time elapsed after a brief single
excitation period with T € Tppqs. A detailed account of the methods
for determining the relative phosphorescence yield can be found in
an article by Sveshnikov.[5]

TAll concentrations given in this section are for room tempera-
ture. No correction has been made for concentration increase due to
contraction of the sample upon cooling,
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Table I. The degree of polarization of the phosphorescence of
trypaflavin in alcohol at 90°K as a function of the time t
elapsed after cessation of the excitation. Excitation
at 4358 A.* (From [1562])

t, sec

citation at 4358 A is negative.

1 2 3 { 4 ‘ 6
—11.9 |—12.2|—12.6/—12.7|—11.2
—7.6 |~7.3|—7.4|—1.8| —7.5

*The polarization of the phosphorescence of trypaflavin with ex.

Mokeeva and SveshnikovP® have made some very
careful quantitative investigations of concentration
quenching of phosphorescence. They measured the
decay time, and also the delayed fluorescence and
phosphorescence yields in boric acid-glycerol phos-
phors activated with fluorescein. They rejected a
number of activators (trypaflavin, acridine orange,
etc.), since spectrophotometric measurements showed
aggregation of dye molecules at high activator con-
centrations. No change in the spectra with concentra-
tion was observed for fluorescein. As in the study of
Sveshnikov in 1947 ,[5§J they observed a shortening of
the 1 for phosphorescence at 90°K as the activator
concentration was increased from 1.9 x 1072 to
3.9 x 10”2 M. However, this decrease in 7 is not
accompanied by a decline in the phosphorescence
yield, but even conversely, by an increase. This
compelled these authors®@ to conclude that at high
activator concentrations groups of molecules with
differing luminescent properties are formed. Here
they did not observe any essential changes in the ab-
sorption spectra, as in the case of ‘‘classical’’ assoc-
iation of dye molecules (see Levshin[ﬂ), but the for-
mation of the molecular groups is manifested in an
increase in the initial phosphorescence intensity and
a shortening of its lifetime. In this regard, we should
point out that McRae and Kashal'® have theoretically
demonstrated the possibility of an increase in the
relative phosphorescence yield upon dimerization of a
dye.

b) Concentration depolarization of phosphores-
cence. In addition to studying concentration quench-
ing and shortening of the T of phosphorescence, a
number of attempts have also been made to detect a
radiationless energy transfer from the metastable
state by studying the concentration-dependence of the
degree of polarization of the after-emission of dyes.*
However, the application of this method, which is very
fruitful in studying energy transfer from the fluores-
cent levels of molecules, has run up against consid-
erable difficulties in the case of phosphorescence.

*In polarization measurements of phosphorescence, we must
avoid light saturation, since the latter results in a marked decline
in the degree of polarization of the emission of the phosphor (see
Sveshnikov,[**] Feofilovl’]).

As was stated above, a molecule enters the metasta-
ble state via the fluorescent state. During the time
that the molecule spends in the fluorescent state, en-
ergy transfer can ensue, leading to concentration de-
polarization of the fluorescence (Galaninf¥). In
studying whether energy transfer can take place from
the metastable state by measuring the degree of pol-
arization of the phosphorescence (process k, in Fig.1),
we must take into account the concentration depolari-
zation of the fluorescence. Yet, if we investigate the
delayed fluorescence, here the molecule has been in
the fluorescent state twice, and must have been sub-
jected twice thereby to depolarization. Sveshnikov

9,60] was the first to consider this fact, and showed
that the delayed fluorescence must be depolarized to
a greater degree than the phosphorescence or the total
emission. We must also take into account the possi-
bility that the molecule can occupy the metastable
level repeatedly. From this standpoint, the most di-
rect proof of radiationless energy transfer from the
metastable state would be the discovery of a depolar-
ization that increases with decay of the phosphores-
cence at low temperatures.

Feofilovl™ has performed experiments on the con-
centration depolarization of delayed fluorescence in
the course of the decay process, which gave a nega-
tive result. That is, the degree of polarization of the
phosphorescence was the same during all stages of the
decay. Later, Sveshnikov and Ermolaev 18:¢] also
found no decrease in the degree of polarization of the
phosphorescence of trypaflavin in alcohol at 90°K
during the decay process (Table I). The measure-
ments in the latter study were performed at trypa-
flavin concentrations from 2.0 x 107¢ to 3.5 x 107%
M. These values are below and above those for onset
of concentration depolarization of the fluorescence of
this dye (~8.0 x 10°% M). ™ rFinally, the most re-
cent measurements by Kudryashov and Sveshnikov 4
of the polarization of the phosphorescence of boric
acid-glycerol phosphors activated with fluorescein
have also shown no decline in the degree of polariza-
tion of the emission during the decay process.

We should state that according to current data (see
the following section), processes of energy transfer
between metastable and normal molecules with exci-
tation of the triplet level are expected tosetinatrela-
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Table II. The degree of polarization of the total emission* (Pyy¢q1)
and the delayed fluorescence (Pg ¢} of boric acid-glycerol
luminophors activated with fluorescein as a function of
the activator concentration C at 290°K. (From[“].)

3,9-10-5}1.9-10-4

3.9.10-¢

1.9-10-33.9-10-3|7,8.10-3| 1,9.10-2

Piotats % ! 38.9 l 37.3
Pat,

48004 % | 38.9 | 34.7

\
38.9 | 26,
35.3 | 20.

*#The bulk of the total emission is fluorescence. The polarization measurements
were made at >\lumin = 4800 A with excitation by light at 4350 A,

34

o

3 ’ 23.0 158 | 6.8
8 | 16.7 8.7 2.7

tively higher concentrations than energy transfer in
which the fluorescent level is excited. Thus, the data
given above cannot be considered to prove the absence
of radiationless energy transfer between triplet and
normal molecules. On the other hand, the design of
experiments in which we could hope to obtain a con-
centration depolarization of phosphorescence during
the decay process is exceedingly complex. We should
expect appreciable effects (see the experiments on
sensitized phosphorescence in Sec. 2 of this review)
at dye concentrations of 5 X 1072—10"! Mor greater.
However, at such concentrations, repeated energy
transfer will take place between the fluorescent levels
before the molecule goes over to the triplet state.
Consequently, the initial degree of polarization of the
phosphorescence will decline to very low values, at
which reliable measurements are impossible, and all
the more so, in that a strong concentration quenching
must take place at the same time. We can also expect
complications due to dye association.

However, the study of the concentration depolariza-
tion of phosphorescence is of interest with regard to
the theory of energy transfer between the fluorescent
levels, and also as one of the methods to study proc-
esses of population of the metastable state. We shall
take up some results of studies along this line below,

Feofilov(® ™ has measured the degree of polariza-
tion of the total emission and that of the short-wave-
length phosphorescence band at various cencentra-
tions of eosin in highly-viscous sugar solutions, and
has found that their degrees of polarization coincide
at all concentrations, in spite of the occurrence of an
appreciable concentration depolarization. This fact,
together with the absence of depolarization of the de-
layed phosphorescence during the decay process, led
Feofilov to conclude that energy transfer could not
occur between metastable and normal molecules.
Feofilov assumed that the metastable state of the
molecule is populated directly from the high vibra-
tional levels of the excited dye molecule. Later
Sveshnikov[18:59:60 showed that the metastable state
is populated via the fluorescent state. He considered
the contradiction between the cited results of Feofilov
and the idea that the probability of energy transfer
depends on the time that the molecule spends in the
fluorescent state (Galanin[m) . The molecules which

take part in emission of delayed fluorescence enter
the fluorescent state twice (or more times): once be-
fore they enter the metastable state, and a second
time after they have spent time in that state. Conse-
quently, the delayed fluorescence must be depolarized
more than the total emission. The experiments of
Sveshnikov™® have confirmed this conclusion for the
example of boric acid phosphors activated with fluor-
escein, and highly-viscous sugar solutions activated
with rhoduline orange. The concentration depolariza-
tion of the delayed fluorescence set in considerably
more rapidly than that of the total emission. An
analogous difference in the trends of the depolariza~
tion of the delayed fluorescence and the total emission
has been observed by Laﬁite,[“m and also by Bauer,
Baczynski, and Czajkowskim] in boric acid phosphors
activated by acridine yellow. The appreciable change
in the ratio of quantum yields of the phosphorescence
and the fluorescence which the latter authors observed
at the same time greatly complicates the interpreta-
tion of their results. *

Very precise measurements of concentration de~
polarization of delayed fluorescence have been made
recently by Kudryashov and Sveshnikov. 54 They used
a monochromator in their study to measurc the degree
of polarization in particular spectral regions (to sep-
arate the delayed fluorescence from the phosphores-
cence). They showed that at low activator concentra-
tions the degree of polarization of the delayed fluor-
escence of boric acid-glycerol phosphors coincides
with the degree of polarization of the total emission.
However, as the activator concentration increases,
the former is depolarized appreciably more rapidly
than the total emission (Table II).

The data given in Table II indicate that the experi-
mental facts here agree well with the current ideas

*Assuming that the transition to the phosphorescent state takes
place from the upper vibrational levels of the fluorescent state,
these authors infer from the fact that the phosphorescence shows
concentration depolarization that energy transfer from metastable
dye molecules takes place under the conditions of their experiments.
However, as we have pointed out above, most of the experimental
facts indicate that the molecule enters the triplet state via the
fluorescent state. Hence we cannot consider the conclusion to be
well-grounded that energy transfer between metastable levels takes
place in this case,
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concerning energy transfer between fluorescent levels
and processes of population of the triplet state of or-
ganic molecules.

The problem of the concentration depolarization of
phosphorescence is more complex. The degree of
polarization of the phosphorescence, when excited in
the first absorption band of the molecule, is consid-
erably less than the polarization of the fluorescence
or the delayed fluorescence (see the monographs of
Feofilov™® and Levshinm) . Sveshnikov and Ermolaev
62) have compared the sign and degree of polarization
of the phosphorescence with the polarization of the
fluorescence with excitation in various absorption
bands of the dye molecules. Their experiments
showed that this phenomenon is due to the markedly
differing orientation within the dye molecules of the
moments of the transitions from the fluorescent and
phosphorescent states to the ground state. According
to the calculations given at the beginning of this sec-
tion, and the conclusion that there is no appreciable
energy transfer between metastable and normal mole-
cules under the experimental conditions, as follows
from the experiments on concentration depolarization
of the phosphorescence during the decay process (see
above), the concentration depolarization of the phos-
phorescence must have a course identical to that of
the fluorescence. Experimentally, the occurrence of
concentration depolarization of the phosphorescence
and the qualitative parallelism of the latter to the
course of the concentration depolarization of the
fluorescence have been established in®%, In the
above-mentioned study, Kudryashov and Svehnikov G4
took up again the investigation of this problem; they
showed that concentration depolarization of the phos-
phorescence takes place, but considerably more slowly
than that of the fluorescence. The latter result is not
in complete accord with the concepts presented at the
beginning of this section, and requires further study.

In summing up the material in this section, we
must note that, in contrast to the case of fluores-
cence, the study of concentration depolarization, con-
centration quenching, and the shortening of the 7 of
phosphorescence has not led to a solution of the prob-
lem of whether radiationless energy transfer can or
cannot occur from a metastable molecule to a normal
molecule, raising the latter directly to the metastable
state. It has proved much more fruitful here to study
the phenomenon of sensitized phosphorescence of or-
ganic compounds in solid solutions. We shall proceed
to give an account of the results obtained by this
method in the next section.

2. SENSITIZED PHOSPHORESCENCE OF ORGANIC
COMPOUNDS AT LOW TEMPERATURES

In 1952 Terenin and Ermolaev®870 discovered a
new phenomenon, consisting in the fact that the struc-
tured phosphorescence spectrum in the visible of a

V. L. ERMOLAEV

rigid solution of naphthalene at liquid-air temperature
can be excited by the light of the mercury lines at
3650 A, in a spectral region where naphthalene itself
does not absorb, provided that one adds to the solution
benzaldehyde or benzophenone, which absorb the ex-
citing light (Fig. 2). The phenomenon was called sen-
sitized phosphorescence. Terenin and Ermolaey 4067
interpreted this phenomenon as being radiationless
transfer or electronic excitation energy from triplet-
state molecules of benzaldehyde or benzophenone (en-
ergy donors) to unexcited naphthalene molecules (en-
ergy acceptors), raising the latter directly to the
triplet state. That is, the process takes place accord~
ing to the equation: *rpy + 'Ty —'I'p +%ra .
When studying the phenomenon of sensitized fluor-
escence, we must, from energy considerations, select
the energy donor and acceptor molecules such that the
lowest excited singlet (or fluorescent! I'*) level of the
donor is higher than the fluorescent level of the ac~
ceptor. Owing to the diffuseness of the absorption
spectra of organic compounds in solution, the result
is that we cannot selectively excite the energy~donor
molecules without affecting the acceptor. Further-
more, the probability of radiationless energy transfer
between excited fluorescent and normal molecules
increases with increasing overlap of the emission
spectrum of the energy donor with the absorption
spectrum of the acceptor. At the same time, this re-
sults in strong reabsorption and secondary fluores -
cence, which are very difficult to take into account
under concrete experimental conditions. In the case

0w o 3000 25w o004
P i
4 :.4;.
3
A
2 S
5/
/
[ gt
7 / .-"
oo
oL_iMN !
C500 28577 39333 40000 iﬂﬁ_ﬂl
cm

FIG. 2. Absorption spectra (with log € as ordinate). 1-Benz-
aldehyde in pentane-propane mixture at 90°K.[7"] (owing to lack of
data, the height of the bands is arbitrary, and has been obviously
underestimated); 2—benzaldehyde in ethanol at 203°K.[*%}; 3
bipheny! in ethanol + methanol at 77°K [s]; 4 —naphthalene in
ethanol + methanol at 77°K [*]; 5_benzophenone in ethanol at
293°K.["'] For the spectrum of benzophenone in alcohol-ether at
77°K, see reference [*].
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of sensitized phosphorescence, the circumstances are
considerably more favorable, since one can excite the
energy donor without affecting the acceptor. Further-
more, the acceptor shows no appreciable absorption
in the emission region of the energy donor. * This is
possible because the energy difference between the
fluorescent and triplet levels in various classes of
aromatic molecules varies over a broad range of val-
ues from 1000 to 10,000 cm ~!. This fact was used by
Terenin and Ermolaev. They used as energy donors
aromatic aldehydes and ketones (benzaldehyde, benzo-
phenone, etc.), for which the triplet and singlet levels
are separated by 1700—2000 cm ~!. The simple car-
bonyl derivatives of benzene in liquid solutions do not
luminesce, while in solid solutions at low temper-
atures they show only an intense phosphorescence in
the range 26,000—18,000 cm ! , with a decay time of
the order of 103 sec, arising from direct transition
from the triplet state to the ground state. The long-
wavelength absorption limit of these compounds is
situated at 26,000—27,000 cm ™' . T

Naphthalene and its alkyl and halogen derivatives
in solution show an ultraviolet fluorescence (32,000—
28,000 cm~!), while at low temperatures they also
show a phosphorescence located in the visible (21,000—
16,000 cm ~!') with a value 7 ~ 2.0—107% sec.™¢ n
the cited naphthalene derivatives, the spacing between
the fluorescent and phosphorescent levels is much
greater than in the carbonyl derivatives of benzene,
being approximately 10,000 em~!. Thus, when one
illuminates a mixed solution of benzaldehyde‘;> and
naphthalene with the mercury lines at 3650 A, only
the benzaldehyde molecules will absorb light and be
excited. The appearance in the emission spectrum of
the phosphorescence bands of naphthalene can be ex-
plained only by radiationless energy transfer from
benzaldehyde in the triplet state to naphthalene, rais-
ing the latter also to the triplet state. The fluores-
cence spectrum of naphthalene does not appear under
these conditions. As control experiments showed,
rigid solutions of naphthalene and the other energy
acceptors used, in concentrations up te 0.1—0.5 M,
do not emit their own fluorescence or phosphores-
cence spectra upon intense excitation by the light of
the 3650 A mercury lines,

The system of the lower excited electronic levels
of the donor and acceptor molecules in the sensitized-
phosphorescence phenomenon is shown in Fig. 3. On
the left are drawn the ground, fluorescent, and phos-
phorescent levels of the energy donor, and at the

*The *I" « 'I" absorption spectrum of the acceptor situated in
this region is so weak (€no1 < 107%) that it cannot in practice give
rise to any reabsorption.

fThe long-wavelength absorption band and luminescence of the
carbonyl derivatives of benzene is ascribed to an electronic transie
tion of the n—#* type, i.e., the transition of a non-bonding 2p elec-
tron of the oxygen atom to an excited anti-bonding =* orbital of the
molecule.{‘“' 101,43;29]
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FIG. 3. The system of electronic-vibrational levels of the donor
and acceptor molecules in the phenomenon of radiationless energy
transfer via the triplet levels. The straight arrows denote radiative
transitions, the wavy arrows are internal processes of radiationless
degradation, and the dashed arrows are transitions involving radia-
tionless transfer of electronic excitation energy from the donor to
the acceptor. The symbols for the levels and rate constants are
analogous to those in Fig. 1.

right, the same levels for the energy acceptor. The
solid lines denote the electronic transitions involving
absorption or emission of light, the wavy lines are the
transitions in which the electronic energy is degraded
into thermal motion, and finally, the dotted lines are
the transitions involving radiationless transfer of
electronic excitation energy from the donor to the
acceptor. Figure 4 shows examples of the sensitized-
phosphorescence spectra taken from reference asy,

As we see from Fig. 4, the sensitized-emission
spectra can be clearly distinguished on the back-
ground of the luminescence spectrum of the donor.
Besides using the spectroscopic method, in some
cases one can distinguish the phosphorescence of the
acceptor (naphthalene, biphenyl, etc.) from that of the
donor (benzaldehyde, benzophenone, etc.) by using a
long-period phosphoroscope, making use of the differ-
ence in 7 of the phosphorescence of the acceptor

(1 for the phosphorescence of naphthalene and di-
phenyl amounts to several seconds) and that of the
donor (7 for benzaldehyde and benzophenone amounts
to several milliseconds).

Subsequent studies 41-42:44:45:4T:49,51] haye extended
considerably the number of combinations of substan-
ces for which the phenomenon of sensitized phosphor-
escence has been observed in rigid solutions at low
temperatures. * These data are summarized in Table
III. The upper part of the table gives the substances
used as energy donors, and the lower part gives the
energy acceptors. Table III also lists a number of the
spectroscopic characteristics of the donors and accep-
tors: the height of the fluorescent level (! I'*) deter-
mined from the position of the long-wavelength ab-

*A commonly-used solvent freezing to a glass at liquid-air tem-
peratures is a mixture of two volumes of 96% ethyl alcohol and one
volume 98% diethyl ether (denoted below as alcohol-ether). Both
solvents should be distilled repeatedly on a column beforehand.
The phenomenon of sensitized phosphorescence has also been ob-
served in other solvents.[*]
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25000 em™ 75000 20000 25000 cm™
— ]
FIG. 4. A comparison of the phosphorescence
1 oy ] spectra of 1-bromonaphthalene (a) and 1-iodo-
naphthalene (b) as obtained by direct excitation
(Aexcit $ 3130 A) with their sensitized-phospho-
1 #0r n } rescence spectra in the presence of benzophe-
H none (Aexcit = 3650 A). Here, the curves 4 =
1wl ;" | spectra under direct excitation; 3 = those cal-
g‘;é culated from the difference between the inten-
: ¥ sities of the total spectrum of benzophenone +
| ol ! 1-halonaphthalene (curve 2) and that of benzo-
phenone (curve 1). Spectrum 2 has been matched
in intensity with spectrum 1 at the two short-
. wavelength maxima of benzophenone., The spectra
E w1 j e were recorded photoelectrically, and reduced to
CO 4 quantum intensities on a frequency scale. The
solvent is alcohol-ether at 77°K; concentrations:
. 50+ E benzophenone = 2 x 102 M; 1-bromonaphthalene
= 4.8 x 10™ M; 1-iodonaphthalene = 3.2 x 107 M
(from [1¢]),
| I S W B
25000 75000 o000 5000
cm’ b) cm™

Table III. Aromatic compounds for which a sensitized-phosphores-
cence phenomenon has been observed.* (From the data of

references [10:47:51:40] )
|
9dphos |
-1 1re 1 | T " = i
Compound 3T, cm T*, cm phoss Sec fluor §
|
Energy donors
Benzaldehyde . . . . . . . . . 24950 26750 1.5.40-8 1000
Benzophenone - . . . . . . - . 24250 26000 4.7+10-3 >1000
Acetophenone . . . . . . . . . 25750 27500 2.3-10-3 >1000
Ethylphenylketone . . . . . . . 26150 28000 3.8-10-3 1000
p-Chlorobenzaldehyde . . . . . 24750 — — >1000
o-Chlorobenzaldehyde . . . . . 24350 — — ~>1000
m-lodobenzaldehyde . . . . . . 24750 26250 6.5.10-4 >1000
Anthrone . . . . . . . . . . . 25150 27000 1.5.10-3 >1000 |
Xanthone . . . . . . . . ... 24800 27000 2.10%2 >1000 |
Anthraquinone . ., . . . . . . . 21950 — — >1000
Triphenylamine . . ., . | . . . 24500 29000 7.1071 15
Carbazole , . . . . . . . . .. 24600 29500 7.6 0.55
Phenanthrene ., . . | | | 21700 28900 i 3.3 1.1
Energy acceptors !
Naphthalene . - . - - . . . . . 21250 | 31750 23 0.09 |
Octodeuteronaphthalene . . . . 21400 ; 31850 | 9.5 0.21 |
1-Methylnaphthalene . . . . . . 21000 | 31450 | 201 0.05 |
1-Chloronaphthalene . . . . . . 20700 31360 ' 2.9-10-1 5.2
1-Bromonaphthalene . . . , . . 20650 I 31280 | 1.8.10-2 164
1-Iodonaphthalene . . . . . . . 20600 ¢ 31000 . 2.,0-10°3 >1000 }
Quinoline . . . . . . . . . .. 21700 31900 ! 1.4 | 1.9 |
Biphenyl . . . . . . . . . .. 23000 | 33500 | 3.4 ; 0.8 |
Decadeuterobiphenyl: . . . . . 23100 i 33650 [ 11.3 ; 1.9
— S I
*The data are for alcohol-ether at 77°K. s
sorption band or the short-wavelength fluorescence The following limitations are imposed on the choice
band, the height of the lowest triplet level (]T') de- of the substances used as the energy donors and ac-
termined from the position of the short-wavelength ceptors in the sensitized-phosphorescence phenom-
phosphorescence band, and finally, the phosphores- enon:
cence decay time (Tphos)and the ratio of the phos- 1. The triplet level of the energy donor must be
phorescence and fluorescence quantum yields higher than that of the energy acceptor (from the law
(Qphos/Qﬂuor)- In most cases, all these quantities of conservation of energy). Adherence to this condi-
have been determined for solutions in alcohol-ether tion for complex organic compounds automatically en-

at 77°K. tails an overlap of the 3 'p — !'T'p emission spec-
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trum of the donor with the *I'y < 'I', absorption
spectrum of the acceptor.

2. In order that only the energy donor may be se-
lectively excited, its fluorescent level must be lower
than that of the acceptor.

3. Finally, the acceptor must be soluble enough in
the chosen solid solvent to give high enough concen-
trations for radiationless energy transfer between
triplet levels to become appreciable (Cp ~ 10725
x 1071 m).

Of the three cited limitations, only the first one
remains in force for the great majority of cases of
energy transfer between triplet levels of organic
molecules. In the other methods of observing this
type of energy transfer (for the shortening of the
Tphos of the donor in rigid or liquid solutions, see
below), it is not always necessary that the second and
third conditions be satisfied. We can expect that the
first limitation will be relaxed at high temperatures.
For the substances cited in Table III, all three limi-
tations are satisfied by the combination of any com-
pound from the upper part of the table with any com-
pound from the lower part, except for the pairs:
phenanthrene-biphenyl, phenanthrene-quinoline, and
anthraquinone-biphenyl, since in these cases the
triplet level of the donor is below that of the acceptor.

In examining Table III, we see that there are var-
ious types of aromatic compounds among the energy
donors. The most numerous among them are the

representatives of the carbonyl derivatives of benzene.

These substances are very convenient to study, since
they absorb the light of the mercury lines at 3650 x&,
and show an intense phosphorescence with a 0—0 band
in the range 22,000—26,000 em ™1 .29 A second group
consists of carbazole and triphenylamine. These com-
pounds show rather large relative quantum yields.[m
They are excited well by the mercury line at 3340 z&,
which is not absorbed, or only very poorly absorbed,
by the acceptors given in Table III. Finally, sensi-
tized phosphorescence of naphthalene and its deriva-
tives can be observed in the presence of phenanthrene,
which is also excited by the light of the mercury line
at 3340 A. The selection of acceptors in Table III is
more limited, since it is hard to find available com-
pounds having a large gap between the fluorescent and
phosphorescent levels, and having the latter level
situated low enough.

To test the correctness of the explanation of the
sensitized-phosphorescence phenomenon in terms of
radiationless transfer of electronic excitation energy,
the absorption spectra of benzophenone in petroleum
ether at 293°K (Chenzophenone = 2 X 10? M) were
studied in the presence of high concentrations of naph-
thalene (2—5 x 10~! M). In the spectral range
3800—3300 fk, where the naphthalene molecule has no
characteristic absorption, the absorption spectrum of
the mixture showed no appreciable change as com-

pared with a benzophenone solution of the same con-
centration.!¥ The absence of strong mutual pertur-
bations of the donor and acceptor molecules in the
sensitized-phosphorescence phenomenon has also
been demonstrated by the identity of the phosphores-
cence spectra of naphthalene and its derivatives under
direct and sensitized excitation (see Fig. 4). Mea-
surements15:%¢) have also shown that the short-wave-
length bands of the phosphorescence spectrum of
benzophenone (and other energy donors), which do

not overlap with the superimposed sensitized-emis-
sion spectrum, do not change in shape in the presence
of 1-bromonaphthalene at concentrations of

3.2 x 10~! M and higher. However, when one com-
bines benzophenone with naphthalene, a deep minimum
appears at 24,000 cm ~! in the benzophenone lumines-
cence spectrum, As has been explained, (5,68 the rea-
son for this is the triplet-triplet absorption of meta-
stable naphthalene molecules (see the studies of
McClure,1%T and Craig and RossB%); under the
experimental conditions the concentration of the latter
rises to appreciable values. One needs only to reduce
the intensity of the exciting light to make these dis~
tortions in the spectrum disappear.

Measurements " have also been made of the T of
phosphorescence of energy acceptors upon excitation
in their own absorption band, and the 7 of their phos-
phorescence when sensitized by benzaldehyde and
benzophenone. The data from these measurements
are given in Table IV. These measurements were
made possible by the fact that the decay time of phos-
phorescence for the set of energy donors (benzalde-
hyde, benzophenone, etc.) is about 1000 times smaller
than that for the acceptors (see Table IIf). At 0.1—0.2
sec after cessation of the excitation, the decay curve
is already completely determined by the phosphores-
cence of the energy acceptor. As we see from Table
1V, the lifetime of naphthalene and diphenyl in the
triplet state is the same within the limits of experi-
mental error, independently of whether the acceptor
molecule gets into the metastable state through inter-
nal intercombination conversion from the fluorescent
state (process k; in Fig. 1), or by radiationless energy
transfer from a triplet molecule of the energy donor
(process ki in Fig. 3).

The set of facts presented above leads us to reject
the possibility of explaining the phenomenon of sensi-
tized phosphorescence by the formation of donor-ac-
ceptor complexes relaxing the rule forbidding transi-
tions between the ground and phosphorescent levels of
the acceptor molecule, or by other strong perturba-
tions of the acceptor molecule.

Farmer, Gardner, and McDowell®™ have confirmed
the existence of an energy-transfer effect involving
the triplet levels by means of electron para-magnetic
resonance (EPR) spectra. A mixture of benzophenone
and naphthalene (Cpaph = 5 X 107?) dissolved in E.P.A.
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Table IV. A comparison of the decay times of the sensitized
and the ordinary phosphorescence of naphthalene and
biphenyl in ethanol at 90°K. (From the data of

reference [41] J)
L T for sensitized phosphores-
;;o;ht::p}?::?er:. cence (sec), Aexcit = 3650 &
) Acceptors }\zz:ftz(gigz): A Donors
Benzaldehyde ‘ Benzophenone
!
Naphthalene . . . . . . 2.3 2.3 2.3
Biphenyl . . . . .. 4.4 4.1 4.6
[Translator’s note: a mixture of 5 parts ether, 5 parts 7
isopentane, and 2 parts ethanol.] exhibited the EPR 1 .
spectrum of naphthalene in the triplet state at 77°K, ¢
when excited by the 3650 A mercury line. In the ab-
sence of benzophenone, this spectrum disappears. Fas
Benzophenone alone gives upon illumination the spec-
trum of the ketyl radical, which disappears in the
presence of naphthalene. a5k
In their initial studies, Terenin and Ermolaey $7 Y
measured some quantitative characteristics of the eoo /
sensitized-phosphorescence phenomenon. Figure 5 et 2
. . . . s 1 ! 1
gives the relation of the intensity of sensitized phos- g = P 1ogCp

phorescence of naphthalene in the presence of benzo-
phenone to the concentration of the former*. The
phosphorescence of the naphthalene was distinguished
from the luminescence of the benzophenone by means
of a long-period phosphoroscope. As we see from
Fig. 5, the intensity of the sensitized phosphorescence
initially increases linearly with the acceptor concen-
tration, but then approaches a saturation point. Fig-
ure 6 gives the curve for the relation of the intensity

Isp
L5

a5+

—

[ 1
9 az as

24 Ca r

FIG. 5. The intensity of sensitized phosphorescence as a func-
tion of the acceptor concentration (naphthalene, Tphos = 2.3 sec).
The measurements were made photoelectrically using a long-period
phosphoroscope (1 rev/sec) to eliminate the quickly-decaying phos-
phorescence of the donor (benzophenone, C = 2 x 107 M, Tphos=4.7
>[< %0" sec), in alcohol-ether solution at 90°K, Aexcit = 3650 A (from

68
).

*In Fig. S and hereinafter, the given concentrations in the rigid
solutions take into account the contraction of the sample on cooling.

FIG. 6. The intensity of the sensitized phosphorescence of the
acceptor naphthalene (1), the phosphorescence of the donor benz-
aldehyde (2), and the amount of light absorbed by the donor (solid
curve) as functions of the logarithm of the donor concentration.
Solution in ethanol, 90°K, Ca = const = 107 M (from ["’]).

of the phosphorescence of the acceptor naphthalene
and that of the donor benzaldehyde to the concentration
of the latter. The concentration of the energy acceptor
was kept constant. The excitation in both cases was

in the absorption band of the energy donor

(A =~ 3650 A). The courses of the curves for the phos-
phorescence of benzaldehyde and the sensitized phos-
phorescence of naphthalene were identical, and are
described by the formula

I=1 .y (1—eC), (1)

where C is the concentration of benzaldehyde, and a
is a constant. Thus, the intensity of the sensitized
phosphorescence is proportional to the number of
quanta absorbed by the energy donor. None of these
data contradict the interpretation of the sensitized-
phosphorescence phenomenon as being a ‘‘physical’’
process of radiationless energy transfer involving ex-
citation of the triplet level.

In 1952, a study was published by Ferguson and
Tinson, B who tried to explain the changes in the
luminescence spectrum of a frozen solution of benzo-
phenone in petroleum ether at 90°K as the concentra-
tion of the substance was raised from 10 4t0 10”2 M
in terms of energy transfer between triplet levels.
They found that the phosphorescence spectrum of ben-
zophenone is appreciably shifted to longer wavelengths
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with increase in concentration, and at the same time,
it changes in shape. These authors explain this fact
by energy transfer to the triplet level of benzophe-
none. However, our measurementsﬁs] have shown
that the spectrum of a concentrated solution of ben-
zophenone in petroleum ether is very similar to that
of crystalline benzophenone at 90°K (Fig. 7). Thus,

20,
FIG. 7. The phosphorescence
spectra at 77°K of: (1) benzo-
5 phenone crystals; and (2) a con-
B centrated solution of benzophe-
none in pettoleum ether.
Cbenzophenone = 107 M (from [15])-
ol —t .
75000 p-47773 25000
cm™?
N- H-N

the phenomenon amounts to the precipitation of the
benzophenone from the solution in petroleum either
upon freezing at concentrations 1073—1072 M in the
form of a finely-crystalline suspension rather than
being explained by energy transfer involving excita-
tion of the triplet level, as Ferguson and Tinson sug-
gested. B The precipitation of the crystals can also
be noted from the appearance of turbidity in a solution
of the appropriate concentration upon freezing. In
alcohol-ether mixture, in which benzophenone is con-
siderably more soluble, such effects are not observed,
and the luminescence spectrum of benzophenone re-
mains unchanged up to C = 2 x 107! M,

El-Bayoumi and KashaB¥ have tried to detect en-~
ergy transfer between molecules of carbazole and
acridine joined by a hydrogen bond. They showed that
the fluorescence and phosphorescence of carbazole in
a glassy hydrocarbon solvent at 77°K (Ccarbazole
=104 are strongly quenched in the presence of an
equimolar amount of acridine. The quenching effect
was ascribed to the formation of a carbazole-acridine
complex. The effect of acridine on ethylcarbazole in a
hydrocarbon solvent or the effect of acridine on car-
bazole in alcoholic solutions at a concentration of
10°* M is negligibly small, confirming the require-
ment that a hydrogen-bonded complex must be formed.
We must note that the quenching of fluorescence in
hydrogen-bonded systems had been previously investi-
gated in detail in the studies of Mataga and Tsuno. [306]

a) Quenching and the shortening of the phosphores-
cence decay time of a donor in the presence of an ac-
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ceptor. The radiationless transfer of electronic exci-
tation energy in sensitized phosphorescence naturally
entails quenching of the luminescence of the energy
donor in the presence of the acceptor. At the same
time, by analogy with resonance quenching by foreign
absorbing substances (see Galanin 3]), we might ex-
pect a shortening of the decay time of phosphores-
cence (1) of the donor in the presence of the acceptor.
The initial studies of Terenin and Ermolaev 4%67
showed an appreciable decrease in the intensity of
phosphorescence of benzaldehyde in the presence of
naphthalene. In a series of later studies,[15’41’42’44’45’47]
these authors made quantitative measurements of the
course of the quenching as a function of the acceptor
concentration. They used monochromatic light ab-
sorbed only by the energy donor for excitation. They
used diffraction-grating monochromators in order to
isolate the required spectral regions in the exciting
and emitted light. 5] The quenching measurements
were performed with high-aperture spectrometric
apparatus using photoelectric recording.B5] The decay
times were determined with the oscillographic phos-
phoroscope of Tolstol and Feofilovi'0 (1 ~ 1072—-107¢
sec), and with an apparatus having an electromagnetic
oscillograph (7 ~ 10—10"2 sec). 57

It was shownl544:45:47 that the curve for quenching
of the phosphorescence of the energy donor as a func-
tion of the acceptor concentration is described well
by the formula

f’;, = eaC, (2)

where g, is the quantum yield of phosphorescence of
the donor in the absence of the acceptor, q is the same
in the presence of the acceptor at a concentration C
(molar), and o is a constant with the dimensions of
reciprocal molarity. Figure 8 shows the relation of
the quenching of the phosphorescence of carbazole and
phenanthrene to the concentration of the acceptor
naphthalene, as well as the quenching of the phos-
phorescence of benzophenone as a function of the con-
centration of the acceptor 1-bromonaphthalene. The
plot is semilogarithmic. As we see from Fig. 8, the
experimental points fit a straight line very well even
up to the highest concentrations. Here the phosphor-
escence of carbazole has been quenched by a factor of
40, and that of benzophenone by a factor of ten. Un-
fortunately, the limited solubility of naphthalene and
its derivatives in alcohol-ether mixtures at low tem-
peratures prevented a test on whether Eq. (2) holds
over an even broader range of concentrations.

The exponential concentration-dependence of the
quenching q,/q was first derived theoretically by F.
Perrin®? for the concentration quenching of the
fluorescence of dyes (see also Fﬁrsterﬁ‘f) . Perrin
suggested that, if an excited molecule has another
quenching molecule within its ‘‘sphere of quenching
action’’ v, the excited molecule is ‘‘instantaneously’’
deactivated without emitting. On the other hand, a
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FIG. 8. The natural logarithm of the amount of quenching of the
phosphorescence of the energy donor (Inq,/q) as a function of the
acceptor concentration Cp for various donor-acceptor combinations.
1~ Benzophenone + 1-bromonaphthalene; 2- carbazole + naphtha-
lene; 3 - phenanthrene + naphthalene in alcohol-ether solution at
90°K. The excitation was carried out in a spectral region in which
only the donor molecules absorb: A = 3650 A for benzophenone (1),
and A= 3340 A for carbazole and phenanthrene (2 and 3) (from [*7]).

molecule of the quenching agent located outside the
given volume v about the excited molecule exerts no
effect on the latter. Besides, one assumes that the
molecules do not change their positions appreciably
within the lifetime of the excited state. That is, one
considers only very viscous or rigid solutions. In
such a case, the only excited molecules which emit
are those whose ‘‘spheres of action’’ v contain no
molecules of a quenching agent. If the concentration
of the quenching agent is C (molar), this corresponds
to N'C = 6.02 x 102 C molecules per cm?. According

V. L. ERMOLAEV

to the laws of statistics, the probability that there is
no molecule of the quenching agent in the volume v
about the excited molecule is
p=Hm(1 —0)}N¥'C = g~vN'C;
N'Cox
Since p is proportional to the fluorescence yield (q),
we obtain Perrin’s formula

I
L= (3)
Naturally, Perrin’s formula (3) is valid only if the
energy donor and acceptor molecules do not form
aggregates (e. g., by a hydrogen bond) or molecular
complexes of other types. For the donors and accep-
tors cited in Table III, the formation of such aggre-
gates in the solvent used (alcohol-ether) is highly
improbable.

The fact that Perrin’s formula describes the de-
cline in the phosphorescence yield of the donor with
increasing acceptor concentration is evidence of a
rather well delimited ‘‘sphere of action’’ of quench-
ing in the phenomenon of sensitized phosphorescence.
This formula also permits us to determine from the
slope of the In(qy/q) line the ‘‘sphere of action’’ of
quenching for various combinations of energy donors
and acceptors:

0 In (g0/9)

=g @)

Table V gives the ‘‘spheres of action of quenching”’
calculated by this formula in®7 for various combina-
tions of energy donors and acceptors in rigid solutions
at low temperatures.

Table V. The spheres of action of quenching and the quantum yields
in the sensitized-phosphorescence phenomenon*. (From the

data of reference [477)
i
! n.1021, 9a
No, | Donor Acceptor R,OA L y=- -
p cm® P e e
1 | Benzaldehyde Naphthalene 6.8%x 1 12 0.13 **
2 » 1-Chloronaphthalene 7.0 12 0.22
3 » 1-Bromonaphthalene 7.2 12 (.27
4 | Benzophenone Naphthalene 8.6 13 0.07
5 » 1-Methylnaphthalene 9.5 13 0.07
I8 » 1-Chloronaphthalene 9.5 13 0.12
7 » 1-Bromonaphthalene 8.6 13 0.20
8 » 1-Iodonaphthalene 8.6 13 0.35
9 » Quinoline 7.2 12 0.14
| 10 | Acetophenone Naphthalene 6.0 1 0.10
.1 p-Chlorobenzaldehyde » 6.7 12 0.14
12 » 1-Bromonaphthalene 6.2 1 (.49
13 o-Chlorobenzaldehyde Naphthalene E) 4 11 0.11
14 m-lodobenzaldehyde » 9.8 11 0.1
15 » 1-Bromonaphthalene 5.7 1 0.30
;16 Xanthone Naphthalene 9.2 13 0.11
1T Anthraquinone »’ 5.9 11 0.10
~ | 18 » 1-Bromonaphthalene ;g i% (()) (2);
19 | Triphenylamine Naphthalene 9. E .
20 | Catbazole » 157 | 15 | 0.8
21 Phenanthrene » 10 13 0.30
29 » 1-Chloronaphthalene 1 14 0.73
23 » 1-Bromonaphthalene Y 14 0.99
*All measurements were made in alcohol-ether mixture at 90° or 77°K. For Nos. 1-16,
the 3650 & mercury line was used for excitation, and for Nos. 17-23, the 3340 A line.
**The accuracy of determination of the quantities v and qa/(qop —dp) is 10-15%.
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As we see from Table V, the dimensions of the
spheres of action of quenching for energy transfer
involving the triplet state are somewhat larger than
the moleeular volumes, as estimated from the dimen-
sions of the interacting molecules. Table V also gives
the values of the distance R between the centers of the
interacting molecules taking part in the radiationless
energy transfer. R was calculated under the assump-
tion that both molecules are spherical in shape.

We must note that, whereas the presence of an ac-
ceptor in high concentration strongly quenches the
phosphorescence of the donor, it does not affect the
intensity of its fluorescence (Fig. 9) in the cases
where the latter is observed (No. 19—23 in Table V).

FIG. 9. The relation
of the relative yields
q/q, of the fluorescence
(1) and the phosphores-
cence (2) of carbazole
to the naphthalene con-
centration (Ca) in alco-
hol-ether solution at
90°K, Aexcit = 3340 A,
Ccarbazole = 8 X 107 M.

Ca, M

As Vavilov3% has shown, the relation of the con-
centration quenching and the quenching by foreign ab-
sorbing substances of the fluorescence to the concen-
tration of the quenching agent cannot be described by
Perrin’s formula (3). In this case the interaction
force between the excited and unexcited molecules
responsible for energy transfer by the dipole-dipole
inductive-resonance mechanism decreases as the re-
ciprocal sixth power of the distance between them.
The expounential dependence of qg/q on the acceptor
concentration in sensitized phosphorescence indicates
the relation of the interaction between a triplet donor
molecule and an unexcited acceptor molecule to the
distance between them agrees better with the hypo-
thesis underlying Perrin’s formula (3) than is the case
with inductive-resonance interaction. Obviously, the
relation of gy/q to the concentration of quenching agent
in viscous media will be better described by Eq. (3)
when the interaction force between the donor and ac-
ceptor molecules declines more rapidly with distance.
Hence we can conclude that the interaction force res-
ponsible for the radiationless energy transfer in sen-
sitized phosphorescence decreases with increasing
intermolecular distance more rapidly than R™ 8.

A shortening of the decay time of phosphorescence
of a donor in the presence of high concentrations of
an acceptor was observed in1 (Fig. 10). We should
immediately make the qualification that the existence
of a shortening of 7 is not in strict accord with the
assumption of a well-delimited ‘‘sphere of action’’ of
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FIG. 10. The shortening of the decay time (7,- 7)/7 of the
phosphorescence of an energy donor in the presence of an acceptor
as a function of the acceptor concentration in alcohol-ether solu-
tion at 90°K. 1— Benzophenone (C = 2 x 107 M) + 1-methylnaph-
thalene; 2 — carbazole (C = 107 M) + naphthalene; 3 —benzaldehyde
(C = 2x 10 M) + naphthalene (from {*}]).

the quenching agent. On the other hand, the quantity
7/ 7, which quantitatively characterizes the shortening
of the decay time of the donor, increases much more
slowly with the acceptor concentration than the
quenching q,/q does. The rate of decline in the decay
time of the donor (74/7) is about ten times slower than
that of the quenching of its phosphorescence (qy/q). (8]
It was noted alsoU that the decay law of the phos-
phorescence of the donor in the presence of the ac-
ceptor becomes highly non-exponential. The non-ex-
ponentiality reveals itself here in the fact that one
cannot straighten the decay curve of the phosphores-
cence of the energy donor on the screen of the tube of
the oscillo%raphic phosphoroscope of Tolstol and
Feofilov.!

The reasons for the discrepancy between the
amount of quenching (qy/q) and the shortening of the
decay time (7y/7) of the energy donor in the case of
energy transfer in viscous or rigid solutions have
been discussed (Galanin, 7 Forster, ®:%] Sveshnikov
and Shirokov®) as applied to concentration quenching
and quenching by foreign absorbing substances of dye
fluorescence. The studies explained the fact that the
increase in the concentration of the quenching agent
had a lesser influence on 7 than on-the intensity.
Here they showed that it resulted from a decrease in
the probability of energy transfer in the viscous solu-
tions as a function of the time elapsed after the fluor-
escence began to decay. That is, they explained it by
a so-called ‘‘depletion’’ effect. That is, as the decay
proceeds, the excited molectles in the solution having
unexcited quenching molecules in their close vicinity
become exhausted. This latter fact arises from the
rapid decline in the probability of energy transfer
with increasing distance between the interacting mole-
cules. This effect must lead to deviations from ex-
ponential decay of the luminescence, which will be
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greatest with ‘‘instantaneous’’ excitation, i.e., brief
in comparison with 7. It will also lead to the observed
decline in the fluorescence yield qy/q, which is about
twice as rapid as the decrease in the fluorometric de-
cay time 1y/7 of the fluorescence of the donor.

As has been noted, in sensitized phosphorescence
we observe a relative decline in 7 of the after-emis-
sion of the donor which is about ten times as slow as
the quenching in the presence of the same acceptor
concentration, This latter fact, just like the exponen-
tial dependence of the quenching on the acceptor con-
centration, indicates a very rapid decline in the inter-
action force between the triplet and unexcited aromatic
molecules responsible for the radiationless energy
transfer between them. The swift decline in the inter-
action forces is manifested in the non-exponential de-
cay of the phosphorescence of the donor in the pres-
ence of the energy acceptor, in spite of the unfavor-
able conditions for observing it when using the os-
cillographic phosphoroscope.*

b) Quantum yields of sensitized phosphorescence.
The measurement of the coefficient of utilization of
the electronic excitation energy which is radiation-
lessly transferred in the sensitized-phosphorescence
phenomenon is also of great interest. This coefficient
of utilization can be characterized by the ratio of the
number of quanta radiated as sensitized phosphores-
cence of the acceptor to the number of quanta of phos-
phorescence of the donor which have been lost by
quenching.

Studies [19:4244:45] have measured the ratio of the
quantum intensity of the sensitized phosphorescence
of the acceptor (qg.p,A) T to the quantum intensity of
the donor (qp) T as a function of the concentrations of
the donor and acceptor. The excitation was in the
long -wavelength absorption band of the donor (the ac-
ceptor does not absorb the exciting light).

The value of qg , A/ap Was determined under these
conditions from the ratio of the areas of the phosphor-
escence spectra of both substances, converted to quan-
tum intensities. As we see from Fig. 4, the spectra
are characteristic enough that the emission of the ac-
ceptor (1-bromonaphthalene in Fig. 4) can be reliably
distinguished from the luminescence of the donor
(benzophenone in Fig. 4). It was shown!® that an in-
crease in the concentration of the donor (benzophe-
none) by two orders of magnitude from 2x 1073 to
2x 10~ ! M with a constant concentration of acceptor

*The most favorable case for observing deviations from expo-
nential decay of emission when energy transfer occurs is the case
of an ‘‘instantaneous’’ single excitation, i.e., brief in comparison
with the decay time being studied. However, in the oscillographic
phosphoroscope, the specimen is periodically excited by rather pro-
longed square pulses of the exciting light (see the description of
the oscillographic phosphoroscope in 1.

1The quantities qgpa and gp are proportional to the absolute
quantum yields of the corresponding emission processes, though in
this case we are interested only in their ratio.
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does not affect the ratio of yields qg p a/qp within
the experimental limits of error. On the other hand,
an increase in the concentration of the energy accep-
tor is accompanied by a rapid increase in the given
ratio qg p A/ap (Fig. 11).

If we know the values of qs.p.A/QD and q,p/qp for
a given acceptor concentration, we can determine the
ratio qg.p, A/(QgD - dp) of the quantum intensity of
the sensitized phosphorescence to the fraction of the
emission of the donor lost by quenching. Here, q,D
and gp are the quantum intensities of the phosphores-
cence of the donor in the absence and in the presence
of the energy acceptor, respectively. We have termed
the ratio y = qs.p_A/(qu - qp) the quantum yield of
sensitized phosphorescence. It can be calculated from
the directly-determined experimental data on
9s.p.A/dD and qgD/qp by the formula

_ _9sp.A __ IspA (‘IOD_1>—1 (5)
op~— 9D 5>} 9D

or can be determined graphically. An example is
given in Fig. 12, where vy is equal to the ratio of the
area under the sensitized-emission spectra (verti-
cally cross-hatched) to the difference between the

q,/4,

FIG. 11. The ratio of the
yield of the sensitized phos-
phorescence to that of the
donor phosphorescence
(benzophenone at C = 2x 107
M) as a function of the ac-
ceptor concentration Cja.

N = naphthalene, 1-CI-N

= l-chloronaphthalene, 1-Br-N
= l-bromonaphthalene, 1-I-N

= l-iodonaphthalene (from {es]y,

t | " 1 ] g
20000 25000 em™
FIG. 12. Graphical determination of the quantum yield of sensi-
tized phosphorescence y. 1—Phosphorescence spectrum of benzo-
phenone at C = 2 x 107 M (solid line); 2 — spectrum of benzophe-
none at C = 2 x 10 M in the presence of 1-bromonaphthalene at
C = 3.2 x 10™ M (dashed line); 3 — sensitized-phosphorescence
spectrum of 1-bromonaphthalene (dotted line). All the spectra have
been reduced to quantum intensities on a v scale., y = qgpa/
(4op — 9p) is equal to the ratio of the vertically-hatched to the
horizontally-hatched area in the diagram.
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Table VI. Quantum yields of sensitized phosphorescence
v = qs.p.A/(QOD - qp) for varying acceptor
concentrations in alcohol-ether at 77°K.

(Taken from reference

[49] )

l |

vzos_p,A/(qOD~—u )

™. Donor +acceptor i
\ Benzophenone* Phenan- Phenanthrene**l Carbazole**
Acceptor + lebromonaph- | threne*#* + + l-chloro- + naphthalene
concentration . thalene naphthalene; naphthalene
(M) at 77°K ~
] T [ -
6.3.-10~2 — ! — — i 0.085%**
9.5-10"2 0.21 0.32 — 0.083
1.42.10~1 0.16 0.31 — 0,080
2.13.10-1 I 0.21 0.32 0.73 0.070
3.2-1071 0.20 0.30 0.67 1 0.074
4.8-1071 0.19 0.26 0.67 1 0,075
I |

5 *Nexcit = 3650 A
**Nexcit = 3340 A

is 15~20%

***The error of measurement of the quantum yield of sensitized phosphorescence

Table VII. The variation in the quantum yield of sensitized
phosphorescence v = qg p A /(qD — ap) in the series
of 1-halonaphthalenes as energy acceptors. All data

are for alcohol-ether mixture at 77°K. (From the
data of reference 477 )

!

Donor
Benzo-
phenone
Acceptor ‘

J

Naphthalene . . . .|  0.07
1.Chloronaphthalene 0,12
1-Bromonaphthalene 0.20
1-Jodonaphthalene 0.35

Benz- m-lodobenz- Phen-
aldehyde aldehyde anthrene
0,13 0,11 0.30
0.22 — 0.73
0,27 0,30 1.00

areas of the unquenched and quenched spectra of the
donor (horizontally cross-hatched).

The values of the quenching (qyp/dp) and of
Qs.p.A/qD have been stated above to be independent of
the concentration of energy donor molecules in the
solution. Naturally, the quantum yield of sensitized
phosphorescence is independent of the concentration
of the energy donor. The question of the relation of v
to the concentration Cp of the energy acceptor in the
solution is more complex, since each of the quantities
ds.p.A/4p and qyp/qp entering into Eq. (5) by itself
depends strongly on Cp -

Table VI gives the values of the quantum yield of
sensitized phosphorescence at various acceptor con-
centrations in the range from 6x 1072 to 4.8x 107! M
for four combinations of energy donors and acceptors.

As we see from the data given in Table VI, the
value of v is independent of the concentration of the
energy acceptor within the limits of experimental
error for all the combinations studied.* Thus, the

*At the same time, the value of the absolute quantum yield of
sensitized phosphorescence ggp A will depend on both the donor
used and on the acceptor concentration.

value of the quantum yield of sensitized phosphores -
cence is a constant determined by the chosen combi-
nation of the energy donor and acceptor.* The average
values of y for a large set of different combinations
of donor and acceptor molecules BT are given in the
last column of Table V. As is indicated there, the
numerical values of the quantum yields of sensitized
phosphorescence for the cases studied vary from 0.07
to 1.0, depending both on the donor molecule and the
acceptor molecule. Interestingly, in combining any
given donor with various acceptors, the value of y
always increases in the order of acceptors: naph-
thalene, 1-chloronaphthalene, 1-bromonaphthalene,
and 1-iodonaphthalene (Table VII).

To find the factors determining the value of the
quantum yield of sensitized phosphorescence v,
Ermolaev and Terenin4®355% have made a compari-
son of the quantum yields of sensitized phosphores-
cence with the absolute quantum yields of the ordinary

*Perhaps the choice of solvent can affect the value of the quan-
tum yield of sensitized phosphorescence, but this problem has not
been studied. All of the quantitative measurements in [**7] were
made in alcohol-ether at 77° or 90°K,
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Table VIII. Absolute quantum yields of fluorescence and phos-
phorescence of a set of aromatic compounds in alcohol-ether
at T7°K; Aexcit = 3030, 3340, or 3650 A. (Taken from

reference L4s] 2
!
Compound phos ™ ‘ ftuor
9,10-di-n-propylanthracene . . . . . . . . . 0.00 1.00
Benzophenone . . . . . . . . . . . . . .. 0.74 0.00
Benzaldehyde . . . . . . . . . . . .. .. .49 0.00
Acetophenone . . . . . . . . . . ... .. 0.62 0.0
m-lodobenzaldehyde . . . . . . . . . . .. 0,64 0.00
Phenanthrene, . . . . . . . . . . . . ... 0.135 0.12
Naphthalene . , . . . . . . . . ... ... 0.03 0,29 *=
1«Chloronaphthalene . _ . . . . . . . . .. Q.16 0.03
1-Bromonaphthalene . . . . . . . . . . . . 0.14 0.60
1-lodonaphthalene . . . . . . . . . . . .. 0.20 0.00
1-Methylnaphthalene . . . . ., . . . . . . . 0.023 0.43
Quinoline . . . . . . . . . .. ... ... 0.10 0,053
*The error of measurement of the yields is $20%.
**The value of the yield is appreciably lower than that given in [*7],

fluorescence and phosphorescence of the donor and
acceptor molecules measured under the same con-
ditions. The numerical values of the yields agree
satisfactorily with one another if we assume that the
process of radiationless transfer of electronic exci-
tation energy between the triplet levels is not accom-
panied by quenching, {Translator’s note: i.e., takes
place without degradation of energy], and that all the
quenching in the molecules used as energy donors and
acceptors takes place only in the triplet state. Under
these assumptions, the quantum yield of sensitized
phosphorescence Ys.p. is related to the absolute quan-
tum yields of fluorescence qflyor and phosphorescence
Qphos ©f the donor D and the acceptor A by the follow-
ing equation:

Is.p A

. _9phos A 1 =410 D (6)
o0~ 9p

1— Yfluor A IphosD

Ys.p. A=

Equation (8) has been derived under the assumption
that the process of radiationless deactivation of a
molecule from the triplet state to the ground state
(process k; in Fig. 1) is a rate process, and competes
with the emission of phosphorescence (k).

At the same time, in a rigid solution in the pres-
ence of acceptor molecules, there is a statistical
probability of finding an acceptor molecule in the
“‘sphere of action” about a triplet donor molecule, as
determined by Perrin’s formula (3). In such a case,
instead of undergoing process k; or ks, the donor
molecule can be deactivated by giving its energy to
the acceptor.

Table VIII gives the data of Ermolaev® on the ab-
solute quantum yields of fluorescence and phosphores-
cence of a number of aromatic substances in alcohol-
ether at 77°K. The yields were determined by com-
parison with the quantum yield of fluorescence of

9,10-di-n-propylanthracene, taken to be 1.00 .*

Table IX compares the quantum yields of sensitized
phosphorescence determined directly by experiment
(last column of Table IX) with the values calculated by

. Eq. (6) from the data on the absolute quantum yields

(next-to-last column). Comparison of the last two col-
umns in the table shows fully satisfactory agreement.
The discrepancies of 20—30% occurring in most cases
can be ascribed to experimental error, especially in
the measurement of the absolute quantum yields of
fluorescence and phosphorescence at low tempera-
tures. The greatest discrepancy (as much as 80%) is
found when using 1-chloronaphthalene as the acceptor.
The discrepancies are small for the other acceptors.
These facts permit us to consider the assumptions
made above to be confirmed, namely: 1) that the act
of radiationless transfer of electronic excitation en-
ergy is not accompanied by quenching, and 2) that the
processes of radiationless conversion of an elec-
tronically-excited molecule to the ground state studied
in reference® in simple aromatic compounds involve
the triplet state, and are independent of the manner in
which the molecule got into the triplet state.

Thus, the study of quantum yields of sensitized
phosphorescence 49) indicates that the deactivation of
electronic excitation energy in simple aromatic mole-
cules takes place via the triplet state.¥

This conclusion is highly essential, since the most

*According to the data of Vember,[“] the quantum yield of fluo-
rescence of 9,10-dipropylanthracene in deoxygenated alcohol at
293°K is 0.96.

tRobinson[***] has also come to an analogous conclusion that
the radiationless deactivation of electronically-excited-naphthalene
molecules occurs via the triplet state from comparing the decay
times of phosphorescence of ordinary and completely-deuterated
naphthalene.
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Table IX. A comparison of the directly-measured quantum yields
of sensitized phosphorescence with those calculated from the
absolute quantum yields of the ordinary fluorescence and
phosphorescence of the donor and acceptor molecules

(all data for alcohol-ether

at 77°K). (From the data

of reference (4

|

Gphos.D dphos. A Aphos, A{1~9f1uor. D) = __9s.p.Al

Donor T=%ttuor.D Acceptor _Qfluor.Al (1=~Gf1yor.A) phos.D qpp~aD|
Benzophenone 0.74 |Naphthalene 0.042 0.057 0.07
» 0.74 |1-Methylnaphthalene| 0,04 0.054 0.07
» 0.74 |[1-Chloronaphthalene | 0.163 0.22 0,12
» 0.74 |1-Bromonaphthalene | (.14 0.19 0.20
» 0.74 |1-Iodonaphthalene 06.20 0.27 0.35
» 0.74 |Quinoline 0,105 0.14 0,14
Benzaldehyde 0.49 |Naphthalene 0,042 0.036 0.13
» 0.49 1-Chloronaphthalene | (0,165 0.34 0.22
» 0.49 1-Bromonaphthalene 0.14 0.29 0.27
Acetophenone 0.62 |Naphthalene 0.042 0.068 0.10
m-lodobenz- 0.64 |Naphthalene 0.042 0.063 0.11

aldehyde
» 0.64 1-Bromonaphthalene | 0.14 0.22 0,30
Phenanthrene 0.15 |Naphthalene 0.042 0.28 0.30
» 0.15 | 1-Chloronaphthalene| 0.165 1.1 0.73
» 0.15 |1-Bromonaphthalene | 0,14 0.94 0.99
|

contradictory opinions have been expressed in the
literature up to the present on the question of the
pathways of deactivation of excited aromatic mole-
cules. Sveshnikov!6¥ has suggested that direct ra-
diationless deactivation to the ground state occurs
either from the fluorescent (! I'*) or the phosphores-
cent (® I') state. Kasha[m thinks that radiationless
transitions in aromatic compounds in rigid solutions
generally do not occur. Gilmore, Gibson, and
McClure®? suggest that quenching occurs mainly in
the triplet state. Zelinskii, Kolobkov, et al.5% con-
cluded from measurements of luminescence yields
and 7 of phosphorescence performed mainly with
phthalimide derivatives that quenching does not occur
in the metastable triplet level of aromatic compounds.
These authors propose that quenching takes place in a
hypothetical intermediate state into which the mole-
cule enters before undergoing transition to the triplet
state.

Subsequently 51 the conclusion that all quenching
occurs via the triplet state was tested by comparing

the quantum yields of ordinary and sensitized phos-
phorescence of naphthalene and biphenyl with those of
their deuterated analogs. As was shown in® 1€ dey-
teration of naphthalene leads fo a several-fold increase
in the 7 of its phosphorescence (from 2.3 to 18 sec in
E.P.A, at T7°K). It was suggested[“e] that the increase
in 7 is due to a decrease in the rate constant for de-
gradation of the excitation energy of the triplet state
into heat in the deuterated compounds. If this is true,
then in the deuterated compounds the ratio
dphos/dfluor and the quantum yield of sensitized phos-
phorescence y should increase at the same time that

T increases. The test experiments performed int1
showed an approximately parallel increase in
dphos/Afluor and in v in going from naphthalene and
biphenyl to octadeuteronaphthalene and decadeutero-
biphenyl (Table X). This confirms the explanation
given above for the values of the quantum yields of
sensitized phosphorescence, and also provides another
proof for the assumed existence of a rate process of
radiationless degradation of the energy of the triplet

Table X. A comparison of the luminescent properties of ordinary

and deuterated hydrocarbons in

alcohol-ether at 77°K. (From

the data of reference °!- )
Naphthalenes Biphenyls
CioHs { CipDs CioHio ' C12Dp
[ |
Tphoss S€C ’ 2.15 (2.1) 9.5 (17) %) 3.140.1 11.340.4
Qfuor (relative) 1.00 0.9740.07 1.00 0.84+4-0,18
Qguor (absolute) 0.29 0.284-0.02 0.21 0.18+40.04
9phos/ Gftuor 0.08340.005 0.2140.03 0.7940.06 1.9+40.2
Y sup.** | 0.07 0.2140.05 0.164-0.05 0.34-4-0.08
*The value in parentheses is from the data of [o8 316],
**Energy donor: benzophenone.
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Table XI. Rate constants for radiative and radiationless intercom-
bination transitions in aromatic molecules in alcohol-ether

at 77°K*,
hy (sec-l) ks (sec=* T, ion=1/k
Compound 3P 1T ap (,ﬁ, IF) emi(sss;c:; /ky

m-lodobenzaldehyde - . . . . . . . . 1.0-1(3 5.5-102 1.0-10-3
Benzaldehyde . . . . . . . . . . .. 3.4.902 3.5.102 2.9.10-3
Acetophenone . . . . . . . . . . .. 2.8.102 1.7-102 3.6-10°3
Benzophenone . . . . . . . . . . .. 1.6-102 5.0-10 6.2-10-3
Ethylphenylketone. . . . . . . . . . . ~1.5-102 ~1.2.402 ~0.7-10"3
1-Jodonaphthalene. . . . . . . . . . . 1.0-102 4,0-102 1.0-10-2
1-Bromonaphthalene . . . . . . . . . . 7.0 4.3-10 1.4-10-1

| 4-Phenyl-4 -methoxybenzophenone . . . 2.3 1.3 4.3:10-1
4-Phenylbenzophenone, , ., . . . . . . 1.6 1.7 6.2.10-1
4~(p-Methoxyphenyl)*benzophenone | 1.0 1.0 1.0
Triphenylamine . = . | 8.6-10"1 5.7-10"1 1.2
1-Nitronaphthalene . = = = . | | 8.6-10-1 2.0-10 1.2
1-Chloronaphthalene . - . . . . . . . 3.7-10°1 1.7 1.7
1-Naphthaldehyde - . . . . . . . . . . 3.8-10"1 1.2-10 2.6
Quinoline - « « « » + + . . o« . . . . 7.7-10°2 6.6-10°1 1.3-10

| Carbazole -« « « « « « o o v . ... 6.9-10-2 6.3-10°2 1.5-10

| 2-Naphthylmethylketone - . . . . . . . 5,1.1072 9.8-10-1 2.0-10

1T Phenanthrene . . « « « « « « « . . . . 4.6-1072 2.6-1071 2.2:10
Biphenyl . . - - - . . . . . .. .. 3.7-10"¢ 2.9-10°1 ¢+ 2.7-10
Decadeuterobiphenyl . . . . . . . . 3.7-1072 5.1-1072 2,710
1-Fluoronaphthalene . . . . . . . . . 3.6-10"2 6.3-1003 | 2.8-10

' 1-Methylnaphthalene . . . . . . . . . 2.0.10-2 4.5-1071 5.0-10

| 1.Naphthol . . . . . . . . . . . . .. 1.6-10-2 5.1-1071 6.3.10

| Naphthalene . . . . . . . . . . . .. 1.6-10-2 4.2-14071 6.3.10

i Octadeuteronaphthalene . . . . . . . . 1.6-10-2 9.0-10-2 6.3-10

: *The experimental data on Tphoss Yfluors dphoss and ¥s,p, A are taken from

. [15.4!.45.49.51]

state into heat. The lack of a strict quantitative agree-~
ment between all the values given in Table X is ap-
parently due to an insufficiently high percent deutera-'
tion of the substances (the naphthalene was 80% deu-
terated, and the biphenyl 85%) as well as to the low
degree of accuracy of measurements of the yields,
especially for biphenyl.

On the basis of the conclusion that the radiationless
degradation of electronic excitation energy in aroma-
tic molecules in rigid solutions at low temperatures
occurs only via the triplet state, calculations were
made in®U of the constants for radiative and radia-
tionless transitions from the triplet state to the
ground state for 25 aromatic molecules. These data
are given in Table XI. The last column gives the data
on the natural lifetime of the triplet state of the stu-
died molecules. We shall not discuss the data in the
table, since that would be outside the limits of this
review. We shall only note that, in contradiction to
the opinion expressed in (t16] that naphthalene does not
show radiationless degradation from the triplet state,
our data (see Table XI) indicate that the rate constant
of the radiationless transition 3T — !T° for C,, Dy is
six times as great as that of the corresponding radia-
tive transition.

The described facts indicate that one can use
measurements of quantum yields of sensitized phos-
phorescence to estimate the amount of quenching in
the triplet state of one of the compounds taking part
in the transfer of energy from donor to acceptor when
this magnitude is unknown for the other component.

c¢) The mechanism of the intermolecular interac-
tion responsible for radiationless energy transfer in-
volving excitation of the triplet state. The material
presented in the previous sections indicates that the
sensitized phosphorescence of aromatic compounds is
due to radiationless transfer of electronic excitation
energy from a triplet donor molecule to an unexcited
acceptor molecule, directly exciting the latter to the
triplet level. The question arises of the nature of the
interaction responsible for the energy transfer here.

A large number of studies by Vavilov, 32 Galanin,
Bel pyrster, 1092741 ot g1 119,20, had shown pre-
viously that inductive-resonance interactions between
the excited and unexcited molecules are responsible
for the radiationless energy transfer manifested in
concentration depolarization, concentration quenching
of fluorescence, quenching of fluorescence by foreign
absorbing substances, and sensitized fluorescence.

Interactions of this type have been discussed the-
oretically b[y F. Perrin, 113 Forster, 1994 Galanin
and Frank, #® Galanin, 3} and Dexter.[“] Dexter’s
formulaB® determining the rate constant (probability)
of radiationless energy transfer is given below [Eq.
(7)]. The interaction is of inductive-resonance dipole-
dipole type with an excited donor molecule and an un-
excited acceptor molecule situated at a distance RpA
apart.

e

S Fp(v) ex (v) dv,
1]

BkD**DkAN——)A

kD*—»A* =
(] 2
nzﬂ‘DAvav

(n

where B is a constant, and Fp(1) and € A(v) are the
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emission spectrum of the donor and the absorption
spectrum of the acceptor normalized to unit area.
As we see from Eq. (7), the rate of transfer is di-
rectly proportional to the oscillator strengths of the
energy donor and acceptor, to the overlap of the
emission spectrum of the donor with the absorption
spectrum of the acceptor normalized to unit area,
and also to Rp .

If we now take the ratio of the transfer rate to the
rate of radiative transition in the donor molecule,
kp*— A*/kp* — p, We obtain a formula giving the
quenching of the luminescence of the donor in the
presence of the acceptor (qp — ap)/ap.- I the dis-
tance between the excited donor molecule and the un-
excited acceptor molecule remains constant (or, going
over to mean values, if the concentration of the ac-
ceptor in the solution remains the same*), the amount

of quenching (qyp — ap)/ap of the luminescence of the
donor will be directly proportional to the overlap of
the normalized spectra and to the oscillator strength
of the electronic transition in the energy acceptor be-
ing excited in the energy transfer. An analogous de~-
pendence on the oscillator strength of the transitions
in the acceptor and donor is also found in the case of
interaction of an electric quadrupole with a dipole, of
a magnetic dipole with a dipole, and other cases of
electromagnetic interactions. The difference consists
in the variation of the strength of the interaction as a
different power of the distance between the energy
donor and acceptor.

These conclusions have been experimentally tested
by Galanin and L. V. Levshin,®% who showed that the
value of the shortening of the lifetime ( 7op — ™)/ TD
in quenching of the fluorescence by foreign absorbing
substances is approximately proportional to the mean
absorption coefficient of the quenching agent, as aver-
aged over the fluorescence spectrum. It is almost
independent of the 7 for fluorescence of the donor, in
spite of the variation in T by several orders of mag-
nitude.

In addition to interactions of the inductive-reson-
ance type, exchange-resonance interactions can also
lead to radiationless energy transfer. This t[yge of
interaction has been investigated by Dexter. %) In the
case of exchange-resonance interactions between a
triplet and an unexcited molecule, the probability of
radiationless energy transfer will no longer be di-
rectly proportional to the oscillator strength of the
triplet-singlet transition in the donor molecule.

In order to find the mechanism of the interaction
responsible for energy transfer between triplet and
unexcited molecules, Ermolaev and Tereninﬁs’“’m
have studied the relation of the amount of quenching
of the luminescence of the energy donor to the oscil-
lator strength of the triplet-singlet transition in the

*It is assumed here that there is no transfer between excited
and unexcited molecules of the donor. :
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acceptor. In addition to depending on the oscillator
strength of the electronic transition excited in the
acceptor, the amount of quenching, as defined by the
expression (goyp — ap)/dp, depends also on the over-
lap between the emission spectrum of the donor with
the absorption spectrum of the acceptor; in the pres-
ent case, the latter corresponds to the direct transi-
tion from the ground state of the molecule to the
triplet state. It is very difficult to measure directly
the absorption spectrum corresponding to the

Sp- 11"A transition, owing to its very low intensity.
However, we may assume that it shows approximate
mirror symmetry with the emission spectrum of the
phosphorescence.

Thus, in order to determine the effect of the os-
cillator strength of the triplet-singlet transition in the
energy acceptor on the amount of quenching, we must
use as acceptors substances having widely differing
constants k, for radiative transition from the triplet
state to the ground state, but having phosphorescence
spectra which are identical in position and structure.
These conditions are satisfied well by naphthalene and
its halo~derivatives: 1-chloronaphthalene, 1-bromo-
naphthalene, and 1-iodonaphthalene. As we see from
Fig. 13, the phosphorescence spectra of these accep-
tors are very similar to one another in position and
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FIG. 13.The phosphores-
cence spectra of naphthalene 2
and 1-fluoro-, 1-chloro-, g ——
1-bromo, and l-iodonaphthal- (ﬁ
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Table XII. The quenching of the phosphorescence of some
donors (Cp = 2 x 1072 M, Aexcit = 3650 A) in the
presence of various energy acceptors at a
concentration 3.2 x 107! M. Solvent:
Alcohol-ether at 77°K. (Taken from

reference (45] D
[ \ Donor 9p—9p
& ap
Accepto 4A
pror (sec™?)
30a ir, Benzophenone Benzaldehyde
|
Naphthalene. . . . . . 1.6-10-2 4340.9* | 2.740.6
1-Methylnaphthalene . . 2.0.10-2 5.241.2 —
1-Chloronaphthalene . ., 5.7-10-1 5.241.2 2.840.7
1-Bromonaphthalene . . 7.0 4.3+0.9 3.040.8 i
1-Iodonaphthalene . . j 1.0-102 4.340.9 — 1
|
*The considerable error was due to difficulties in quantitative measurement
of the luminescence intensities at liguid-nitrogen temperature.
structure, but they differ greatly in their rate con- i ;,@
stants k5 (Table XI). Hence, if we take an energy FIG. 14. A compari- ¢
1

donor having its triplet level situated 3000—4000 cm™
higher than for the cited naphthalene derivatives, e.g.,
benzaldehyde or benzophenone, * we can assume that
the overlap of the emission spectrum of the donor
molecule with all of the cited naphthalene derivatives
is approximately constant. This permits us to isolate
the effect of the changes in the probability of the ra-
diative T4 == !T'A transition of the acceptor on the
energy transfer occurring in sensitized phosphores-
cence.

Measurements of the quenching of the
phosphorescence of benzophenone and benzaldehyde
by naphthalene and its 1-halo-derivatives have shown
that the amount of quenching of the emission of the
donor in the presence of various acceptors at the
same molar concentration is the same within the ex-
perimental limits of error for naphthalene, 1-chloro-
naphthalene, 1-bromonaphthalene, and 1-iodonaph-
thalene. This is so, in spite of the several thousand-
fold increase in the oscillator strength of the
5T — T transition in 1-iodonaphthalene, as com-
pared with naphthalene. The quenching data are given
in Table XII.

The amount of quenching of the luminescence of the
donor by two acceptors (1-chloronaphthalene and
1-bromonaphthalene) having oscillator strengths of
the *T — IT transition differing by a factor of twelve
is shown in Fig. 14 to be the same at all acceptor
concentrations.

All this indicates that the probability of radiation-
less energy transfer in sensitized phosphorescence

[15,44,45)

*If we use an energy donor whose triplet level is only a little

higher than that of naphthalene (e.g., phenanthrene or anthraquinone),

then small changes in the height of the triplet levels of the 1-halo-
derivatives of naphthalene will affect appreciably the value of the
overlap integral, which can then be no longer taken to be even
approximately constant,

son of the quenching of s2}
the phosphorescence of
phenanthrene by 1-chlo-
ronaphthalene (+) and 20¢
by l-bromonaphthalene
(), in alcohol-ether at
90°K, Acxcit = 3340 &, 70
Cphenanthrene =4 x 107
M.

0 ] 1 L 1 1

a’r az a3 a4 as5CaM
is independent of the oscillator strength of the
3+ 1T electronic transition of the acceptor. Thus,
sensitized phosphorescence cannot be explained by an
inductive-resonance interaction of any type (electric
dipole-dipole, electric quadrupole-dipole, magnetic
dipole~-dipole interaction, etc.).

The estimate of the ‘“‘critical distance’’ for energy
transfer made by Ermolaev f15,45] by Forster’s formula
for the interaction of two electric dipoles also gave a
value R =1.1 A for the pair benzophenone + naph-
thalene.* This is smaller by more than an order of
magnitude than the experimental value R = 13 A for
the same pair of substances.

On the basis of these facts, Ermolaev and Terenin
15,44, 45) interpreted the phenomenon of energy transfer
in sensitized phosphorescence in terms of exchange-
resonance interactions between a triplet donor mole-
cule and an unexcited acceptor molecule. Intermole-
cular interactions of the exchange-resonance type re-
sulting in radiationless transfer of electronic excita-
tion energy in condensed systems have been studied
theoretically by Dexter. 6" The exchange-resonance
effects are of quantum nature, and cannot be under-
stood from the standpoint of classical physics, in

*We must note that Férster’s formula is no longer applicable at
such distances.
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distinction from the inductive-resonance interactions.
Bel The exchange-resonance interactions are mani-
fested when the peripheral parts of the electron shells
of the donor and acceptor molecules overlap. The
matrix element of the exchange interaction between
an excited donor molecule D* and an unexcited ac-
ceptor molecule A has the form 88

()= ? @D (1) 94 (r2) Hya (1) op (r2)x5 (02) X3(02) %a (69)

X ypl02) dt, (8

where the prime indicates the excited state, and the
asterisk indicates the complex conjugate of a quantity.
The spin portions y(g) have been factored out of the
wave functions of the molecular states: ¥(r, o)
= @(r) x(o) . Since H does not operate on x(o), the
stated integral does not vanish only when the spin
portion does not vanish. Thus we derive the selection
rule: the exchange integral does not vanish only when
XD = XA and XA = Xp- while y’' is not necessarily
equal to x. That is, the spin functions of the two
molecules can undergo the same type of change. The
latter rule is analogous to Wigner’s rule; 020) Terenin
and Ermolaev %87 pointed out that this rule was
satisfied in sensitized phosphorescence in the initial
papers on this phenomenon.

According to Dexter, B8 the probability of energy
transfer by the exchange-resonance mechanism can
be written in the form

kpsoas(exch.) = 2% zzg Fp () ea () dv, (9)
0

where FD(U) is the quantum emission spectrum of the
donor, and €a(v) is the absorption spectrum of the
acceptor, with both spectra normalized to unit area.
This integral is analogous to the overlap integral in
the formula for the probability of energy transfer by
the inductive-resonance mechanism [see Eq. (7).
According to Galanin, B3] the meaning of the overlap
integral can be treated as being a manifestation of the
Franck-Condon principle in the radiationless energy
transfer between the molecules.* In distinction from
the case of inductive-resonance interaction, where all
the terms entering into the expression for the proba-
bility of radiationless transfer can be determined
from optical experiments, we cannot determine Z%in
Eq. (9) directly from optical data. According to
Dexter’s estimate, B8] 72 yaries approximately as
Ye :R/L, where Y is a dimensionless quantity much

*The overlap of the *T" « 'I" absorption spectrum of the acceptor
with the °T" » 'I” emission spectrum of the donor is an additional
condition which must be satisfied in order to permit triplet-triplet
energy transfer between the molecules (in addition to the conditions
mentioned on p. 341). However, in practice it would seem to be
always satisfied whenever condition (1) is satisfied, i.e., the trip-
let level of the donor must be higher than that of the acceptor. This
is because the spectra of the transitions ’["y « 'T'a, ’1":4- Ta,
STRF « Ty, etc., in aromatic molecules are diffuse in structure,
and overlap one another.
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smaller than unity, R is the distance between the
donor and acceptor molecules, and L is the mean
effective Bohr radius of the excited donor molecule
and the unexcited acceptor. The exponential factor
arises from the fact that the electron density in a
molecule falls exponentially with distance beyond a
certain point. Thus, in exchange-resonance interac-
tions the probability of energy transfer declines ex-
ponentially with increase in the intermolecular dis-
tance, i.e., much more rapidly than in the case of in-
teraction of two electric dipoles [Eq. (7)]. Thus we
can treat the situation as if the triplet donor molecule
in exchange-resonance interactions had a quite well
delimited sphere of action, and when an acceptor
molecule enters it, ‘‘instantaneous’’ energy transfer
from the former to the latter molecule would take
place. These ideas agree well with the exponential
increase observed in the sensitized-phosphorescence
case in the amount of quenching of the donor emis~
sion as the acceptor concentration is increased. They
are also in accord with the large deviations in the
amount of quenching and the shortening of the decay
time of the donor in the presence of identical acceptor
concentrations (see above, Sec. 2a).

We must make the immediate qualification that an
overlap of the electron shells of the energy donor and
acceptor sufficient to permit the process of energy
transfer by the exchange-resonance mechanism has
no appreciable effect on the positions of the energy
levels of the acceptor molecule or on the probabilities
of transitions between them.* As was shown at the
beginning of this section (see Fig. 4), the phosphores-
cence spectrum of the energy acceptor remains un-
changed, regardless of whether it is excited in its own
absorption band or by radiationless energy transfer
from a donor which has absorbed the exciting radia-
tion.* The decay time of the after-emission of the
acceptor also remains constant in both cases dis-
cussed (see Table IV).

Exchange-resonance interactions must take place
not only in the energy transfer from a triplet mole-
cule to an unexcited molecule, but also in that from a
singlet excited molecule surrounded by unexcited
singlet molecules of an acceptor having a lower fluor-
escent level. Radiationless energy transfer by the
exchange-resonance mechanism is also allowed in
this case by the spin selection rules. However, in
this case the transitions are allowed even before the
excited donor molecule approaches the acceptor mole-
cule, as is necessary for their electron shells to
overlap. Thus, forces from the inductive-resonance
interaction of the electromagnetic fields appear and
give rise to radiationless transfer of the electronic
excitation energy. The inductive-resonance interac-

*We shall not consider the very insignificant spectral shifts
brought about by the change in the refractive index and the dielec-
tric constant of the medium upon addition to the solvent of mole-
cules of the energy acceptor.
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tion forces decline much more slowly with increasing
intermolecular distance than the exchange-resonance
forces. Hence, energy transfer takes place at dis-
tances of the order of 40—60 & , or appreciably far-
ther than the distances necessary for energy transfer
by the exchange-resonance mechanism (R ~ 10—15 A).
The exchange-resonance interactions emerge when the
corresponding electronic transition in the acceptor is
forbidden (by the intercombination selection rule or
other rules). Exchange-resonance interactions can be
manifested also in the close interactions of molecules
at high acceptor concentrations, such as occur, e.g.,
in liquid scintillators with aggregation of molecules,
or in crystals.

At the same time, as Forster 2 first noted, the
rule forbidding radiative transition in the donor mole-
cule will not interfere with the occurrence of radia-
tionless energy transfer by the inductive-resonance
mechanism if the metastable donor molecule is close
enough to an acceptor molecule having an absorption
spectrum overlapping the phosphorescence spectrum
of the donor, and the transition responsible for this
spectrum is allowed. This conclusion is implicit in
Eq. (7), from which we see that the ratio of the proba-
bility of radiationless energy transfer by the induc-~
tive-resonance mechanism to that for the emission of
luminescence by the energy donor is independent of
the oscillator strength of the transition of the donor.
Thus, if we add to a solution of a phosphorescent sub-
stance a dye absorbing in the region of emission of
the phosphorescence, then at high enough dye concen-
trations (about the same concentrations as in the
quenching of fluorescence by foreign absorbing sub-
stances) we should expect the appearance of quenching
and shortening of the T of the phosphorescence due to
energy transfer from the triplet donor molecule to the
quenching agent, exciting the latter to the fluorescent
level. The phenomenon will be accompanied by the
trivial reabsorption of the light of the donor phos-
phorescence by the acceptor. These consequences
have been tested experimentally by Ermolaev and
Sveshnikova. 5%52J

Radiationless energy transfer from a triplet to a
singlet level in rigid solutions at 90°K has been ob-
served by the shortening of the decay time of phos-
phorescence of a donor (triphenylamine) in the pres-
ence of acceptor molecules (chrysoidine, etc.) which
absorb the light of the phosphorescence of the donor.
This indicates that an additional possibility for deac-
tivation of a triplet donor molecule appears in the
presence of an acceptor. The energy-transfer dia~
gram for this case is given in Fig. 15. In a paper
presented at the 11th Conference on Luminescence,
Ermolaev and Sveshnikoval’? studied triplet-
singlet energy transfer in a large number of various
combinations of substances. They described also the
appearance of a sensitized after-emission in the
dianion of fluorescein, coinciding with its fluores-
cence spectrum, in the presence of 2-naphthylmethyl-
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FIG. 15. The system of molecular levels for radiationless en-
ergy transfer from a triplet to a singlet level. The straight arrows
denote radiative transitions, the wavy artows denote intramoiecu-
lar radiationless degradation, and the dashed arrows are transi-
tions involving radiationless energy transfer from the donor mole-
cule to the acceptor. The symbols for the levels and rate con-
stants are analogous to those of Fig. 1.

ketone. The quantum yield of the sensitized after-
emission qg 4 /(qyp — 9p) (that is, the ratio of the
number of quanta emitted by the acceptor to the num-
ber of quanta of phosphorescence of the donor lost by
quenching) was equal to twenty here. Thus, the effect
cannot be explained by reabsorption and secondary
fluorescence. The relation of the quenching and the
shortening of Tphog to the acceptor concentration, as
well as the transfer distances, unequivocally indicate
the inductive-resonance nature of the interactions pro-
ducing this type of energy transfer. It was also shown
that this type of energy transfer occurs efficiently
among biologically-important compounds (tryptophan,
chlorophyll, pheophytin).

A number of papers 53% have suggested using en-
ergy accumulated in organic molecules in the triplet
state to obtain a stimulated-emission effect. Finally,
very recently two short notes were published, b1a
describing the experimental observation of this ef-
fect. Since the problem of using organic compounds
to obtain a laser effect has already been treated in a
review by Shpol’skii, B in this review I shall take up
this problem very briefly. The stimulated-emission
effect was obtained by the authors of 110 4p glassy
solutions of aromatic aldehydes and ketones at 77°K
(benzaldehyde, acetophenone, benzophenone). The
effect was also obtained in naphthalene in which the
triplet state was filled up by triplet-level radiation-
less energy transfer from benzophenone. However, in
these communications, 0107 one is puzzled by the fact
that they were able to get a stimulated-emission effect
in naphthalene, a molecule having a very low proba-
bility of radiationless transition from the triplet state
to the ground state (7 for emission of phosphorescence
= 63 sec; see Table XD).

3. ENERGY TRANSFER INVOLVING TRIPLET LEV-
ELS IN CRYSTALLINE MEDIA

The first to point out the possibility of existence of
a ‘““triplet exciton’’ in organic crystals was Terenin®®
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in 2 comment at a Discussion of the Faraday Society
in 1958. By using these ideas, one can interpret a
number of qualitative observations described in the
literature. 118120 Sidman 3@ found in 1956 that the
phosphorescence spectrum of naphthalene crystals

at 20°K manifest very intensely the spectrum of an
unknown impurity (v¢,, = 18,000 cm ~!), and the phos-
phorescence spectrum of naphthalene itself (v,

= 21,000 cm 1) very weakly. If one adds a little
2-chloro- or 2-bromonaphthalene to the naphthalene,
then the spectrum of the crystal shows their phos-
phorescence spectra. The phenomenon can be inter-
preted in terms of energy transfer with excitation of
the triplet state. Kanda, Sponer, and Blackwel] %100
have found marked differences between the phosphor-
escence spectra of solid toluene and xylene at 4° and
77°K, probably due to energy transfer at 77°K to tra-
ces of benzaldehyde. However, we must note that the
radiationless transfer of electronic excitation energy
in these cases could also involve the singlet excited
levels. Zmerli 2! applied the phenomenon of sensi-
tized phosphorescence to obtain the phosphorescence
spectrum for transition from the lowest triplet level
in naphthalene crystals at 20°K by adding small
amounts of benzophenone to the crystal. The ordinary
phosphorescence spectrum of naphthalene appeared at
20°K in the naphthalene crystal to which benzophenone
had been added, providing evidence that the energy
transfer in naphthalene crystals at 20°K involves the
singlet levels, since otherwise the energy of the triplet
molecules of naphthalene, in migrating, would undergo
quenching by the impurities. However, the phosphor-
escence spectrum may possibly be emitted by naph-
thalene molecules occurring in crystal lattice defects
near a benzophenone molecule incorporated in the
crystal. In such a case, the appearance of the sensi-
tized-phosphorescence spectrum of naphthalene would
not indicate the absence of energy transfer involving
triplet levels among the unexcited naphthalene mole-
cules.

Some experimental facts from recent studies have
proved anew the existence of energy migration involv-
ing triplet levels in crystals. A recent study 57 gealt
with energy transfer from a benzophenone crystal
containing incorporated naphthalene molecules. The
efficiency of this transfer increases as the mole frac-
tion of naphthalene varies from 107 to 10 . A calcu-
lation of the sphere of action for energy transfer leads
to the conclusion that one naphthalene molecule can be
excited by 10 donor molecules. Interestingly, the
sensitized-phosphorescence spectrum of naphthalene
under these conditions has a quasilinear structure as
defined by Shpol’skii. 21!

Some rather convincing proofs of efficient energy
migration involving the triplet levels of molecules in
crystals have been given in [89]; here crystals of octa-
deuteronaphthalene were studied in the pure state and
containing 0.5% naphthalene. The 1T* and *T levels
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of CyoHg lie about 100 cm™! lower than the corres-
ponding levels of Cy,Dg. In addition, analogous crys-
tals (CyyDg—0.5% Cy¢Hg) containing unidentified chem~
ical impurities were studied.

The following facts were found: 1) At 4.2°K, one
finds a linear-structured phosphorescence from
CyoHy, but not from Cy¢Dy; here vy, = 21208.7 cm™.
2) The phosphorescence disappears when the tem-
perature rises to 77°K. 3) When the C,,H; concen-
tration is decreased or the temperature is increased,
points occur at which one observes simultaneously
the fluorescence of CyHy and CyyD;, but the phosphor-
escence of only C;yHy . In the crystal contaminated
with a chemical impurity, the phosphorescence comes
only from the impurity, either at 4.2°K or at 77°K.

The observed facts led these authors B to the
following conclusions:

1. Since the crystal Cy;Dy—0.5% CypHg (+ chemical
impurity) shows the fluorescence of Cy,Hg, but not
that of the impurity, then the impurity concentration
is not high enough for the energy transfer to the latter
to compete with the intercombination conversion to the
triplet state in Cy Hy.

2. The most reasonable mechanism for filling the
singlet and triplet states of the chemical impurity is
energy transfer between the CyyHg molecules by
‘‘long-range tunneling’’. The energy transfer is
markedly accelerated when kT approaches the depth
of the isotopic trap level (100 cm™).

3. The tunneling at 4.2°K of the triplet excitation
between the C,;H; centers and the chemical-impurity
centers takes place within a time which is short in
comparison With 7phog = 2.6 sec. This results in the
disappearance of the Cy;H; phosphorescence in the
‘““impure’’ crystal, even at 4.2°K, and in the appear-
ance of the phosphorescence of the impurity. The fact
that the fluorescence of Cy(Hg persists under these
conditions indicates that we cannot explain this fact
by migration involving the singlet levels. The theo-
retical problem of energy migration among impurity
molecules has been studied by Agranovichmj within
the framework of the virtual-exciton concept.

Migration involving triplet levels can explain the
lack of phosphorescence in many ‘‘pure’’ organic
crystals.

It seems to us that we can understand the great
efficiency of radiationless energy transfer involving
triplet levels if we take into account the following fact.
Namely, in triplet-triplet migration the radiative tran-
sition in the donor molecule, which is forbidden by the
multiplicity rule, competes with the allowed energy-
transfer process:

Iy — Ty 4 h”phos (forbidden),

Ly 11— 1T, + %7, (allowed),

while in energy transfer involving the singlet levels,
both processes (emission and energy transfer) are
allowed:
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Tt — 1T+ hvgyop  (allowed),

T+ — 1T+ T35 (allowed).

To be sure, the interaction declines more abruptly
with increasing distance in the first type of interac-
tion than in the second (see above). However, in a
crystal this may not be essential.

This viewpoint is corroborated by the experiments
of Hochstrasser,[z"’:l who showed that the Tphos of
triphenylene at 77°K in the crystal is non-exponential,
and is about 15 times shorter than that in rigid solu-
tions (15 sec). At the same time, the ratio
qphos/Qﬂuor of the phosphorescence to the fluores-
cence yields of the crystal depends strongly on the
degree of purification of the crystal, and possibly on
the presence of defects (0.05 =< qphog/dfluor = 0.8).
This author also showed that energy transfer from
the intensely phosphorescing crystals of benzophe-
none to naphthalene, triphenylene, chrysene, phenan-
threne, anthracene, and pyrene occurs in the same
way via the triplet levels. For the latter two mole-
cules, the energy transfer could occur via the singlet
levels, since their fluorescent ! T'* levels are situated
below the ! T'* level of benzophenone (see Table III).
However, even in this case one does not observe the
fluorescence of the impurity; this indicates that en-
ergy transfer occurs only via the triplet levels. We
must note that intercombination conversion competes
with the singlet-singlet energy transfer from benzo-
phenone, and the probability of the former in benzo-
phenone is about a thousand times as great as that of
the emission of fluorescence by the benzophenone
molecule. %

Sternlicht and McConnell 119 have recently made a
theoretical study of the problem of the triplet exciton

as applied to electron paramagnetic resonance spectra.
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