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effect. The rapid decrease of electron plasma tempera-
ture and population of excited atoms during arc-current
interruption offer an explanation for the short ex-
tinguishing time of cold-cathode arcs. The similarities
between the D type of arc and the mercury pool arc
suggest that excited atoms play a predominant role in
the emission mechanism of low-boiling-point metal arcs.
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Cross Quenching of Fluoresence in Organic Solutions*
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Concentration quenching is usually considered to occur only between excited and unexcited molecules of
the same kind. It is here investigated whether such quenching may also occur between molecules of different
structure. Equations are given for testing its occurrence. By using gamma-ray induced fluorescence of solu-
tions containing a combination of two solutes, it is found that concentration quenching occurs between

molecules of different structure if their energy levels are close to each other.

I. INTRODUCTION

HE fluorescence output under light or high-energy
excitation of a single solute solution measured as

a function of solute concentration first increases and
eventually decreases with increasing concentration at
large enough concentrations; this decrease is brought
about by concentration (or self) quenching!—® The
answer to the question of which elementary process is
primarily responsible for this quenching is not yet
definitely known although many mechanisms have
been proposed. All of these mechanisms have the com-
mon assumption that in an encounter between an ex-
cited and an unexcited molecule of the same kind a
resonance interaction becomes effective which may be
attractive or repulsive. This interaction either de-
creases the emission probability of the molecule (if the
lowest state of the two molecules together is less radia-
tive) or it may increase the quenching probability (by
bringing the respective molecules closer to each other).
Which of these processes is the more important has
not yet been ascertained, but in any case it is generally
assumed that such a quenching process occurs only
between molecules of the same kind. There is the ques-
tion of whether only identical molecules give rise to the
concentration quenching interaction. Does this inter-
action occur, for example, with molecules which differ
from each other only in the position of various groups
within a molecule? It is noteworthy in this respect that
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compounds having related structures and only slight
differences in absorption and emission spectra may have
large differences in self-quenching, e.g., anthracene and
9,10-diphenylanthracene. The concentration quenching
of the latter is about 30 times less than the former.
Compounds like anthracene and 2-methylanthracene,
on the other hand, exhibit a similar amount of con-
centration quenching.

It might be expected that concentration quenching
and lifetimes of the molecules in solution are correlated,
if one conjectures for instance that this quenching is
brought about by a resonance interaction proportional
to the emission probability per unit time. This proba-
bility is proportional to the area under the extinction
coefficient curve (as a function of wavelength) in the
wavelength region corresponding to the lowest excited
electronic energy state; this is proportional to the
transition dipole moment responsible for the resonance
interaction. Another possibility, just the reverse of the
previous, is that concentration quenching is inversely
related to the lifetime of the molecule since longer lived
molecules have a greater chance for quenching en-
counters. Neither surmise agrees with experimental
evidence obtained from a large number of substances
investigated in this laboratory. Consider again, for
example, anthracene and 9,10-diphenylanthracene.
Anthracene in solution possesses one of the shortest
lifetimes but also very large concentration quenching
and 9,10-diphenylanthracene has a long lifetime and
small concentration quenching. Thus the reasons for
large differences in concentration quenching have not
yet been determined. There is, however, one result
which is consistently found in experiments: it is the
decrease of concentration quenching when the mole-
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cules are less mobile; as an example, solutions in poly-
styrene (plastic) show little or no quenching. This
paper deals mainly with the question of the degree of
“sameness” which is necessary for concentration
quenching.

2. EXPERIMENTAL METHOD

The problem is attacked by measuring the fluores-
cence of solutions containing two solutes of related
fluorescent properties and comparing the fluorescence
with that of solutions containing each solute by itself.
If light excitation is used and the solutes are directly
excited, there is often difficulty because of a consider-
able difference in absorption strength of the substances
at a given wavelength. In such a case equal numbers of
excited molecules of both types can be obtained only
by having different concentrations of each molecule in
the solution ; but then the actual concentration quench-
ing of the substances is quite different because of the
concentration differences, even when each substance
alone displays a similar degree of concentration quench-
ing. On the other hand, when high-energy radiation is
used to excite the solutions, it is found that energy
transfer from solvent to solute depends essentially on
the relative masses of the dissolved solutes when a
solvent suitable for energy transfer like xylene or
p-dioxane is used, and thus a uniform distribution of
excitation between the two types of molecules is easily
obtained. Light excitation may be used instead if
wavelengths predominantly exciting the solvent mole-
cules are employed. These light excitation experiments,
however, are more limited than those under high-energy
excitation because absorption by the solute in many
cases becomes noticeable at rather moderate concentra-
tions. Consequently this study has so far been carried
out with high-energy excitation. Light could also be
used advantageously to excite one of the solutes when
a difference in absorption edges of the solutes exists.
In this case the exciting wavelengths should be in the
region where only one of the solutes absorbs. The effect
of the nonabsorbing solute on the fluorescence of the
absorbing solute can then be studied, but again this can
work only in a rather limited number of cases. However,
experiments of this type are contemplated.

3. THEORETICAL CONSIDERATIONS

In many solutions containing a single solute under
excitation by high energy, the fluorescence intensity,
I, as a function of solute concentration ¢ has been
shown?? to be well represented by an expression of the
form:

Pc

J=———
(Q+0) (R+c)

The parameter Q is inversely related to energy transfer
from solvent to solute, and P and R depend inversely
on concentration quenching of the solute. When two

¢y
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solutes are present, the behavior depends greatly on
the absorption and emission spectra of the solutes. If
emission from one of the solutes lies within the absorp-
tion region of the other, the light output from the solu-
tion is in the region of the latter solute at concentrations
usually employed. The effects of internal quenching® in
the finally emitting solute very often overwhelm those
due to concentration quenching. In order to study cross
quenching between different solutes when the energy
is transferred from the solvent, it is thus necessary to
use solutes which do not match in these spectra to any
sizable extent. This is perhaps most conveniently
assured by investigating substances both of which emit
in approximately the same spectral region.

In solutions containing two such solutes the high-
energy induced fluorescence light output 7 as a function
of total (both solutes) solute concentration, ¢=ci+cs,
is calculated basically as in references 2 and 3, and
results in formula (2) for the particular case where the
solutes do not mutually interact in the manner of
concentration quenching.

CQ l_ Py P
I= 5 ] (2)
Q+LQLR/N+c] QLR (1—f)+c]

Here f is the fraction of the total solute comprising
solute 1, and the other parameters relate to the be-
havior when each solute is present alone in the same
solvent, and Q=[f/Q:i+ (1—f)/Q.]". Experiments
have shown that energy transfer is the same for most
fluorescent solutes so that the parameters Q; and Q, are
usually nearly equal. If no interaction occurs, the over-
all effect is a reduced quenching. Thus, for two non-
interacting substances of identical fluorescence, the
maximum emission occurs at a greater total concentra-
tion than that found using either solute alone, and the
fluorescence decreases more slowly at high concentra-
tions than does that of the single solute.

When the two solutes are ‘“‘similar,” by which it is
meant that they interact from the concentration quench-
ing point of view, then the following more complicated
expression results:

I= ©
Q+9)
Pyf
X R, N
L+ (Bie/Bu) (1 _f)][f-f- BB (=) + G]Q1

Py(1—f)

+
©)

R,
1—f4(Ba1/Bs2 [ |L:l 2
ARl Py o

All parameters have the same meaning as in (2); 8;; is
a measure of the cross quenching produced on an ex-



648 M.

e e — —— . —o
. "
ol e ‘<7,//0-d/,2>/7eny/anthracene
7
gof 4
/
7of

half and half
combination

N
v

i 46-diphenylhexatriene

- aroitrary units
54

Intensit
Sty
(=3

LY
[~

~
Y

i 1 1 1 1

7z 3 4 5 6 7 ¢
Total Solute Concentration - g/

Fi16. 1. Gamma-ray-induced fluorescence in xylene solutions
of 9,10-diphenylanthracene, of 1,6-diphenylhexatriene and of half
and half (mass) of the two.

cited molecule of type 7 because of interaction with an
unexcited molecule of type j. In the limit when the two
substances are ‘“‘identical,”” the cross quenching is that
of either substance. The parameters 811 and (2. are a
measure for concentration quenching between two
molecules of type 1 and type 2, respectively. They are
defined in the following way: Buc: is the probability
per unit time of concentration quenching. Normally
they occur in the R factor [R=1/7811] where 7 is the
mean life of the excited solute molecule when there is
no concentration quenching. 811 and B2 can be deter-
mined from these lifetimes and the R values. The cross
quenching parameters 812 and B2; however can only be
obtained from experiments similar to those described
here. From (3) it follows that the over-all quenching is
greater when cross quenching is present than that in
(2). A check of whether cross quenching occurs can be
carried out by comparing (2) with experimental results.
If (2) provides a good representation of the measure-
ments, this quenching does not occur.

4. EXPERIMENTAL RESULTS

Results of experiments are given in Fig. 1 to Fig. 4
and in Tables I to IV. The first two figures and tables
show the behavior of substances which might not be
expected to interact from a concentration quenching
point of view. Both of these figures and especially
Fig. 2 show that there is little cross quenching in these

instances since the curve of the combined solutes dis- .

plays much less decrease in light output at high con-
centration than expected with cross quenching, and
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F1c. 2. Gamma-ray-induced fluorescence in xylene solutions
of 1,6-diphenylhexatriene, of fluorescent chartreuse and of half
and half (mass) of the two.

there is a shift in position of maximum intensity to
higher concentration. In Fig. 2 there is even a crossing
over at large concentrations by the curve of the com-
bination of solutes above that of the higher intensity
substance (1,6-diphenylhexatriene), and the maximum
of the combination curve occurs at higher concentra-
tions than those of the curves of the two substances

TaBLE I. Gamma-ray-induced fluorescence of xylene solu-
tions of half and half (mass) of 1,6-diphenylhexatriene and
9,10-diphenylanthracene.

Concentration Intensity
g/1 Observed Calculated
0.01 9.7 2
0.05 14.5 8
0.15 25 21
0.35 41 39
0.65 54 56
1 64 67
1.5 71 75
2.5 76 80
3.6 76 81
8 62 75
. . 305¢
1,6-diphenylhexatriene I R EESE)
. 8400¢
9,10-diphenylanthracene = 03850 (0%
o 0.8¢ 305 |, 8400 ]
Combination I=%8+9 [0.8(4+c) 0.8(14010)
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F16. 3. Gamma-ray-induced fluorescence in xylene solutions
of anthracene, of 9-methylanthracene and of half and half (mass)
of the two.

alone despite the high concentration quenching of the
individual solutes.

It can be seen from Table I that the results experi-
mentally obtained when 1,6-diphenylhexatriene and
9,10-diphenylanthracene are in combination are not
badly represented by Eq. (2) using parameters ob-
tained when the solutes are used singly in the same

TaBrLE II. Gamma-ray-induced fluorescence of xylene solutions
of half and half (mass) of 1,6-diphenylhexatriene and fluorescent
chartreuse.

Intensity

Concentration Calculated
g/1 Observed Calculated X0.792
0.01 9 2 1.6
0.05 11.5 9 7
0.15 21 24 19
0.35 31 43 34
0.6 40 55 44
1 . 48 64 50.5
1.5 52 67 53
2.2 52 65 51
3 48 63 50
4 44 55 44
5.5 37 47 37
8 27 305 38 30
. . 05¢
1,6-diphenylhexatriene I =(08%0 259
Fluorescent chartreuse 7 =—~—l§£——~
(0.9+c¢)(0.9+¢)

Combination 7=_085% [ 305 . 165 ]

T(085+0) | 0.8+¢) 0.9(1.8F0)

» The values calculated from the combination formula are multiplied by
a constant in order to take account of losses most likely due to absorption
of the chartreuse of the diphenylhexatriene radiation.
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F16. 4. Gamma-ray-induced fluorescence in xylene solutions
of anthracene, of 2-methylanthracene and of half and half (mass)
of the two.

solvent. The observed decrease in light emission as a
function of concentration is more rapid than predicted
by Eq. (2) at high concentrations, indicating that small
cross quenching does occur. This will be discussed
further below. The poor agreement of observed and
calculated results at low concentrations is due to emis-
sion from the solvent (which is considered negligible in
the theory) and the smallness of the solute emission.
In comparing the calculation with the experimental
results, it must be borne in mind that the calculated
curves are based on the parameters from the single
compounds.

The interpretation of Fig. 2 is somewhat different.
The combination of 1,6-diphenylhexatriene and fluores-
cent chartreuse is particularly interesting since these
substances singly in solution exhibit nearly the largest
concentration quenching found among all substances.*
Equation (2) is a fairly good representation for the
shape of the experimental curve indicating that cross
quenching between the two substances is quite small
although each substance alone shows strong concentra-
tion quenching. However its absolute values are too
high ; multiplication of the calculated intensities by the
factor 0.79 gives rather good agreement. Equation (2)
contains no adjustable parameter. Now fluorescent
chartreuse has an absorption spectrum somewhat more
extended to the visible than that of diphenylhexatriene.
Thus a portion of the fluorescence emitted by diphenyl-
hexatriene is absorbed by the other substance and is

¢ Furst, Kallmann, and Brown, J. Chem. Phys. 26, 1321 (1957).
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TaBLE III. Gamma-ray-induced fluorescence of xylene solutions
of half and half (mass) of 9-methylanthracene and anthracene.

Intensity
Concentration Calculated
g/1 Observed Calculated X0.74
0.01 9 0.9 0.7
0.05 10 4.1 3
0.15 12 10.8 8
0.35 17 19.7 14.5
0.7 21 274 20.2
1.2 23 31.3 23
2 22 31.3 23
4 18 26.3 19.3
127¢
Anthracene I= 08%0 219
102¢
9-methlyanthracene 7= (EEmICRE)
o . _ ¢(0.85) [ 127 . 102 ]
Combination I=(0.85+5|08@ 210 T09C 250

then re-emitted. There is a certain loss in light output
since the efficiency of fluorescent chartreuse is not
unity especially at large concentrations. The necessity
of multiplying by a constant does not affect the con-
clusion that cross concentration quenching does not
occur since other processes such as absorption or energy
transfer would tend to make the decrease in light output
at large concentrations greater than that found.

In order to clarify the situation, the influence of ab-
sorption has been more thoroughly studied. It may be
emphasized that in these experiments only a (small)
portion of the emission spectrum of one substance
overlaps the absorption spectrum of the other. Since
absorption and re-emission are associated with a loss, a
lower light output results. This effect might be thought
to explain the larger theoretical values compared to
experiment in the case discussed in Table I. This hy-
pothesis was tested by repeating that experiment with
a solution depth one tenth as great as before. Except

TasrLE IV. Gamma-ray-induced fluorescence of xylene solutions
of half and half (mass) of anthracene and 2-methylanthracene.

Intensity
Concentration Calculated
g/1 Observed Calculated X0.78
0.05 8.3 3 23
0.1 10 5.5 4.3
0.3 15 13.2 10.3
0.6 18 19.8 15.5
1.2 20 26.2 20.5
2 20 26.4 20.6
2.7 19 25.5 20
4 17 24.2 19
5.3 15 22 17.2
8 12 18.5 14.5
148¢
2-methylanthracene I 08550 G4T9
127¢
Anthracene I 08F02ito

o _ 6(0.825) 48 | 12
Combination I=085+0 [0.85(6.8+c) ‘ 0.8(4.2+c)]
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for the decrease in absolute values no appreciable
change in shape was found. When the experiments of
the type depicted in Fig. 2 were carried out at smaller
depths there was also no change in shape compared to
large depths, but the multiplication factor was larger
(0.85) and therefore closer to unity as expected if ab-
sorption occurs. It may appear peculiar that the effect
of absorption shows up as a constant multiplicative
factor rather than a decrease in emission at high con-
centration. The explanation is that at medium con-
centrations the part of the light which can be absorbed
is already practically completely absorbed, and in-
crease in concentration does not change the percentage
absorbed appreciably. There is a rather sharp drop in
absorption coefficient with increasing wavelengths. It is
also possible that energy can go over via “collision,”
but this is not connected with a noticeable loss since the
efficiency of each substance is about the same.

In the solution containing diphenylhexatriene and
diphenylanthracene there is an interaction between the
two solute molecules. This interaction could be ex-
plained by the assumption that energy transfer by
“collision” occurs from diphenylanthracene to diphenyl-
hexatriene. Since diphenylhexatriene has a smaller
light-emitting efficiency, this would make the experi-
mental curve lie below the calculated as is found.
Measurements of the absorption characteristics of
these substances, however, show that this cannot occur
since the energy level of diphenylhexatriene is greater
than that of diphenylanthracene. The interaction is
also not one due to absorption effects (shown by experi-
ments at different depths). It is therefore inferred that
there is a concentration quenching interaction between
diphenylanthracene and diphenylhexatriene although
it is small. Its occurrence may be associated with the
closeness in energy levels of these two materials so that
interaction due to temperature effects is possible.

The behavior when substances more closely related
structurally as well as in fluorescent properties are in
solution is shown in Figs. 3 and 4 and in Tables IIT and
IV. An examination of the curves reveals a decided
difference in behavior of the solutions in these cases.
Here again, as in Fig. 2, the solutes used singly have
rather similar characteristics. The intensity maximum
of the solutions containing anthracene and 9-methyl-
anthracene occurs at a higher concentration than that
of either solute used singly. This is a feature which
occurs when concentration quenching interation be-
tween different molecules is small. Also the behavior at
high concentrations, where the double solute fluores-
cence is greater than either alone, indicates that there
is little if any interaction between the molecules.
Absorption by the 9-methylanthracene of anthracene
radiation may account for the fact that the maximum
of the combination curve is somewhat low similarly
as for the substances shown in Fig. 2, but this does not
alter the shape of the curve. Upon multiplying with a
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constant, the calculated values from Eq. (2) agree
rather well with experiment as is seen in Table III.
The 2-methylanthracene anthracene solution, however,
does not exhibit a shift of its maximum to a concentra-
tion greater than that of the single solute solutions.
This indicates that considerable cross quenching inter-
action between the different types of molecules occurs;
this interaction is, however, not so strong as that be-
tween identical molecules. This is borne out by the fact
that the combination curve eventually appears to cross
the curves of both single solutes. Table IV shows that
the shape of this curve is not well represented by Eq.
(2). The decrease in emission at high concentrations is
too great; also energy transfer does not influence these
curves appreciably. This is an instance of genuine cross
quenching between two similar but not identical
substances.

In addition a number of other combinations of
anthracene derivatives, and other combinations have
been measured. Generally it was found that the over-all
quenching is reduced when there are two solutes. Con-
siderable cross quenching has been found to occur only
when the compounds are closely related structurally.

5. CONCLUSIONS

The experiments show that concentration (cross)
quenching occurs between nonidentical molecules espe-
cially when their absorption and emission spectra and
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their fluorescent properties are fairly similar. Thus
anthracene and 2-methylanthracene exhibit mutual
concentration quenching to a rather high degree
whereas such cross quenching is already much less
between anthracene and 9-methylanthracene. This is
not unexpected since the 9 and 10 positions are the most
reactive ones in anthracene. It is thus understandable
that a substitution in the 9 position produces a more
significant change in behavior than a similar one in the
2 position. The shape of the molecule may also be of
importance for the interaction. Substances with similar
absorption and emission spectra but different struc-
tures show only small cross quenching. From a theo-
retical viewpoint, it is understandable that closely
related but not identical substances exhibit cross
quenching. Self-quenching is not a process which occurs
with large collision cross sections. On the contrary,
from the concentration at which self-quenching occurs,
one computes a quite normal (geometrical) or even
smaller cross section. Thus, to bring about a cross
quenching, a very exact resonance is not required.
Probably it is sufficient that the difference between the
energy levels concerned is of the order of thermal
energies, and this can occur with similar but not
identical molecules.

Studies of this type present the possibility of investi-
gating dimer-like configurations of nonidentical mole-
cules, one of which is excited.



