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KATHEDER’s theory of quenching and the possibility of application of STEPANOV’s relation has
been investigated for aqueous solutions quenched by foreign substances. The relative yields calculated
with the quenching constant are in good accordance with experimental results. The local temperature
of molecules in excited states is higher than the temperature of the solution and depends on the con-
centration of the quencher. The results suggested that the quenching mechanism is dynamlc for
quenchmg by KI, whereas it is' of mixed character for other quenchers.

Introduction’

As a characteristic parameter of luminescent solutions containing foreign
quenchers, the so-called ,,quenched solutions”, the relative yield #, is widely used,
which is the quotient of the absolute yields # and #, of the quenched and unquenched
solutions respectively [1]. The dependence of #, on concentration is characteristic
of the quenching mechanism and can be relatively easily determined experimentally.
The applicability of theories of quenchlng taking into account the mechanism of
quenching can be verified by systematical experiments. Good accordance between
the measurements and the values calculated with the formulas giving the depen-
dence of luminescence characteristics on concentration of quencher will prove the;
applicability of the quenching mechanism supposed.

' a) According to FORSTER [2]} the quenching processes caused by foreign subs-»
tances can be divided in two groups; static and dynamic quenching. In discussing,
the static quenching, FORSTER makes use of KATHEDER’s investigations [3]), who
gave a formula for the dependence of 5, on the concentration of ‘quencher based
" on reaction kinetical considerations. Starting from the supposition that molecules.
of the luminescent substance A colliding with those of the quenching substance:
B give loosely connected double molecules 4B, which are not capable of lumines-
cence, and taking into. account the chemical reactions, he finds for the relative
intensity the formula

I
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where K = C(A)-C(B)/C(AB) and C(A), C(B) and C(AB) are the equilibriﬁm :
concentrations -of the luminescent substance, the quencher and the double mole-
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cules AB, respectively, and C(B;) the measured concentration of .the quencher
added to the solution. The ,,quenching constant” K has a clear physical meaning:
it must be equal to the half value concentration of the quencher. This means that
Eq. (1) can be considered to be in good accordance with the measurements if the
same values of K are found to belong to different concentrations C(B,) of the quen-
cher in a given quenched system. X ATHEDER calculated the constant X for the quench-
ing of an aequeous solution of 2-10~3 mole/l eosin quenched with KI and phenol
respectively, using Eq. (1) and KorTUM’s experimental results [4]. He found an
acceptable accordance between the experiments and the calculated theoretical
curves using K = 2,610~ mole/l for the quenching with KI, and X = 6-1072 mole/l
for the quenching with phenol. A closer inspection of the results shows that diver-
gences of nearly 100 per cent can be found in the region of hlgher concentrations
of the quencher..

KATHEDER interpreted the. internal mechanism of quenchmg as an electron
transition process on the basis of the theory of WEiss and FiscHGOLD [5]. His inves-
tigations were restricted to the determination of the quenching curve and he did
not deal with the dependence of further luminescence characteristics on the quench-
ing substancés or on the degree of quenching.

Therefore, as well as with respect to the significant divergences between ‘the
theoretical and expenmental results, it seemed justified to study the applicability
of this quenching theory, using more recent experimental data for other.quenched
solutions, as well.

b) In addition to the relative yleld the changes in the absorptlon and lumin-
escence spectra ‘and the life-time of excited state with the concentration of quencher
have been . investigated. We studied further, whether STEPANOV’s relation [6, 7]

Q) L .

o = 4D e | @
describing the connection between the absorption spectrum k(%) and the lumines-
cence spectrum f, (1) holds for the quenched solutions examined: d(T') in the formula
is a constant independent from the wavelength A, £ Planck’s, k Boltzmann’s constant,
and c the velocity of light. For the experimental checking of the formula we procee-
ded in the usual way, by transforming Eq. (2) into logarithmical form [8].

. Plotting this relation as a function of 1/A =7, straight lines should be obtained.
From the slope of these straights the connection between the temperature 7* and
the temperature T of the solution can be determined and used to characterize the
quenching process (see e. g. '[9]).

Solutions and experimental methods

For the purpose outlined above the solutions were prepared in concentrations conform to
those used by KorTiM [4] and KATHEDER [3]. As a luminescent substance eosin was used, in aqueous
solutions of low concentration, to assure the absence of concentration quenchmg KI, phenol and
pyrocatechine were used in suitable concentrations (Table I).

. Distilled water repeatedly purified by vacuum distillation was.used as solvent. Eosin was puri-
fied with repeated precipitation unto spectroscopical purity (constance of the absorption spectrum).
Purification of KI was performed with similar care. Phenol was purified by vacuum distillation in
nitrogen stream, pyrocatechine by sublimation.
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The absorption spectra k(1) were
determined with a_grating single-beam
autocollimating spectrophotometer Op-
tica (Milano) Type CF-4 [10]. Lumine-
scence spectra f,(A) and relative yields
1, were determined with the same spec-
trophotometer with suitable fittings.
Experimental data were evaluated with
methods elaborated earlier [11, 12]. The
effect of reabsorption on the measure-
-ment of luminescence spectra was taken
.into account with the method described
in [2]. The effect of secondary lumines-
cence in quenched solutions being less,
it was possible to neglect this correction

by a suitable choice of the experimen-

tal conditions [13, 14]. Our measure-
" ments were performed at room tem-
perature, 25 +2 °C.

Table I

Luminescent Concentration of quencher (mole/l)

substance KI | phenol |pyrocatechine
0 0o -0
3.10-% | 3,16-10-3 3-10-¢
2-10-5mole/l | 1.10-2 | 1,05-10-% | 1-10-
eosin+ -

1-10~2mole/l | 3.10-% | 3,16-10-% 3-10-®

NaOH + . - - ) .

H0 . 1-107* | 1,05-1071 1.10°t

3-1071 3,16-10-1. -3.107

6,32-10-1 | 6107

6-10-1

Experimental results and discussion

Our results show that in solutions quenched with KI an increase in the con-
centration of the quencher did not cause any essential change in the shape of the
luminescence spectrum and in the waveleéngth corresponding to the maximum.
The intensity of the luminescence spectra, however, decreased with the increase of

- quenching. These findings agree with earlier results of one of the authors [15]. In
“the case of quenching with phenol and pyrocatechine a shift of both absorption
and luminescence spectra towards longer waves was found with increasing con-
centration of quencher. In Fig. 1 spectra of an unquenched (@ and a moderately .
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quenched solution (2 and those of the highest concentration of quencher 3 are
shown for the quenching with phenol. The shift of the maxima .between curves
@® and 3 amounts to 5 nm for phenol and to 7 nm for pyrocatechine. The absorp-
tion coefficients k(1),.x, corresponding to the maxima of the absorpt1on spectra,
showed no systematical changes, varying near a mean value, practically indepen-
dently of the concentration of quencher. An increase in concentration of the quen-
cher did not cause significant changes in the shape of the absorption spectra but
showed a strong influence on the luminescence yield of the system. In Fig. 2 the
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funct1ons fq(/l)/ foePmax- 1Mo for solutions quenched with phenol are plotted besides
‘the absorpt10n spectrum of the unquenched solution. It can be seen that along with
the increase of the phenol concentration by two orders of magnitude, the relative
values of the maxima of the luminescence spectra decreased from 1.0 to 0.08. _

On the basis of our measurements of the relative yield #5/#,, the quenchers
examined are to be arranged in the following order with respect to increasing quench-
ing effect KI, phenol, pyrocatechme This is in good agreement with earlier results-
4, 16).

The quenchmg constant K calculated with Eq. (1) on the base of our results
is given in Table IIL

It can be seen from Table II that there is a.very good agreement between
the results. obtained with different quencher concentrations for quenching with
phenol. The results show also a good agreement in the case of quenching with
phenol except the both last data. The divergence in the values obtained for most
strongly quenched solutions can be explamed with the fact that intensity of lumines-
cence was very strongly decreased in consequence of the strong quenching (see
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Table 1T
- C(By) KI [Pyrocatechine "é(Bo) i:enol '
(mole/l) K-10-2(mole/l) (mole/T) m
31070 | o428 | 201 3,16-102 5,02
11072 233 | 325 1,05-10-2 5,39
3100 |0 o204 | 321 3,16:10-* 5,66
1-107% 282 | 267 1,05+10-1 4,93
3-101 20 1,76 3,16-1071 4,56
. 6,32:10°1 5,00

6-1071 |- 174 ' (_),693'

Fig. 2), and the measurement of low luminescence intensities always involves great:
experimental errors. The results for quenching with K1 do not present such a good
agreement, though they do not show as great divergences as those of KATHEDER [3].
' The mean.values of K for the three quenchers llsted in Table I1, as well as the-

half-value concentrations determined from
the experimental data. are presented in

Table III. It can be seen that a very-good '

agreement between the quenching constant
K and the corresponding half-value concen- .
tration can be found for all the three
quenchers. (It should be noted that in de-
termining the mean value of K for solutions
containing pyrocatechine the two most
divergent data have not been taken into
account.) The obtained values of K are in
- good agreement with those of KATHEDER

. Table I;I ‘
) ﬁalf-value
Quencher (fl;)}g/zl) ‘ C?ig;e-nltég'
- (mole/l)
KI 27,2 25,0
Phenol s 53
Pirocafechine » 3,01 o 32

\

for KI and phenol (2,6-10~1 and 6,0-10~2 mole/1 respectlvely) This agreement:

and the substantially less deviations of K from the mean values are a proof of the.

reliability and accuracy of our experlmental results. .
With the use of the mean values of X glven in Table 111 and Eq. (1) theoretlcaL

curves - for the dependence on
quencher concentration of the
relative yield #n/n, were calcula-
ted. The -calculated curves are
plotted with full lines, measured
values with. points in Fig. 3. It ® |
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can be seen that Eq. (1) can be oK
very well used for describing quenc- Aphenl
. hing with phenol and pyrocatec- + pyrocatechine

hine, whereas for KI considerable = g

\

deviations between calculated. and -oo
measured data can be found.
This divergence, which is - most
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Table IV

- ) Quencher ' ~ Quencher
(ggg/)l)' . KI Pirocatechine ’ (nfgﬁ/)l) . Fenol

7*CK) | afn® | T*CK) | ninf%) I TCK)  nind(%)

0 - 333 | 100 333 100 0 333 100

3.1073 . 339 99,3 | 374 90,7 3.16-103 351 94,1
1-10-2 344 959. | 396 | 765 1-05-10-2 " 357 83,7
3.10-2 347 | . 908 420 51,7 3.16:102 363 64,2
1-10- | 351 8| — | — 1-05-107} 372 31,9
3.10°1 355 . | 42,3 — _ 3.16-10-1 | 379 12,6
6-10°1 61 | 225 | — ~ | 6:32.107* | 38 75

important at higher quencher concentrations, is probably due to ‘the circum-
stance that the quenching mechanism involved in quenching with KI is different.
from that taking place with both other quenchers. This divergence between theory
~and experiment is not sufficient to draw unambiguous conclusions .concerning the
quenching mechanism, as for less concentrations of quencher the agreément 1s
:satisfactory even with solutions quenched by KI.

In addition, further calculations were made which the use of Eq. (2) giving
the connection  between absorp-

\C\ o » " tion and emission spectra. A se-
N ' ‘ v " quence of straight lines, like that
‘ , S .. partly shown in Fig. 4 for the
Br \O\ \ : " quenching with phenol, was obta- -

ined KI and pyrocatechine; too.

The values of T™* calculated .

from the slope of the straights are
~given in Table IV.

The same table contains the
experimental values of 5, shown
in Fig. 3. It can be seen from
the table, that the effective tem-
-perature 7% of the excited mo-
lecules is higher by - AT=37°
than the temperature of the so-
lution. This AT difference in

-0

® o mole/l phenel N the temperature increases with
ABA0" —1— Ol ‘increased quenching. The values

Aue?z 41% ::_ of T versus 1g Coyencher are plot- .
g y D , ted in Fig. 5-for the three quen-

8 0 20 chers examined. On comparison
' 540" . of Fig. 3 and Fig. 5 it can be seen
'Fig. 4 -that the values of T* are much
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higher in the case of pyrocatechine o K . A

which has a stronger quenchingeffect, & pherol / :

as e. g. for KI. The increase in the 40} -|" 4 pyocotechive '
effective temperature 7* with increa- , | .
sing quencher concentration can be | T(K i+ A"
interpreted on the base of the circum- / ‘ = ,
stance [17] that, since the mean life- 3t - /A/A/O/O/O/Q/
time 7 of the excited state of the mo- L 0O

-lecules decreases with: increasing FETTT . —
quenching, they can only emit part. = ~*
of the absorbed energy. The. rema-
ining energy gives rise to the tem- ' Fig. 5

perature T* (see also [18]). : ‘

-In order to clear up more precisely the quenching mechamsm we detérmined
also the mean life- time of the fluorescence of our solutions. The experimental -
equipment and the method of measurement have been published earlier [19]. The
mean life- times 7 determined for three concentrations of KI showed a remark-
able decrease with the increase of the quenching. This is in good agreement with
earlier literature data and indicates a dynamical quenching mechanism. With solu-
tions quenched by phenol and pyrocatechine the decrease is markedly less than
what could be expected on the basis of the increase in concentration of the quen-
chers. This indicates different quenching mechanism. The quotient of the relative
changes in life- time, 7/7,, and in the relative yield values,.n/n,, is 086 for KI,
0,92 for phenol and 1.11 for pyrocatechnine.

Conclusions

a) In solutions quenched -by KI shape and position of the absorption and
luminescence spectra were not changed by the quencher; some divergences between
~ the measured data and those calculated with KATHEDER’s formula were found;
the life- time decreased proportionally to the relative yield, in agreement w1th
numerotus data in literature concerning the quenching effect of KI in other systems.
From these it follows that the quenching in this system can be interpreted with a
dynam1c mechanism. -

b) The quenching mechamsm for the other systems studied is not so easily
explained. The shift of the maxima .of the spectra towards longer waves as well
as the fact that KATHEDER’s formula, based on the supposition of chemical inter-
actions, can be well used to describe the dependence of the relative yield on con-
centration, prove that static effects are involved in the quenching process. The
decrease of the life- time with increasing quencher concentration and the changes
in the ,,local temperature” T* of the micro-environment including the excited
molecule and solvent molecules, obtained from STEPANOV’s formula, indicate that -
the quenching can also be c’onsidered as a dynamic one. The simultaneous presence-
of both effects of different kind.supports FORSTER’s considerations [2] concerning
the quenchmg of photoluminescence with organlc substances. Accordmg to this
opinion, purely static quenching cannot occur in such systems, but in some cases”
it can prevail over the dynamic quenching. :
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¢) The good agreement between the quenching constant K and the corres-
ponding half-value concentrations indicates that the static quenching mechamsm
predominates in the systems quenched with phenol and pyrocatechine.
) d) StepaNov’s formula describing the connection between the absorption
and luminescence spectra can be well used in the case of the systems examined.
The calculated effective temperatures 7* seem to be correlated with the decrease
in the mean life-time of the excited molecules with increasing concentration as well
as with the quenching mechanism.

* k %
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TYIIEHUE ®OTOJIIOMMUHECHEHILIMU B XUAKWUX PACTBOPAX

E. Baaunm, . Xeseuu

Uccneaosanocs Teopus Tywenus no Kareaepe, a Takxe paccMOTpesioch nanHoe CTenaHOBbIM
COOTHOILIEHHE NTPHMEHEHHS B CIIyYasAX BOAHBIX PACTBOPOB, TYIIEHHBIX IOCTOPOHHBIMH BELIECTBAMH.
BrrunciieHue 3HaY€HUA OTHOCHTENBHOTO BBIXOA C HCTIONB30OBAHMEM KOHCTAHTA TYIIEHWS MOKA3bl-
BAaeT XOPOUIME COBNAAEHHs C JKCIIEPUMEHTANbHBIMY IOaHHBIMH. Dh(QeKTHBHAsA TeMIepaTypa BO3=
6yKNeHHBIX MOJIEKYJl 6oJiee BBICOKAas, YeM 3KCTIEpUMEHTAJIbHAs TEMIEPAaTypa M OHA 3aBUCHT OT
KOHLEHTpaUmNy TYIHTeNs. 1o AaHHBIM YCTAHOBJIEHO YTO MEXAHHM3M TYIIEHHS B CJTy9ae IPHMEHEHHUS
"KJ ¥MeeT momaHOCTBIO AMHAMM4HBIN, a B Cliyyae K€ IPHMEHEHMs APYTHX TyluMTenei CMCIHaHHbuI
Xapakrep. .



