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Measurements of the concentrational dependence of photoluminescence emission anisotropy
(EA) in glycerol—methanol solutions of acriflavine (system I) and glycerol—water solutions of
rhodamin 6 G (system Il), at excitation by v,_, as well as v=v,_, frequencies, have been carried out.

At excitation by v,_, frequencies in the range of high concentrations, repolarization effect
and good agreement of experimental results with theory has been found.

. . ¥
However, at excitation by v=v,_, frequencies, the relative values of EA, (———) , appeared
Folv
¥
to be remarkably lower than the values of EA, [—} at the excitation by v,_, frequency, partic-
. Yo/ vo_o L

ularly in the range of high concentrations. In this case repolarization effect for system II was not
observed.

Introduction

Concentrational depolarization of photoluminescence (CDPL) in isotropic solu-
tions has been a subject of continous and intensive theoretical and experimental
investigations [1—8)]. Recently [9, 10] some investigations of CDPL in a wide range
of concentration have been carried out. In the range of highest concentrations,
a repolarization effect has been found in accordance with the prediction of the
CDPL theory taking into account excitation energy remigration and concentra-
tional quenching by dimers [6, 11].

This result was obtained at the excitation of luminescence by light of v,_,
frequency, corresponding to 0—O0 transition, not disturbing the thermal equilibrium
of active molecules in the medium.

At the excitation with v=v,_, frequency, however, there is a possible energy
transfer before thermal relaxation in excited state occurs, if the interaction between
D* and D molecules is sufficiently strong [5, 12—18].

It can be expected that energy transfer of this kind will occur particularly
in the range of high concentrations -of active molecules in solutions.

In this work we present the results of investigations concerning the CDPL
phenomenon in the range of high concentrations at v,_, and v=>=v,_, frequencies of
exciting light.
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Experimental Part

The object of the investigations were glycerol—alcohol solutions of acriflavine
(CH 4 N;Cl; m.w.=259,75; system I) and glycerol—water solutions of rhodamine
6G (CygH,;0;N,Cl; m.w.=450,98; system II). In the case of system [ the solvent
was glycerol containing 5% (w/w) methanol and in the case of system II glycerol
containing 10% (w/w) water with an addition of 3.4-107* M/l HCL All the dye-
stuffs were purified in an ordinary way by recrystallization and the purity degree
was checked spectroscopically. Glycerol (“‘Strem”, Poland) and methanol (p.a.
“O$wiecim”, Poland) were applied without any further purification. For measuring
the emission anisotropy EA, the quantum yield n/n, as well as fluorescence spectra,
the methods and measuring apparatus described in [10] were applied.

In the case of EA measurements luminescence was excited by.a high pressure
mercury lamp DRSz-250, applying filters listed in Table I, which also gives those
used in the observation.

Table 1
Filters applied at the measurements of emission anisotropy
Excitation QObservation
P . 0G-5
Acriflavine in SiF 436 Hg
glycerol——methanol (% > 530 nm)
solutions . 1F 475 0G-5
. . . 0G-3
Rhodamine 6G in SiF 436 Hg (. > 570 nm)
glyceyol—water
solutions . IF 550 IF 575

For quantum yield measurements luminescence was excited by the light of an
incandescent lamp. Instead of filters, monochromators were used for the excitation
as well as for the observation.

In working out the results of the measurements, in the case of EA, corrections
for secondary fluorescence and, in the case of n/n,, for secondary fluorescence
and anisotropy of the spatial distribution of fluorescence, were taken into account
in the way described in [19—21].

The absorption spectra were measured with a VSU 2—P spectrophotometer.

Results and discussion

In Fig. 1 absorption and fluorescence spectra of the solutions are presented.
In the case of acriflavine solutions the absorption and fluorescence spectra turned
out to be practically independent of the concentration, contrary to the rhodamine
6G solutions which show remarkable changes in the absorption spectra.
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Fig. 1. Electron absorption spectra (g), fluorescence quantum spectra (F) of glycerol—methanol
solutions of acriflavine (a) and glycerol—water solutions of rhodamin 6G (b). Fluorescence spectra
corrected for reabsorption and spectral sensitivity of the photomuitiplier
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In the case of rhodamin 6G solutions two isosbestic points at frequencies
18 200 cm~! and 19 333 cm™! are visible (Fig. 15). On the base of our assumption,
only two kinds of molecules, monomers and dimers appear in rhodamin 6G solu-
tions in the concentration range investigated. Though the absorption spectra of
acriflavine solutions do not exhibit practically any concentrational changes (comp.
Fig. 1a) still the existence of monomers and dimers in them has been accepted.
This assumption is necessary to explain the repolarization effect and the decrease
of quantum yield observed in the range of high concentrations (comp. Fig. 2a).
This assumption is justified because it has been pointed out before that proflavine
as well as acriflavine form non-fluorescent dimers in solutions [22—24]. Let us
add that the absence of concentrational dependence of absorption spectra, regarded
by some authors [25, 26] as a criterion of the lack of any associates in solution, is
not in general valid [27].

True enough the molecular exciton. theory [28, 29] predicts a split of the ex-
cited levels of interacting molecules in the dimer which leads to the appearing of
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two bands in the absorption spectrum of the dimer. Still, depending on the distance
and mutual position of monomer units in the dimer, the absorption spectra of the
monomers ¢ and dimers ¢” can practically overlap. In this case the absorption
spectra of the solution do not change with concentration. In Fig. 24, b the concentra-
tional dependences of photoluminescence emission anisotropy at excitation frequen-
cies va2v,_o (empty circles) and v=v,_, (full circles) are presented. At excitation
frequencies v=v,_,, when the thermal equilibrium between D* molecules and the
medium is not disturbed, the depolarization in both systems investigated is smaller

than that at the excitation frequencies v=v,_,. The difference (ri) -(FL] of
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Fig. 2a,b. Concentration dependence of emission anisotropy — and quantum yield /7, of fluorescence
1) .
of glycerol—methanol solutions of acriflavine (@) and glycerol—water solutions of rhodamin 6G (b).
I
Solid lines: theoretical curves of — and #/y,, determined by Egs. (1) and (2); O, e and 4:

Iy
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the EA values at the excitation frequencies v,_, and v, increases with the dye con-
centration of the solution. At excitation frequencies v,_, a repolarization effect con-
nected with a strong concentrational quenching is visible.

This is proved by the course of the quantum yields curves as a function of dye
molecule concentration (comp. Fig. 2a,b).

. _ . r .
Concentrational dependences of emission anisotropy - and quantum yield
0

—;L at the excitation frequency v,_, can be described by formula (6) in [30], i.e.
0
1
rLz(n_cb) 1+5—3—], 0
0 1-= ¢?
4
n _ -y
=T @
where
& = oaf, 3)
VYo
o= — 4
Yp + Vpy @
f=Vryexp (I —erf (), (5)
l/;r ¢ c”
= = — ) . 6
Y vD+VD" 2 66 + C(,), ( )

Here ¢’ and ¢” denote monomer and dimer concentrations, ¢; and cg-critical con-
centrations for excitation energy transfer to monomers D and dimers Dy, o, is the
probability of the non-occurence of excitation energy degradation during its transfer
between monomers.

In Fig. 2a,b the solid lines Tr_ and 2L present the theoretical curves determined

0 0
by expressions (1) and (2), plotted for the parameter values listed in Table II. Beside
critical concentrations ¢, and c;, the corresponding critical distances R; and Rj
are also given in the table [comp. Eq. (9)].
The values of the parameter K, =y, /yj and the critical concentration ¢, can be
found from the relations*

1 Relations (6) and (7) in this and in earlier papers [6, 9, 10, 24, 30] had a somewhat different
“form, namely instead of factor n they contained the factor mn,. The presence of 5, beside n was
.a result of excluding the factor »/2 from the expressions of type (8) for ¢; and c¢j. Then 5,=1 should
have been put in expr. (8). In the papers quoted above, in spite of the explicite 5, appearing in the
-expressions for y and K, 77,#1 was accepted by mistake in, expr. (8). As a result this led to the con-
clusion that y~u, and K,~7; 1, whereas from relation (6), (7) and (8) it is clear that y~7§/? and
Ky~na’® Let us add that all the conclusions and diagrams quoted in the above papers remain
unchanged, only the formerly accepted value of #, should be replaced by #3.
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K, = K ™
VTCCO
272 .
)= 51810702 M1, @)

(& ne)'?

where K=c"/c’? is the dimerization constant, » the refractive index of the medium,
¥ the mean value of the wave number in the overlapping region of absorption
spetrum ¢&” of the monomer and the fluorescence spectrum F, &’ is the mean value
of the molar decimal extinction coefficient in the overlapping region of ¢’ and F
spectra, at which

oo

&= [&MFEd [/Mem), [F@)dv = 1.

K, and ¢ can be determined directly on the basis of relations (7) and (8) in the case
when the absorption spectra of the investigated systems exhibit sufficiently big con-
centrational changes. Then the absorption spectrum of dimers &” as well as the
dimerization constant K can be found by means of the method worked out by F6R-
STER [31] and LEvsHIN [32].

Table 11

Experimental data for glycerol—alcohol (GA) solutions of acriflavine and glycerol—water
solutions (GW) of rhodamine 6G

1 ‘ 2 | 3 4 5 | 6 7 8 9 10
—_a) = —w 5 o 57
System n I n }/;2 g I E Voo ¥ ¥ "o
P K - A 104 [/Mcm em™! | em™! | em™1 -
Acriflavine in
GA solutions 3,9 293. 11,460 | 1,45 {0,556 {0,556 | 20934 21 200| 21 200{ 0,417
Rhodamin 6G
in GW solutions 1,7 293 | 1,456 | 1,02 | 1,68 {0,332 |18 360| 18 389] 17 953| 0,435
11 12 13 14 15 } 16 17 18 19
System < 2} Ro Ry K K, a ro b) Py
: 1073M A M - - —
Acriflavine in 0,3374 =)} 43,3
GA solutions 10,1 10,1 33,6 | 33,6 12,0 | 0,18 [ 0,88 0,3044 )| 39,6
Rhodamine 6G 0,360 4| 458
in GW solutions 4,34 12,94 | 45,0 | 51,2 | 20,7 }{ 0,15 | 0,97 0,271 °) | 35,8

2 mean displacement of luminescent molecule in Brownian diffusive movement during its
mean lifetime in excited state. .

®) r,: emission anisotropy corresponding to the ground polarization degree P,.

) §.,.=21053cm~, M 7, = 18182cm~L, @ i, = 22936 cm™L,
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Still, in the case of GA solutions of acriflavine, a method of this kind could
not be applied. Values K, and a, for each of the systems investigated have been
found by choosing from the family of theoretical curves r/r, and n/y, those which
give the best agreement with experimental results.? The choice of K, and «, is not
arbitrary, because the fitting of experimental results to theoretical curves is possible
only for a definite pair of parameter values K, and «,, as proved in [10, 33]. It can be
seen from Fig. 2a,b that at excitation frequencies v 2 v,_, the agreement of experimen-
tal results with the CDPL theory is quite satisfactory, still, at excitation frequencies
v=>v,_, the experimental points remarkably deviate from the theoretical curves.
It should be emphasized that in the case of the investigated systems the course of
concentrational changes of the relative quantum yield does not depend on the
frequency of exciting light (v=v,_,). Investigations concerning CDPL of glycerol—
methanol solutions of tripaflavine and rhodamine B with excitation by light of
different frequencies v have recently been carried out by BAUER and CHEREK [18].

r ..
These authors have stated a remarkable decrease of the value of (——) at excitation
v

ro

frequency v=v,., in comparison with values (rL) at the excitation frequency
. 07vo—o
vy_o- They have observed a noticable effect [({—J —(—:—J ~0.1] already in the
07 vo_ 07y

range of moderate concentrations (1073+5. 10‘3°M°). In the case of the systems
investigated, only rhodamine 6G shows a comparable effect in this range of con-
centration (comp. Fig. 2b). The greatest effect could be expected in the case of
highest concentrations when the value of rate constant kps, for nonradiative excita-
tion energy transfer from D* to D, is comparable with the rate constant for vibra-
tional relaxation®. Experiment has fully confirmed this point of view (comp. Fig. 2).
BAUER and CHEREK have pointed out that the course of concentrational changes
of EA at the excitation frequencies v=v,_, can be described in the range of low
concentrations by the CDPL theory developed recently by JaBrLoxski [7]. The
agreement of theory with experiment has been obtained there by accepting a bigger
value for &+, which is equivalent to accepting a bigger value for the critical distance
R, (smaller value of critical concentration ¢,). However in the cases where repolariza-
tion effect appears, this kind of modifying the CDPL theory is not sufficient for
a correct description of experimental results r/r, at excitation frequencies v=vy_,,
because this kind of modification merely leads to a shift of the experimental points
along the y axis (comp. Fig.2). On account of this explanation, the increasing
effect of CDPL at excitation frequencies v>v,_,, only by an increase of kp«p, does
not seem to be sufficient.

It could be supposed that an increase of the kp.p, value would also influence the

* To optimalize the choice of K., and «, a special method described in Ref. {34] was applied.
3 In the case when energy transfer is conditioned by dipole—dipole interaction, the rate cons-

tant for this process is [35]
1 (Ry)®
kD*D = ; ‘§ B ®

where 7, is the mean lifetime of the donor molecule in excited state when ¢—~0, R the distance
between D* and D molecules, R, critical distance.
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effectiveness of nonradiative energy transfer from monomers D to dimers Dy. It
turns out, however, that the courses of concentrational changes of /5, at the excita-
tion frequencies v,_, and v=>v,_, are the same. Maybe the observed effect of the
influence of the frequency of exciting light on the course of concentrational dependence

of s connected with the decrease of the probability of the remigration of excita-
0
tion energy to molecules D,, primary absorbers of exciting light.
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O KOHLIEHTPALIMOHHON JENONSAPU3ALIUU ®OTOJIIOMUHECUEHLIUN
B PACTBOPAX T1PU PA3HLIX AAHUHAX BOJIHbI BO3BYIXKHAIOIMEIO CBETA

V. Boapcku, H. Tydkuesuu, A. Byiixko

[Mpon3BeneHbl MIMEPEHKHA KOHUEHTPALMOHHON 3aBUCMMOCTH AHH3O0TPOMNUM IMHCCHH (AD)
dhoTonoMuHeCLEHIINY TTHLEPHHOBO—CITMPTOBBIX PacTBOPOB akpudaBHHa .(cucTeMa 1), a Takxke
IJIMLEPHHOBO—BOAHBIX pacTBOpoB ponamuHa 6K (cuctema II) mpu Bo3OyxneHunw uactoramu
Vo—o H HaCTOTAMM v=>V,_,. TIpH BO3OYXKAEHUHU YACTOTAMH V4_o B 0ONACTH BHICOKMX KOHUEHTpPAUKK
o6HapyxeHn 3¢¢exT penonspusauuyu. KoHcTaTMpoBaHO Xopollee COTNacHE IKCIEPUMEHTANbHbIX
pe3ynstatoR ¢ Teopuelt. [lpu BO3GYXKACHUM KE 4YaCTOTAMM V>Vg_o OTHOCHTENIBHBIE 3HAYECHUS

r r

AD, (— , OKa3alUCh 3HAYMTENLHO HUBMIMMY, YeM 3HaAueHus AD, (—) , IpH BO3OYXIaeHnu
FoJv ro Yo-o

YaCTOTAMHU V,y_,o, OCOOEHHO B 0ONacTH BHICOKMX KOHUEHTpauwnil. B aTom cnyyae sddexT penonapu-

3aumuu [t cuctemsl [ He Habmopaercs.



