Energy Transfer Among Like and Unlike Molecules in Solution
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The effect of an interdonor energy transfer is investigated on the following donor-acceptor
systems in thin rigid cellulose acetate films: anthracene and tetracene (I), 9-methylanthracene
and 2-aminobenzophenone (II), 9,10-diphenylanthracene and 2-aminobenzophenone (III). The
donor quantum yield and fluorescence anisotropy in systems I—III are in good agreement with
theoretical predictions for a model of a multi-step excitation energy transfer process. In mixed
two-component solutions the donor fluorescence anisotropy is higher than in single-component
solutions, indicating an interdonor excitation transfer preceding the donor-acceptor transfer in

these binary systems.

1. Introduction

In mixed solutions of luminescent molecules,
radiationless electronic excitation energy transfer
occurs between identical and different molecules as
well [1—6]. In the present paper the fluorescence
quantum yield and concentration depolarization of
a donor is studied in order to obtain information
about the interdonor energy migration preceding
the donor-acceptor energy transfer.

2. Experimental

The fluorescent molecular systems
(I) Anthracene (A) and tetracene (T),

(IT) 9-methylanthracene (9MA)
benzophenone (2ABP),

(IIT) 9,10-diphenylanthracene (9,10DPA) and 2-
aminobenzophenone (2ABP),

and 2-amino-

were investigated in thin rigid cellulose acetate
films obtained by dissolving acetylcellulose (Fluka
AG) in acetone, which was subsequently evap-
orated. The best films were obtained by dissolving
20 g of acetylcellulose in 1 litre of acetone. The
evaporation time varied from two to ten days,
depending upon the amount of solution. It was

* Carried out under problem MR. I.5.
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found that during the evaporation of acetone the
dissolved luminescent molecules also partly vapor-
ized. Therefore the concentration of the lumines-
cent molecules in the films was determined spec-
troscopically by measuring the absorption.

The extinction coefficient, &(#), of the mixed
solutions was found to be additive:

e(7)=ep(¥) + ea(v),

with ¢p and €4 the donor and acceptor extinction
coefficients, indicating that in the ground state
neither complexes of donor, nor of acceptor mole-
cules are created.

To repress reabsorption and secondary fluores-
cence effects the investigations were carried out at
low optical densities [7]:

smax(i)od =01,

where emax (7) denotes the decimal molar extinction
coefficient, C' the molar concentration (102 to
5-10-2M), and d the thickness of the cellulose
acetate film, (~3 - 108 m, measured by means of
an interference-polarizing microscope).

The absorption spectra were measured with Zeiss
Specord UV VIS and Beckman Model 25 spectro-
photometers. The fluorescence spectra and relative
donor quantum yield were obtained with a method
described previously [7, 8] and the fluorescence
anisotropy was measured with a self-recording
polarimeter [9—12]. For high concentrations, the

0340-4811 / 82 / 0100-0064 $ 01.00/0. — Please order a reprint rather than making your own copy.

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung®) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



A. Kawski and H. Szmacifiski - Energy Transfer Among Like and Unlike Molecules 65

fluorescence anisotropy was corrected for self-
quenching [13]. The samples were excited by light
with a wavenumber of Pexe = 79—0.

3. Results and Discussion

a) Donor Fluorescence Quantum Yield in

Excitation Energy Transfer

Excitation energy transfer in donor-acceptor
systems appears as sensitized fluorescence of the
acceptor molecules, accompanied by a drop in the
donor fluorescence quantum yield. The older
Forster theory [14] assumes no energy migration
between the donor molecules, which holds if

(Cp/Cop) < (Ca[Coa) (1)

(Cp, Cop and Ca, Cpa are the concentrations and
critical transfer concentrations of donor and accep-
tor, respectively), which corresponds to a one-step
radiationless energy transfer from the donor to the
acceptor molecules according to the scheme
D* + A5 D 4 A%, @)
When condition (1) does not hold, an interdonor
energy migration will occur with the probability
kpp according to the scheme

D¥*4+D+:---+D+A
LDB’D—{—D*—{—"'—I-D—{-AE'"',

D+D+--4+D*4A

PAD 4 D4+ D4 A%, 3)

Then the donor fluorescence quantum yield depends
on the donor concentration in the solution.

According to a theory of Bojarski and Domsta
[15, 16] on multi-step energy transfer from donor to
acceptor molecules, the following expression holds
for the donor fluorescence quantum yield:

7 1—f(y)

where
f(y) = Ynyexp(?)[1 — erf(y)],

2 L4
erf(y) = V??(,fr”dt’

(3)

]/7!’)70 ( CD CA )
— — ) 6
y=9yp+ya 2 Con + Coa (6)
YD Yy
- = : 7
* YD + YA 14y @

The participation of interdonor migration in the
energy transfer to the acceptor molecules will there-
fore depend on the ratio of the reduced donor and
acceptor concentrations:

_ _ Cp (Ji(D,D))l/z ®)
7= ya Ca Cop Ca\J5(D,A)) °

where J35 (D, D) and J5 (D, A) are the donor-donor
and donor-acceptor overlap integrals, respectively.

Table 1 summarizes the parameters charac-
terizing the molecular systems under investigation,
determined from the absorption and fluorescence
spectral overlap, and absolute donor quantum
yields (no).

Figure 1 shows the results obtained from the mea-
surements of the relative fluorescence quantum
yield of systems I—III, for different values of the
parameter y according to (8), and theoretical curves
calculated from (4). It can be seen that the empirical
results obtained are in good agreement with the
predictions of the Bojarski and Domsta theory [16]

1 Respective formulas can be found in previous parts of
the present series of papers [17—18]. The value of the
refractive index for each system was the same and equal
to 1.479. The value of the orientation factor (x2) describing
the angular dependence of the dipole-dipole interaction,
was assumed as 0.476 [19]. Co=3000/4R¢3- N is the
critical concentration; Ry is the Forster critical distance for

e TM (4) the excitation energy transfer, determined from the spec-
7o 1 — o f(p) ? tral overlap; N is the Avogadro number.
Table 1.
Molecular System no=mnp Jy Ry Co avle
(10—15 ﬂ)
mM /) () (102 M)
I A—A 0.36 1.752 28.63 1.69
A-T ) 25.492 44.73 0.443
I 9MA — 9MA 0.44 1.731 28.57 0.170
9MA — 2ABP : 4.116 33.03 1.10
0L 9,10DPA —9,10DPA , 1 1.262 33.68 1.07
9,10DPA — 2ABP : 0.906 30.41 1.41
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Fig. 1. Relative donor fluorescence
quantum yield n/no quenched by
the acceptor molecules in cellulose
acetate film for different values of
y in the systems
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which takes into account the interdonor migration ' g:
in the excitation transfer to the acceptor. I (Rely-0
The contribution of the interdonor energy migra- 1120t

A A-T
e 9MA —-2ABP
= 910DPA-2ABP

tion can be represented by half-concentrations,
CE[M], at which 770 = 0.5, together with respective
critical distances

1.10

Ry = (194.32/CH13[4], (9) 10
(cf. [6]).
The ratio of Ry’ to (Ro')y=0,i.e. for constant but 2 4 6 8 10 12

Yy —

very low donor concentrations, is independent of

Fig. 2. Relative i t in the critical dista: Ry’
the donor-acceptor system chosen (cf. Table 2 and - s i i the il demos Lol

(Ro’)y=0 for excitation energy transfer as a function of

Figure 2). parameter y (according to Table 2).
Table 2.
Donor-Acceptor = COp _ v OX Ro’ Ry’
Ca YT ya 0wy (A (Bo)y=o
Eq.(9)
A-T 0 0 2.0 45.97 1.0
3.6 1.54 1.52 50.37 1.096
15.0 3.93 1.23 54.05 1.176
9MA — 2ABP 0 0 5.6 32.62 1.0
1.0 0.65 4.8 34.33 1.052
4.0 2.60 4.1 36.19 1.110
10.0 6.50 2.85 40.85 1.252
9,10DPA — 2ABP 0 0 7.8 29.20 1.0
0.5 0.59 6.8 30.57 1.047
4.0 4.72 4.6 34.83 1.193
10.0 11.80 3.7 37.45 1.282
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Fig. 3. Relative donor fluorescence anisotropy rp/rop versus donor concentration Cp for different values of y in unary

(A, 9MA, 9,10DPA) and binary systems: (I) A+ T (0 Ca=0; 0 =15,y = 3.91; A
p=4.0,y=2.6; @ f=1.0, y=0.65). (III) 9,10DPA +2ABP (O Co=0; o0 =10,

(0 Ca=0; 0 B=10,y=6.5; A
y=11.8; A =4.0, y=4.72; @ f=0.5, y=0.59).

b) Donor Fluorescence Anisotropy and the Migration
of the Excitation Energy

The effect of the interdonor migration upon the
fluorescence anisotropy was also investigated for
the systems under study. According to qualitative
theoretical considerations in our previous paper
[6], one can anticipate different effects of the donor
fluorescence anisotropy in unary and binary solu-
tions. If migration and transfer of the excitation
energy are assumed to occur from the lowest vibra-
tional levels of the electronic excited states, the
effectiveness of both processes will depend only on
the value of y. With y fixed (y > 0) the concentra-
tion depolarization of the donor fluorescence will be
accompanied also by the acceptor of the second
component.

Figure 3 shows relative fluorescence anisotropies
for unary (anthracene, 9-methylanthracene, 9,10-
diphenylanthracene) and binary (systems I—III)
films versus the donor concentration for different
values of §=Cp/C4 and y. As the acceptor concen-
tration grows (or y decreases), the decrease of the
emission anisotropy with donor concentration dimin-

B=3.6,y=1.54). (I[) 9MA - 2ABP
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Fig. 4. Relative donor fluorescence anisotropy rp/rop of
9MA (e) and 9,10DPA (o) versus the concentration of
2ABP (acceptor) at fixed donor concentrations.
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ishes, indicated by the enhancement in the half-
concentration.

The dependence of the relative fluorescence
anisotropy on the acceptor concentration for
selected donor concentrations is shown in Figure 4.
Good agreement is found with the discussion of
equation (3) with (5) in our previous paper [6].

For low donor concentrations (e.g., Cp=10-3M
for 9-methylanthracene) rp/rop =f(C4) is close to
unity, and in principle does not depend on the
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