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Summary. Energy transfer from 1,4-bis-(�-pyridyl-2-vinyl)-benzene (P2VB, 1), 2,5-distyryl-

pyrazine (DSP, 2), and 2,5-bis-2-(1-naphthylvinyl)-pyrazine (BNVP, 3) to N,N0-bis-(2,5-di-tert-

butylphenyl)-3,4:9,10-perylene-bis-dicarboximide (DBPI, 4) has been studied in dimethyl form-

amide by steady state emission measurements. It was found that the Stern-Volmer relation is obeyed

from which the rate constants of energy transfer were determined as 5.6�1012, 6.8�1012, and

9.1�1012 l �molÿ1 � sÿ1 for 1/4, 2/4, and 3/4, respectively. The corresponding experimental critical

transfer distances have been calculated as 5.3, 5.7, and 8.45 nm, indicating a FoÈrster type energy

transfer mechanism. The activation energies associated with the ¯uorescence quenching of 1±3 by 4

in DMF were calculated as 5.5, 5.2, and 4.8 kJ �molÿ1. The excited state lifetime and the role of

molecular oxygen in deactivation of the excited singlet state of 1±3 have been studied and the second

order quenching rate constants have been determined. The photochemical quantum yields

(�ex� 365 nm) of 1±3 were studied in CCl4.
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AnregungsenergieuÈbertragung und photochemische Zersetzung von diole®nischen

Laserfarbstoffen

Zusammenfassung. Die UÈ bertragung von Energie von 1,4-bis-(�-Pyridyl-2-vinyl)-benzol (P2VB,

1), 2,5-Distyrylpyrazin (DSP, 2) und 2,5-bis-2-(1-Naphthylvinyl)-pyrazin (BNVP, 3) auf N,N0-bis-

(2,5-di-tert-Butylphenyl)-3,4:9,10-perylen-bis-dicarboxamid (DBPI, 4) wurde durch steady-state-

Emissionsmessungen in Dimethylformamid untersucht. Die Systeme gehorchen der Stern-Volmer-

Beziehung, aus der sich die Geschwindigkeitskonstanten der EnergieuÈbertragung zu 5.6 � 1012,

6.8 � 1012 und 9.1 � 1012 l �molÿ1 � sÿ1 fuÈr die jeweiligen Paare 1/4, 2/4 und 3/4 ergeben. Die

entsprechenden kritischen UÈ bertragungsabstaÈnde wurden zu 5.3, 5.7 und 8.45 nm errechnet. Die

Daten lassen auf einen EnergieuÈbertragungsmechanismus nach FoÈrster schlieûen. Die mit der

FluoreszenzloÈschung von 1±3 durch 4 verbundenen Aktivierungsenergien ergeben sich zu 5.5, 5.2

und 4.8 kJ �molÿ1. Die Lebensdauer des angeregten Zustands sowie der Ein¯uû von molekularem

Sauerstoff auf die Deaktivierung der angeregten SinglettzustaÈnde von 1±3 wurden ermittelt und die

Geschwindigkeitskonstanten zweiter Ordnung der FluoreszenzloÈschung wurden bestimmt. Die

photochemischen Quantenausbeuten (�ex� 365 nm) von 1±3 in CCl4 wurden gemessen.



Introduction

Diole®nic heterocyclic compounds of the general formula Ar0-CH=CH-Ar-
CH=CH-Ar0 are used extensively as monomers for solid state four-center type
photopolymerization [1, 2], laser dyes [3±8], photographic sensitizing dyes [9],
electroluminescent devices [10], electrochromic displays, and optical imaging
devices [11, 12]. Some of them act as antifungal and antibacterial compounds [13].

In this paper we report on the excitation energy transfer and photodecomposi-
tion of 1,4-bis-(�-pyridyl-2-vinyl)-benzene (P2VB, 1), 2,5-distyryl-pyrazine (DSP,
2), and 2,5-bis-2-(1-naphthylvinyl)-pyrazine (BNVP, 3).

Results and Discussion

Figure 1 shows the ¯uorescence quenching of 1�10ÿ5 M 1 and 2 by 4 in DMF. The
quenching process obeys the Stern-Volmer relation (Eq. (2)) [20].

Io

I
� 1� KET �f �A� �2�

Io and I represent the ¯uorescence intensity of the donor in the absence and
presence of 4, KET is the rate constant of the energy transfer, and [A] is the acceptor
concentration.

Figure 2 shows the Stern-Volmer plots of the ¯uorescence quenching of 1, 2,
and 3 in DMF using 4 as a quencher. They are linear, and the second order
quenching rate constants KET were calculated from the slopes and the donor
solution lifetime in DMF (Table 1). The rate constant of energy transfer is much
greater than the diffusion rate constant in DMF at room temperature, indicating a
diffusionless mechanism for the energy transfer [21]. Figure 3 shows the overlap
between the emission spectra of 1, 2, and 3 and the electronic absorption spectrum
of 4.

The critical transfer distances Ro were calculated from the emission spectrum
of the donor and the absorption spectrum of the acceptor using FoÈrster's formula
[21] (Eq. (3)) where 'D is the emission quantum yield of the donor in the absence
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of acceptor, n is the solvent refractive index, the integral represents the overlap
integral for the ¯uorescence spectrum of the donor normalized to unity (FD) and
the absorption spectrum of the acceptor ("A) divided by the fourth power of the
wavenumber ����, Ro is the distance at which energy transfer and emission
processes are equally probable. The Ro values are also listed in Table 1.

R6
o � 1:25� 10ÿ25 �D

n4

�1
0

FD����"A���� d��

��4
�3�

Fig. 1. (a) Emission spectra of 1� 10ÿ5 mol � dmÿ3 of 1 in DMF (�ex� 337 nm) in presence and

absence of 4; the concentrations of 4 at decreasing emission intensities are 0.0, 2� 10ÿ5, and

5� 10ÿ5 mol � dmÿ3 (b) Emission spectra of 1� 10ÿ5 mol � dmÿ3 of 2 in DMF (�ex� 337 nm) in

presence and absence of 4; the concentrations of 4 at decreasing emission intensities are 0.0,

1� 10ÿ5 and 5� 10ÿ5 mol � dmÿ3

Fig. 2. Stern-Volmer plots of the ¯uorescence quenching of 1� 10ÿ5 M 1, 2, and 3 in DMF using 4 as

a quencher
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It was observed that the values of Ro are much greater than the values for the
collision energy transfer (0.4±0.6 nm, [22]) and that the rate constant of energy
transfer increases with increasing overlap area. The large values of KET and Ro

found in this investigation indicate that the dominant mechanism responsible for
energy transfer is resonance energy transfer due to long-range dipole-dipole
interactions between excited state donor and ground state acceptor molecules.

The changes in the emission intensity of the acceptor 4 (�ex� 337 nm,
�em� 530 nm) in the presence of different concentrations of donor in DMF were
followed and are shown in Fig. 4. The emission intensity of acceptor 4 at 530 nm
increase with increasing donor concentration.

The effect of temperature on the energy transfer from 1, 2, and 3 to 4 was also
studied in DMF in the range of 20±45�C. The activation energy values Ea

associated with KET were calculated by assuming the Arrhenius equation to be
valid for KET (Eq. (4)).

KET � A exp �ÿEa=RT� �4�
The values obtained are 5.5�0.24, 5.2�0.14, and 4.8�0.22 kJ �molÿ1 for 1/4,

2/4 and 3/4, respectively. These values are smaller than the activation energy
associated with solvent viscosity (E�� 10±13 kJ �molÿ1) and distinctly below the
value for diffusion control as reported earlier [23, 24].

Fig. 3. Absorption spectrum (- - -) of 1� 10ÿ5 M 4 and emission spectra of 1� 10ÿ5 M 1 (- � -),
1� 10ÿ5 M 2 (xxx), and 1� 10ÿ5 M 3 in DMF (-xx-) (�ex� 337 nm)

Table 1. Fluorescence quantum yields ('F), ¯uorescence lifetimes (�), energy transfer (KET), overlap

area (J), and critical transfer distances (Ro) of 1, 2 and 3 with respect to 4 in DMF at room temperature

(�ex� 337 nm)

'F �F (ns) J (Mÿ1 � cm3) KET/1012

(Mÿ1 � sÿ1)

Ro (nm)

1 0.46 0.69 2.99� 10ÿ13 5.6 5.3

2 0.35 1.20 6.52� 10ÿ13 6.8 5.7

3 0.74 1.70 27.7� 10ÿ13 9.1 8.4
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The role of molecular oxygen in the deactivation of the excited singlet state of
1, 2, and 3 has been studied. The quenching rate constants (Kq) have been
determined in different solvents applying the Stern-Volmer relation where [O2] is
the concentration of oxygen and �o and � are the ¯uorescence lifetimes
(�ex� 337 nm) in the absence and presence of oxygen (Eq. (5)). The results are
summarized in Table 2.

Kq�O2� � 1

�
ÿ 1

�o

�5�

The photodecomposition of 1, 2 and 3 has been studied in carbon tetrachloride.
A rapid deterioration has been observed in CCl4 upon irradiation at 366 nm
(Io� 11.4� 10ÿ6 Ein/min) as shown in Fig. 5. The photochemical quantum yields
'c were calculated as 0.18, 0.006, and 0.005 for 1, 2, and 3 respectively.

Carbon tetrachloride forms weak charge transfer complexes with numerous
electron donor molecules in their electronic ground state because its signi®cant

Fig. 4. Changes in the emission intensity of 1� 10ÿ5 M 4 in DMF as a function of increasing

concentration of (a) 1, (b) 2 and (c) 3 (�ex� 337 nm, �em� 530 nm)

Table 2. Fluorescence lifetimes in the presence and absence of molecular oxygen and quenching rate constants Kq of

diole®nic laser dyes using O2 as a quencher (�ex� 337 nm)

Solvent [O2] 1 2 3

(mM)

�o � Kq/1010 �o � Kq/1010 �o � Kq/1010

(ns) (ns) (Mÿ1 � sÿ1) (ns) (ns) (Mÿ1 � sÿ1) (ns) (ns) (Mÿ1 � sÿ1)

MeOH 2.12 0.46 0.42 9.7 1.50 1.44 1.3 1.90 1.77 1.8

Acetone 2.4 0.73 0.67 5.1 1.20 1.16 1.2 1.70 1.60 1.5

CH3CN 1.33 0.69 0.65 6.7 1.20 1.17 1.6 1.65 1.50 2.8

2-PrOH 2.11 0.56 0.54 3.1 1.36 1.31 1.6 1.78 1.72 1.9

BuOH 1.80 0.63 0.61 2.9 1.37 1.31 1.8 1.87 1.77 1.7
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electron af®nity [25]. The excited states of aromatic molecules are therefore
expected to be involved in charge transfer interaction with carbon tetrachloride
through exciplex formation. The low energy of the C-Cl bond in carbon
tetrachloride [26] and also the low activation energy of the dissociative process
of electron attachment [27] promote the chemical activity of carbon tetrachloride.

The primary photophysical and photochemical processes of diole®nic dyes in
the presence of carbon tetrachloride are outlined in the following scheme.

D� h�ÿ!1D� �a�
1D�ÿ!D� h� �fluorescence� �b�

Fig. 5. Effect of irradiation (�ex� 366 nm, Io� 11.4� 10ÿ6 Einstein �minÿ1) on the electronic

absorption spectra of 2� 10ÿ5 M (a) 1, (b) 2 and (c) 3 in CCl4 (irradiation time (min) indicated on

each curve)
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ÿ!
ÿ!

1D� � CCl4ÿ!3D� � CCl4

D� CCl4

�c�

1D� � CCl4ÿ!1�D�� � � �CCl�ÿ4 �� �excited exciplex� �d�
1�D�� � � �CCl�ÿ4 ��ÿ!3D� � CCl4

1D� � CCl4
�e�

1�D�� � � �CCl�ÿ4 ��ÿ!�D�� � � �Clÿ � � � �CCl3� �f�
�D�� � � �Clÿ � � � �CCl3�ÿ! photoproducts formed in the solvent cage �g�

�D�� � � �Clÿ � � � �CCl3�ÿ!D�� � Clÿ � �CCl3 �h�
We propose that the electron transfer from the singlet excited state (D) to

carbon tetrachloride in the transient excited charge transfer complex (exciplex) is
the main primary photochemical process which initiates a chemical reaction. It
leads to the radical cation, a chloride ion, and a trichloromethyl radical in the
solvent cage (step f).

Experimental

Both 1 and 2 were prepared according to Hasegawa et al. [14]. Puri®cation was achieved by

recrystallization and column chromatography on silica gel using methylene chloride as eluent. The

materials were then vacuum sublimed in the dark. A sample of 3 was kindly provided by Prof.

Masakai Masegawa of Tokyo university.

4 (Aldrich) was dissolved in a minimum volume of chloroform, ®ltered, and the dye was

precipitated by addition of methanol. The precipitate was collected by ®ltration and dried in vacuum.

All solvents used in this work were of spectroscopic grade. Steady state emission spectra were

measured with a Shimadzu RF 510 spectrophotometer using a rectangular quartz cell

(0.2� 1.0 cm2). Electronic absorption spectra were measured using a Shimadzu UV 160 A

spectrophotometer.

Room-temperature ¯uorescence quantum yields ('f ) were calculated relative to the ¯uorescence

quantum yield of 9,10-diphenylanthracene in ethanol according to Eq. (1) [15] where the indices s

and r denote sample and reference, respectively, the integrals represent the corrected ¯uorescence

peak areas, and A and n are the absorbance at excitation wavelength and the refractive index of the

applied solvents.

�f�s�
�f�r� �

�
Is���� d���
Ir ��� d��

� Ar

As

� n
2
s

n2
r

�1�

The use n2 affords ca. 5% higher 'f values compared with the values obtained upon using n in

Eq. (1). Correction of the ¯uorescence for machine response was carried out by comparison of the

¯uorescence spectrum of 1.0� 10ÿ5 mol � dmÿ3 anthracene in benzene with those reported by

Melhuish [16]. In the quenching studies, the emission intensities were corrected for reabsorption and

absorption at excitation wavelengths according to the method described by Marciniak [17].

Excited state lifetimes were measured using the facilities at the Chemistry Laboratory, Kyoto

Institute of Technology, Japan and were based on an experimental set-up that has been described

elsewhere [18]. The photochemical quantum yield 'c was calculated using a published method [19]
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which was modi®ed using a new C�� language program to determine absorbance at in®nite

irradiation periods (A1).
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