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Abstract

The effect of re-ahsrrption on the excited wate lifetime and emission spectrum of NV -bis( 2.5-di-tert-butylpheny!)-3.4:9,10-perylenc-
bis(dicarboximide} (::: 1) was investigated in chloroform. Increasing the concentration of DBPI above 5 107 M causes a significant
change in the fluorescence spectral shape and an increase in the excited state lifetime.

Excitation energy transfer from DBPI 1o malachite green ( MG) was also swdied in different solvents by measuring the fluorescence decay
and steady state emission. The rate constants of energy transfer Ky were determined to be 84X 10", 7.7 10" and 3.9% 10" M~ 's 'in
methanol, butanol and ethylene glycol respectively. The experimental critical transfer distances were calculated to be 5.5 A in methanol.
50.2 A in butanol and 53.9 A in ethylene glycol. The activation energies £, for fluorescence quenching of DBPI by MG and Ki were calculated

o be 4.5 and 9.22 kI mot ! respectively.  © 1997 Published by Elsevier Science S.A.

Keviwords: NN -Bis{ 25-di-tert-butylph

13-3.4:9.10-perylenehis (dicarbuximide ) : Excitation energy transfer; Re-ahsorption

1. Introduction

The dyes derived from 3.4:9.10-perylenetetracarboxylic
dianhydride have been known for several decades as vat dyes
possessing excellent light fastness | 1-3]. but only recently
has it been recognized that the photochemical stability of the
dyes is retained in solution phase and that the fluorescence
quantum yields are high [4-6]. These properties make per-
ylene dyes attractive as potential laser dyes | 7.8]. photosen-
sitizers for e:ectron transfer reactions [9-111] and as solar
concentrators | 12]. Perylene derivatives have also been
found to include some promising microcrystalline photocon-
ductors for electrophotography [13], and have been incor-
porated in prototype solar photovoltaic cells [ 14].

In previous papers. certain characteristics of NA'-bis(2.5-
di-tert-butylpheny! }-3.4:9.10-perylenebis( dicarboximide )
(DBPI) have been investigated, c.g. the laser activity. effect
of the medium polarity and acidity on the electronic absorp-
tion and emission spectra, energy transfer from blue laser
dyes [ 7] and deactivation of the excited singlet state by cobalt
ions and molecular oxygen [ 15,16].

In this paper. the effect of the concentration on the excited
state lifetime and emission spectrum of DBPI was studied.

* Corresponding author.

together with the deactivation of the excited singlet state by
malachite green (MG) and potassium iodide (KI) in differ-
ent media.

2. Experimental details

DBPI (Aldrich) was dissolved in a minimum volume of
chloroform; the dye was precipitated by adding methanol.
The precipitate was collected by filtration and dried in vac-
uum. MG was of guaranteed grade ( Wako Pure Chem. Ind.).
Allthe solvents used in this work were of spectroscopic grade.

The fAuorescence decay curves were measured in a con-
ventional 1 cm cuvette. monitoring the emission at right
angles using time-correlated  single-photon  counting
( TCSPC). The decay curves were analysed using the method
of iierative, non-linear, least squares | 17]. The experimental
details of the fluorescence decay curve measurements and the
analysis of the decay data have been described elsewhere
| 18}. The sample solutions were deaerated with either sol-
vent-saturated argon or nitrogen gas for 20 min.

Steady state emission spectra were measured with a Shi-
madzu RF 510 spectrofucrophotometer connected to an
ultrathermostat (Julabo F 10; temperature precision, +0.1
°C) using a rectangular quartz cell of dimensions 0.2cmX 1
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Fig. 1. Emission spectra (A, =420 nm) of 1 X10 * ) 510 ©
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cm to minimize re-absorption. The emission was monitored
atnght angles. UV-visible absorption spectra were measured
using a Shimadzu UV-21008 spectrophotometer.

The room temperature fluorescence quantum yields é.(s)
were calculated relative to the fluorescence quantum yield of
rhodamine 6G (R6G) as a reference standard. for which
& =0.96 in ethylene glycol | 19], using the relation

The indices s and r denote the sample and reference respec-
tively. The integrals represent the corrected fluorescence peak
areas; A and n are the absorbance at the excitation wavelength
and the refractive index of the applied solvent respectively.
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3. Results and discussion
3.1, Effect of concentration

Fig. 1 shows the emission spectra ( A, =420 nm) of DBPI
in chloroform recorded at different concentrations. The emis-
sion intensity decreases with increasing concentration in the
range 1 X 107* to 1 X 10~ * mol dm ~*. This decrease in the
emission intensity of DBPI is due to the strong overlap
between the emission and absorption spectra of DBPIin chlo-
roform, as shown in Fig. 2. leading to re-absorption of the
emitted photons by ground state DBPI molecules. The over-
lap integral (/). which expresses the degree of spectral over-
lap between the emission and absorption specira, was
calculated using Eq. (2) [20] as /= 134X 10" P M ' cm?®

F(re(vy _
L J=f——di (2)
1{vydi R (v)
"
&l 3) = d(r) X=X (h - L . .
j,'( Pdp AL n; where F( v) is the emission intensily normalized to unity and
€( ) is the molar absorptivity of DBP!.
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Fiz. 2. Emission ( X X X ) and electronic absorption (~ - —) spectraof 1 X 10 *mol dm * DBPI in chioroform.
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Table |
Fluorescence lifetime (7). probability of re-absorption {(a) und the average
aumber of re-absorption cycles (n) a1 different concentrations of DBPI in

CHCH {4, =420 0m, A,,,= 530 nm)

|DBPI) {mol dm ™'} Tins) {m) a &
1%10°¢ 370 1.800 0o 098
5x10°°¢ 371 1.005

1x10 * 398 1075

sx10°° 5.09 1.375

I1xH0 * 5.52 +.491 0.272

§xi0 742 2.0m 0.503

Xt R.82 2230 0.556

The electronic absorption spectrum of DBPI in chloroform
does not change with concentration. indicating the absence
of molecular aggregation of DBP! in this solvent.

Re-absorption was confirmed by measuring the fluores-
cence lifetime at different concentrations of DBPI in chlo-
roform. As shown in Table I, the fluorescence lifetime
increases with concentration from 3.7 ns at 1 X107* mol
dm o852 nsat 1 X 107 mol dm ~*. However. the decay
curves remain single exponential over the whole concentra-
tion range examined. indicating the absence of excimer
emission.

The apparent fluorescence lifetime 7 can be related to the
true fluorescence lifetime 7, by the average number of re-
absorption cycles {u) | 17,18] such that

T={N)Ty (3)

For values of (n) smaller than 1.1, Scully et al. [21]
observed a single exponential flucrescence decay of R6G, but
above this value a convex decay profile with a rising com-
ponent of R6G was obtained. For DBPI, however. the fluo-
rescence decuy remains single exponentisl evenat {n) =2.23
as shovm in Fig. 3. The probability of re-absorption a was
calculated from Eq. (4) [17]

™

1~ agpm

4

where 7 is the molecular fluorescence litetime (1.e. as meas-
ured at infinite dilution}). 7 is the apparent fluorescence life-
time, a is the probability of self-re-absorption (which
depends on the overlap between the emission and absorption
spectra as well as the path length of fluorescence through the
sample) and gy, is the molecular quantum yield. Table 1
summarizes the fluorescence lifetinie, the probability of re-
absorption and the number of re-absorption cycles at each
concentration of DBPI dye.

3.2. Fluorescence quenching of DBPI by MG

Excitation energy transfer from DBPI to MG was studied
in different solvents, such as methanol, butanol and ethylene
glycol, by steady state sion and lifetime

The electronic absorption spectrum of DBPI shows no
changes when MG is added, indicating the absence of ground

state complex formation between DBPI and MG. From the
emisston spectra of DBPI measured in the absence and pres-
ence of MG, there is no evidence of exciplex formation
between excited DBPI and MG dye. As shown in Fig. 4. a
decrease in emission intensity is observed on addition of MG
to DBPI without discernible changes in the maximum or
shape of the fluorescence spectrum accompanied by
guenching.

The apparent second-order rate constant kgy for encrgy
transfer in the DBPI-MG pair can be calculated from the
Stern—Volmer plois shown in Fig. 5 which obey Eq. (5)

l—ll!=l+kliTTl[MGl (3)

where I, and / represent the fluorescence intensities of DBPI
tn the absence and presence of MG: [ was cotrected for the
inner filter effect using the equation given in Ref. [22]: 7y is
the solution lifetime of the donor in the absence of the accep-
tor. From the slopes of the Stern—Volmer plots and the solu-
tion lifetime of DBPI, the values of kgy were calculated tobe
86X 10", 8.1 10" and 3.7x 10" M™' s~ in methanol,
butanol and ethylene glycol respectively.

From the fluorescence lifetime measurements, kg can be
calculated using Eq. (6) {23]

I\'m-lMGl=l—l (6)
T T

where 7; and 7, are the calculated best-fit exponential decay

umes for DBPI in the presence and absence of MG respec-

tively. As shown in Fig. 6. the observed fluorescence decay

curve can approximately be fitted to a single exponential
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Fig. 4. (a) Emission spectra of $X 10 * mol dm ™' DBPI in the absence
(X X X) and presence (- - =) of 2X 10 " mol dm ' MG in methanol
(A, =320 nm). (b) Emission spectra of $> 10 “ mol dm * DBPI in the
abseace ( X X X ) and presence (— - —) of 410 * mol dm * MG in

ethylene glycol (A, =420 nm).

function, Therefore Eq. (6) is used instead of the more accu-
rate eguation of the 7' function {24} in order to obtain
approximate values for k.r. The &gy values are 8.4 X 10",
7.72x 10" and 3.9 10'* M~ ' s 7! in methanol. butanol and
ethylene glycol respeciively. which are in good agreement
with those obtained from the steady state emission measure-
ments. indicating the absence of static quenching. As shown
in Table 2, the rate of energy transfer kgy is larger than the
diffusion rate constant &, for all solvents used in this work,
and the value of Ay in ethylene glycol is much greater than
those in methanol and butano), indicating that translation
diffusion is not a governing factor in the quenching mecha-
nism of the DBPI-MG pair [25].
Since there is good overlap between the emission spectrum
of DBPI and the absorption spectrum of MG, as shown in
Fig. 7, a long-range energy transfer mechanism is expected.

The critical transfer distance R, at whicii 50% of the excitation
energy is transferred to the acceptor can be calculated using

the Forster formula |26]

dv

(@]

25X 107 X oy (Fl 7)€l #)
R= a J' -
) (v)

where ¢ is the emission quantum yield of the donor in the
absence of the acceptor, n is the solvent refractive index,
£( 7) is the normalized distribution of the donor emission
at wavenumber 7 (¢cm™') and e( 7) is the decadic molar
absorption coefficient of the acceptor.
The R, values are 52.5, 50.1 and 53.9 A in methanol,
butanol and ethylene glycol respectively. and comparable
with those obtained for the resonance energy transfer studies
of other donor-acceptor pairs using different techniques
[26]. The large values of the critical transfer distance and the
rate constant of energy transfer indicate that the underlying
mechanism for the DBPI-MG pair is resonance energy trans-
fer due to long-range dipole-dipole interaction between the
excited donor and the ground state acceptor.

The effect of temperature on the energy transfer from
excited DBPI to MG was also studied in methanol in the
temperature range 15-45 °C. The values of the activation
energy E, associasted with ki were calculated by assuming
the Arrhenius equation for k.
ker=A exp( — E,/RT) (8)

The value obtained for E, is 4.5 ki mol "', which is much
smaller than the £, value of about 10-13 kJ mol ™! expected
for diffusion-controlled quenching in methanol.

i 1 J
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a
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Fig. 5. Stern—Volmer plots of the fluorcscence quenching of 5 10 mol

dm * DBPI by MG in methanol {MeOH) and cthylene glycol (EG)
(A, =420 nm. A, = 530 nm).
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Fig. 6. Fluorescence decay curves of X 10° *mol dm * * DBPI in the absence and presence of MG (A, =420 nm) in methanol (| MG] =5X 10 " moldm ")
(a). butanol (iMG| =5.2X 11" *mol dm '} {b) and ethylene glycol (|MG| = 1.25X 10" * maldm " *) (c).

Table 2

Rate constants of energy transter for DBPI-MG pair in different solvents

Solvent [MG] (moidm™*) 7o () T(ns} F VATV B kg /100 (M7 571
MeOH 5x10 * 379 327 84861 " L8

Butanol 52x10° 37 39 7780 0.34

Ethylene glveot 1.25x10 * 376 318 39¢3N)" 0.057

7is the lifetime of DBPI in the presence of MG.

1, is the lifetime of DBPL in the absence of MG.

* Calculated from lifetime measurements.

* Calculated from steady state emission measurements.
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Table 3

Fluorescence fifetimes of DBPY in the absence (7,} and presence (71 of KI and quenching rate constants (4,) in different solvens ([ DBPI =S x 10 " mol

dm LK =0012moldm” LA, =420 nm. A, = 530 nm)

Solvent &, T, (ns) Tins) kJI0T (M s D A/ 10" (M T Yy
MeCOH 0.98 370 2,65 104 1.8
EIOH 047 30 0.43 042
1-Prapanol 0.95 327 0.223 0.54
2-Propunol 095 333 .15 0.35
Table 4 The effect of lemperature on the Auorescence quenching
Effccl»uf p on the fh hing rate constant of DBPI was also studied in methanol. us shown in Table 4. The I\"‘
by Ki in McOH values increase with increasing lemperature.
T¢C) EA1O™ (M s ) The activation energy E, associated with &, in methanol
was calculated to be 9.2 +0.5 kJ mol . This value is very
20 Lo4 close to the activation energy associated with the solvent
25 L3 viscosity (£,=10.4 kI mol ! in methanol) [14], though
30 1.37 o . oL .
35 136 this does not necessarily indicate that the fluorescence
36 1.55 quenching of DBPI by Kl is fully diffusion controlled, as has
45 1.62 been extensively discussed for various unthracene derivative—
O, systems [29.30).
Yool 4 1.0
N ) 4. Conclusions
[ i
1ep L] xy o The emission intensity and excited state lifetime of DBPL
—'E" -' \. % in chloroform are strongly affected by the concentration.
T ! \ b * oo Increasing the concentration of DBPI causes a significunt
e Rt ] ) E * T change in the fluorescence spectral shape and an increase in
E ! \ xox the excited state lifetime.
: e L i \ ;o J o The electronic energy Frunst'cr from DBPI to MG obeys a
2 ; o, ;’.‘ ; Forster-type mechanism in the form of a long-range dipole~
b " ;‘-’ AN »: dipole interuction between excited donor and ground state
el ’. x '\ 3 4.z aceeptor, whereas the fluorescence quenching of DBPI by
. g KN % iudide ions obeys a spin—orbii coupling mechanism.
7 . . +
e “*”?-p-‘* ! |\ . ‘E‘.
700 650 600 550 500 References

Wavelength (nm}
Fig. 7. Emission specum (X X ) of $X10 " mol dm * DBP)
(A, =420 nm) and clectronic ahsorption spectrum (- + —yof 1 X 10 " mol
dm " DBPI in ethylene glycol.

3.3. Fluorescence quenching by KI

The fluorescence quenching of DBPI by KI was also stud-
ied in different polar solvents using steady state emission and
lifetime measurements. fodide ions quench the fluorescence
by enhancing intersystem crossing via a spin-orbit coupling
mechanism [27,28]: the bimoleculur quenching rate con-
stants &, were calculated using the Stern-Volmer plots and
Eq. (6).

As can be seen from Table 3, the bimolecular quenching
rate constant k, decreases with increasing medium viscosity;
the &, values are close to the diffusion-controlled bimolecular
feaction rate constant k., given by 8RT/20007, indicating
a collisional quenching mechanism for the DBPI-I system.
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