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Abstract 

The effect of re-ahs¢,,"otion an the excited mate lifetime and emission spectrum of N,N'-bis( 2,5-di-ten-butylphenyl )-3A:9,lO-perylem'- 
bis(dicarboximide) ¢ :~l) was illvestigated in chloroform. Increasing the concentration of DBP| abt~ve 25 × IO s M causes a significant 
change in the fluorescence spectral shape and an increase in the excited state lifetime. 

Excitation energy transfer I¥om DBPI to malachite green { MG) was also studied in different sol,,xnts by nmasufing the fluore~ence decay 
andsteadysta~e~missi~n.Th~ra~ec~nstants~fenergynÈanst~rkt~Twerede~ermincdt~be8.4~+" 7.7Xl0t.and3.9×10H M i s I in 
methanol, butanol and ethylene glycol respectively. The expedmemal critical transfer distances were calculated to he 52.5 A in methamfl. 
50.2 ,~t in butanol attd 53.9 A in ethylene glycol. The activation energies E, for fluorescence quenching of DBP[ by MG and K| were ca|cu]ated 
to be 4.5 and 9.22 kJ tool ' respectively. (~3 1997 Published by Elsevier Science S.A. 

Kt 'y t tontw N~N'-niM2.5-di+tert+hu~y~pheny~).3.4~9.I~+pe~.tene~is(dicarb~ximide~:Excitati~r~ene~gytranM~r~Rc.ahstw~tkm 

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 pcr- 
ylene dyes attractive as potential laser dyes [ 7,8 I, photosen- 
sitizers for e~ectron transfer reactions [9-111 and as solar 
concentnttors [ 121. Perylene derivatives have also been 
found to include some promising microcrystalline photocon- 
ductors for electrophotography [ 13], and have been incof 
porated in prototype solar photovoltaic cells [ 14 [. 

In previous papers, certain characteristics o f N , N ' . . b i s (  2 . 5 -  

di-tert-butylphenyl) -3,4:9.10-perylenebis(dicarboximide) 
(DBP|)  have been investigated, e.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, 
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together with the deactivation of the excited singlet state by 
malachite green (MG) and potassium iodide (KI) in differ- 
ent media, 

2. Experimental details 

DBP1 ( A l d r i c h l  was dissolved in a minimum vo lume of 
chloroform: the dye was precipitated by adding met "hanot. 
The precipitate was collected by filtration and dried in vac- 
uum. MG was of guaranteed grade ( Wako Pure Chem. Ind.). 
All the solvents used in this work were n f spectroscopic grade. 

The fluorescence decay curves were measured in a con- 
ventional I cm cuvette, monitoring the emission at right 
angles using time-correlated single-photon counting 
(TCSPC). The decay curves were analysed using the method 
of itemtive, non-linear, least squares | 17 l-The experimental 
details of the fluorescence decay curve measurementsand the 
analysis of the decay data have been described elsewhere 
1181. The sample solutions were deaerated with either sol- 
vent-saturated argon or nitrogen gas for 20 mix. 

Steady state emission spectra were measured with a Shi- 
madzu RF 510 spectrofluorophotometer connected to an 
ultrathermostat (Julabo F 10: temperature precision, _+02 
°C) using a rectangular quartz cell of din:ensions 0.2 em x I 



== 

,.=, 

S.A. E7 Dul~. 5. Hiravanla / Journtd t?f Photochcmlstrv and Phutohiuh~gy A: Chemi~'t 0" I10 19~7) 59.65 

h 

I t 

; e W: 

l ~:" 
/~.' /~x\ .% 
/ 

5 0 0  550  6 0 0  6 5 0  

Wavelength in to )  

Fig. I. Emission Sl~ctra t&., 420 nm) of  I X In " i - - - - ) ,  5 × l l)  ~ 
( . - i . l × l O ' l × X X ) , S x H I  s t - - x  ) , l × ! U  " l  . . . . . .  ). 
Sxl(} ~(--  - )andlXIn ~ ( -x  X-~moldm ~DBPIinCHCL, 

cm to minimize re-absorption. The emission was monitored 
at right angles. U V-visible absorption spectra were measured 
using a Shimadzu UV-2100S speelrophotomeler. 

The room temperature fluorescence quantum yields &,(s) 
were calculated relative to the fluorescence quantum yield of  
rhodamine 6G (R6G)  as a reference standard, for which 
&~ = 0.96 i n  ethylene glycol I 191, using the relation 

f l , (  v)d~  x A_ x n~ ( I ) 'b"Isl~'/"trlp, lPld,~ A. n[ 

!0 

E 6.0 
$ 

The indices s and r d e n o t e  the sample and reference respec- 
tively. The integrals represent the corrected fluorescence peak 
areas: A and n are the absorbanee at the excitation wavelength 
and the refractive index o f  the applied solvent respectively. 

DBPI 

H,C CH~ 
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3. Results  and  di~ussion 

3.1.  lzffe~q rJf c o n c e m r a t i o n  

Fig. I shows the emission spectra ( A,., = 420 nm ) of  DBPI 
in chloroform recorded at different concentrations. The emis- 
sion intensity decreases w i t h  increasing concentration in the 
range I × l0  "~ to I X l0  = ~ mol d m  ~. This decrease in the 
emission intensily of  DBPI is due to the strong overlap 
between the emission and absorption spectra o f  DBPI in chlo- 
rolbnn, as shown in Fig. 2, leading to re-absorption o f  the 
emitted photons by ground state DBPI molecldes. The over- 
hip integral (d),  which expresses the degree of  spectral over- 
lap between the emission and absorption spectra, was 
calculated using Eq. 12 ) [ 201 as " =  13.4 x I0 " ~ M ~ cm ~ 

] ' F (  P l e l  ~) 

where F( v ) is the emission intensily normalized to unity and 
,~(~) is the molar absorptivity o f  DBP'. 
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Fig. 2. Emission ( X x x ) and electronic absorption ( - • - )  speclpa o1 I X I0 s tool dm ~ DBPI in chloro|orm. 
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Table 1 
Flutwescence lifetime I r). probability o[ re-absorption I a ) and Ibe average 
number of re-absorption cycles (n) al dill~rent concentrations of DBPt in 
CHCI~ I h,., = 420 nm, Ae. , = 530 nm ) 

I D B P I  I ( tool dm - ' t r ( n s  ) ( n )  a tb, 

I X In <' 3.70 I.fl00 n.o 0.98 
5X In <' 3.71 I.II05 0.005 
I x 10 ~ 3318 1.075 0.07 
5XI0 ~ 5.(P) 1.375 0275 
I X 1O a 5+52 1.491 0.272 
5X 10 a 7.42 2.[X}I O.505 
I x In ~ 8.52 2.23n (k556 

The electronic absorption spectrum of  DBPI in chloroform 
does not change with concentration, indicating the abscnee 
of  molecular aggregation o f  DBPI in this solvent. 

Re-absorption was conlirmed by measuring the fluores- 
cence lifetime at different concentrations o f  DBPI in chlo- 
roform. As shown in Table I, the fluorescence lifelime 
increases with concentration from 3.7 ns at I x l0  -~" mol 
dm ~ to 8.52 ns at I X 10 '~ tool 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 r can be related to the 
true fluorescence lifetime L~t by the average number o f  re- 
absorption cycles Qt) I 17,181 such that 

r = ( n ) r m  13)  

For values o f  (n )  smaller than I.I ,  Scully et al. 1211 
observed a single exponential fluorescence decay o f  R6G, but 
above this value a convex decz~y prolile with a rising com- 
ponent of  R6G was obtained. For DBPI, howe~er, the fluo- 
rescence decay remains single exponential even at (n )  = 2.23 
as shown in Fig. 3. The probability of  re-absorption a was 
calculated from Eq. (4)  I 171 

~ ' = - - - -  141 
I - aqFm 

where rM is the molecular fluorescence lifetime ( i.e. as meas- 
ured at infinite dilution l, r is the apparent fluorescence life- 
time, a is the probability o f  self-re-absorption (which 
depends on the overlap between the emission and absorption 
spectra as well as the path length o f  fluorescence through the 
sample) and qt+,t is the molecular quantum yield. Table I 
summarizes the fluorescence lifetime, the probability of  re- 
absorption and the number of  re-absorption cycles at each 
concentration of  DBPI dye. 

3.2. Fluorescence qnenching +~'DBPI by M G  

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

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

6i 

state complex formation between DBP[ and MG. Frcmn the 
emission spectra of  DBPI measured in the absenee and pres- 
ence of  MG. there is no evidence of  exciplex ffme'~ion 
between excited DBPI and MG dye. As shown in Fig, 4. a 
decrease in emission intensity is nb~rved  on addition o f  MG 
to DBPI without di~ernible  changes in the maximum or 
shape o f  the fluorescence spectrum accompma~ed by 
qneneh;ng. 

The apparent second-order rate constant key for energy 
transfer in the DBPI -MG pair can be calculated from the 
Stcru-Volmcr plots shown in Fig. 5 which obey Eq. (5)  

I,. 
- - =  l +kl~Trf[ MG I (5)  
I 

where I .  and I represent the fluorescence intensities o f  DBP[ 
in the absence and presence o f  MG" I was corrected for the 
inner filtcr effect using the cqtmtion given in Ref. {22 | ;  -r~ is 
the solution lifetime of  the donor in the absence o f  the ~cccp- 
tor. From the slopes o f  the Stcm-Volmer  p[oLs and the solu- 
tion lifetime o f  DBPL the values o f  kEr were calculated to be 
8 . 6 x  10 ;°, 8.1 X 10 m and 3.7 X In  N M - i  s - i  in m e t h a ~ .  
butanol and ethylene glycol respectively. 

From the fluorescence l i f ie t ime measurements, k~.T can he 
calculated using Eq. { 61 [ 23 ] 

I I 
k e d M G I  . . . .  (6)  

rj rt~ 

where r. and ~+ are the calculated best-fit exponential decay 
times tk)r DBPI in the presence and absence o f  MG respec- 
tively. As shown in Fig. 6, the observed fluorescence decay 
curve can approximately be titled to a single exponential 

NCA CI~EL NIJmER 
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m 
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Fig. 3. Fluorescence decay curves of (al 5 x In-" and (b) I x I0 "~ mot 

dm ~ DBPI in chloroform. 
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Fig. 4. ( al Emission spcclra tff 5 x IO ~ mt+l dm ~ DBPI in the absence 
( x x x ) and presence I-  • - )  tff 2 × IO J tool dm ~ MG in methanol 
(/,~, = 420 nm ). ( b ) Emi,~sion spcclra of 5 × Ill +' tool dm ' DBP[ in the 
absence ( × × × ) and presence ~- • - )  of 4 × IO ~ tool dm ; MG in 
ethylene g!;~col t a~, = 420 nm 1. 

function. Therefore Eq. ( 6 )  is used instead of  the more accu- 
rate eouation of  the ?:_, function 1241 in order to obtain 
approximate values for k~T. The  kt:~ values are 8 . 4 ×  l 0  m, 
7.72 × l0  m and 3.9 × 10 ~ M ~ s -  ~ in methanol, butanol and 
ethylene glycol respectively, which are in good agreement 
with those obtained from the steady state emission measure- 
menLs, indxcating the absence of  static quenching. As shown 
in Table  2, the rate o f  energy transfer kin- is larger than the 
diffusion rate constant kai . for all solvents used in this work, 
and the value of  k~T in ethylene glycol is much greater  than 
those in methanol and butanol, indicating that translation 
diffusion is not a governing factor in the quenching mecha- 
nism of  the D B P I - M G  pair  [251.  

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 wansfer distance Ro at whici150% of  the excitation 
energy is transfemed to the acceptor can be calculated using 

the F0rster formula [261 

1.25 X 10-2s X & r ( ~ p  
( 7 )  

where (bf is the emission quantum yield o f  the donor in the 
absence of  the acceptor, n is the solvent refractive index, 
F o ( ~ )  is the normalized distribution of  the donor emission 
at wavenumber  ~ (cm -~)  and e ( ~ )  is the decadic molar 

absorption coefficient o f  the aeceptor. 
The R(~ values are 52.5, 50.1 and 53.9  ,~ in methanol, 

butanol and ethylene glycol respectively+ and comparable 
with those obtained lo t  the resonance energy transfer studies 
of  other donor-acccptor  pairs using different techniques 
[ 26 ]. The large values o f  the critical transfer distance and the 

rate constant o f  energy transfer indicate that the underlying 
mechanism for the D B P I - M G  pair is resonance energy trans- 

fer due to long-range dipole-dipole interaction between the 
excited donor and the ground state acccptor. 

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 o f  the activation 
energy E~ associated with k m were calculated by assuming 

the Arrhenius equation for kj~[ 

kET = A exp( - E . / R T )  ( 8 )  

The value obtained for E,, is 4.5 kJ mo i, which is much 

smaller  than the E,  value o f  about 10-13 kJ tool - ~ expected 

for diffusion-controlled quenching in methanol. 
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Fig, 5. Slern-Volmcr plots of the fluorescence quenching of 5 × l0 - t, tool 
dm ~ DBPI by MG in methanol (MeOH) and ethylene glycol {EG) 
(~.¢, =420 nm. A+m = 530 am). 
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Table 2 
Rate constants of energy transli:r Ior DBPI-MG pair in diflkrent solvents 

Solvent [MGI(mtddm ~) r.(ns) T(ns) k~ / lO" ' lM  ~s s) ka,,/lO=°(M *s ~) 

MeOH 5 x  10 = 3.79 3.27 8.4 J 18,67) ~ 1.8 
Butanol 5.2× l0 ~ 3.79 3.29 7.7 ~ (8.1) ~ 0.34 
Ethylene glycol 1.25x l0 ~ 3.76 3.18 39 = (37) " 0.057 

"/'is the lifetime of DBPI in the presence of MG. 
co is the lifetime of DBPI in the absence of MG. 

Calculated li'om lifetime measurements. 
h Calculated from steady state emission measurements. 
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Table 3 
Fluore~ence lil~times c)[ DBP! in the ubstrnce (~)) and presence (r) of KI and quenching rule conslants I k,~ ) in dilterent sol~enls ( J DBPI J = 5 × 10 ~ 111o1 
dm '. IK]I =0.012moldm '.~,~,=420nm. A~.,=53Onm) 

Solvem tb, r,,(ns) r(ns)  /,q/10 ")(M ' s ') k,,,,,/10 m ( M )  s )) 

MeOH 0.98 3.70 2.65 1.04 1.8 
EIOH ().97 3.59 3.03 0.43 0.92 
I =Protrant)i ().95 3,58 3.27 (I.223 0.54 
2+Propanol 0.05 3.54 3.33 0.15 0.35 

Table 4 
E ft~ecl (if temperature on the ttuorc~cnce quenching rule ct)nxtunt t)l DBPI 
by KI in MeOH 

I ( : C )  L./In '"IM Js ;l 

20 1.114 
25 1.30 
3(I 1.37 
35 1.46 
4O 1.55 
45 1.62 

o 

1 ,.<1! / , .  

I i 

: o . ,  
I 

~.Pi J 

! 
I 

J.4 I 

.4 
a , s  
x ~ 
x 

~e x 

x p, ~. 
• + 

g 

o. (, .~ 

0.~ 

too 6+fl 600 550 500 

Wavelength (rim} 
Fig. 7. Emission r,peclrum ( ×  x × )  ot 5×10 " tool dm ' DBPI 
(&+,=a2Onm)andelectrL~nicab~t)lption~pectrtlm(- • lot I X lU ~mol 
dm ' DBPI in ethylene glycol. 

3.3. Fhu~rescence quenching by KI  

Th e  f luorescence quenching  of  DBPI  by KI was  also stud- 
ied in different  polar  solvents  using steady state emiss ion  and 
l i fet ime measurements .  Iodide ions quench the f l uo re~ence  
by enhanc ing  intersystem cross ing  via a sp in -o rb i t  coup l ing  
mechan i sm 127,281; the b imolecu la r  quench ing  rote con-  

s lants  kq were calculated us ing the S t e r n - V o l m e r  plots  and 
Eq. ( 6 ) .  

As  can be seen f rom Table  3. the b imolecu la r  quenching  
rate constant  kq decreases  wi th  increasing m e d i u m  viscosi ty;  
the k~ values  are c l o ~  to the diffusion-control led b imolecu la r  
reacdon rate constant  kaiu, g iven  by 8RT]2000"O, indica t ing  

a col l is ional  quenching  mechan i sm for the D B P I - I  system. 

The effect o f  temperature  on  the fluorescence quench ing  
was  also studied in methanol ,  as shown in Tab le  4. The  kq 
values  increase with  increasing temperature.  

The  act ivat ion energy E.. associated with  kq in methanol  
was  calculated to be 9 . 2 + 0 . 5  kJ mol ;. Th i s  value is very 

close to the activation energy associated with  the solvent  
viscosi ty  ( E , =  10.4 k,l mol ~ in methano l )  [ 14l ,  though 
this does  m)t necessari ly indicate that the f luorescence 
quenching  of  DBPI  by KI is fully diffusion control led,  as has  

been extensively d i scussed  tbr  various anthracene der iva t ive -  

0 2  sys tems 1 29.30 I- 

4 .  C o n c l u s i o n s  

The  emiss ion  intensity and excited slate l i fet ime o f  DBPI  

in ch loroform are s t rongly affected by the concentrat ion.  

Increasing the concentrat ion of  DBPI  causes  a significant  
change  in the f luorescence spectral shape and an increase in 

the excited state l ifetime. 

The  electronic energy transfi:r f rom DBPI  to M G  obeys  a 
F6rster-type mechan i sm in the lb rm o f  a long-range  d i p o l e -  

dipole  in teractkm between excited donor  and g round  state 
acceptor,  whereas  the f luorescence quenching  of  DBPI  by 
iodide ions obeys  a spin-~)rbit coup l ing  mechanism.  
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