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CHEMISTRY IN USERS. VI. DIMERIC LUMINOPHOKS IN 

ELECTROGENERATED CHEMILUMINESCENCE 

Csaba P. Keszthelyi 

Department of Chemistry 
Louisiana State University 
Baton Rouge, Louisiana 70803 

U . S . A .  
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(ABSTRACT) 

Electrogenerated chemiluminescence (ECL) provides an unusually 

attractive method for producing dimeric luminophors, by comparison to 

optical pumping of a dye laser, both in terms of dimer/monomer ratio and 

variety of accessible states. Several dimeric luminophors arising from 

the homogeneous charge transfer step are discussed, and the customary 

assignment of full singlet or triplet character to some of the excited 

moieties is shown to be unwarranted. An error in the literature concern- 

ing the kinetics of ECL-dimer formation is pointed out. 

The recent paper by Measures1 on the prospects of developing a 

laser based on electrochemiluminescence (ECL)2 calls to attention some ad- 

vantages of this particular technique for achieving laser action in dye 

solutions. It was suggested that 9,lO-diphenylanthracene (DPA) should be 

a promising candidate to achieve population inversion in the singlets, 

whereas 9,lO-dimethylanthracene (DMA) and 9,lO-dibromoanthracene were 

judged suitable for a laser based on excimers. The particular advantage 
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KESZTHELYI 

of ECL t o  produce excimers is inherent t o  t h e  method: whereas in o p t i c a l  

pumping the  formation of excimers involves c r e a t i o n  of  exc i ted  monomers 

followed by d i f fus ion  t o  an i n t e r a c t i o n  sphere,  i.e. 

(1) 
* 

DMA + hv + lDMA 
* 

'DIM* + DMA 1(DMA)2 (2) 9 

in e lec t rogenera ted  chemiluminescence the  order of t he  s t e p s  is ef fec-  

t i v e l y  reversed ,  i . e .  d i f fus ion  

of the  exc i ted  s t a t e :  

DMA? + DMA' 

It is r ead i ly  apparent from Eqs 

t o  an i n t e r a c t i o n  sphere precedes c rea t ion  

* 
3 [DMA' ... DMA'] -f [DMA ... DMA] (3 )  

1, 2, and 3 t h a t  in case  of o p t i c a l  exci-  

t a t i o n  the  concent ra t ion  dependence of t he  {dimer emission i n t e n s i t y /  

monomer emission in t ens i ty ]  r a t i d  i s  a we l l  defined func t ion  of [DMA], and 

in ECL the  same r a t i o  is seen t o  be concent ra t ion  independent as a f i r s t  

approximation. In t h e  following we would l i k e  t o  examine in some d e t a i l  

t he  formation of dimeric luminophors in ECL, and some r e l a t e d  quenching 

problems, These r e s u l t s  complement, r a t h e r  than con t r ad ic t  in any way, 

t he  work of Measures.l 

Electrogenerated chemiluminescence involves the  conversion of 

e l e c t r i c a l  energy t o  chemical energy, f o r  example a t  a platinum w i r e  o r  

PPDE (p lanar  platinum d i sk  e l ec t rode ) :  
- 

ee lec t rode  -b RS (4) 

* ee lec t rode  + Rt (5)  

Rt + R' + 2R + hv ( 6 ) .  

and 
- 

followed by conversion of t h e  chemical energy t o  l i g h t :  

Che chemical energy a v a i l a b l e  from Eq. 6 can be ca l cu la t ed  a s  

mo = AGO - TASO ( 7 )  
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CHEMISTRY IN LASERS. V I  

where AGO is t he  d i f f e rence  between t h e  standard oxida t ion  and reduction 

p o t e n t i a l s  of R, and t h e  present l i t e r a t u r e  value of T@So is 0.10 e V  a t  

room temperature.* 

energy (E ) of R, t he  system i n  Eq. 6 can be c l a s s i f i e d  a s  e i t h e r  energy 

s u f f i c i e n t  (E8 < IAH'I) o r  energy d e f i c i e n t  (Es > 1AH"I) .  

s u f f i c i e n t  system Eq. 6 becomes 

By comparing AHo with t h e  f i r s t  exc i ted  s i n g l e t  

8 

I n  an energy 

Ri' + R' + lk + 'R, (8a) 

followed by fluorescence of 'R, 

'R, + lk + hv (8b). 

Generally,  energy s u f f i c i e n t  systems give more in t ense  luminescence than 

energy d e f i c i e n t  ones,  as was shown in t he  f i r s t  experimental i n q u i r i e ~ , ~ - ~  

When the  system described by Eq. 6 is energy d e f i c i e n t ,  t h e  homo- 

geneous e l ec t ron  t r a n s f e r  s t e p  y i e lds  t r i p l e t s  (T): 

R? + R' + 'R,, + 3R, ( 9 )  0 

A s  most ECL experiments a r e  ca r r i ed  out a t  room temperature,  d i r e c t  phos- 

phorescence i s  unl ike ly  i n  most systems, and the  luminescence r equ i r e s  an 

add i t iona l  step.  Endothermic in te rsys tem cross ing  t o  the exc i ted  s i n g l e t  

(10) 
* 

T + S  

is unl ike ly  t o  occur i n  these  systems due t o  t h e  sho r t  t r i p l e t  l i f e t i m e  i n  

t h e  presence of formidable concent ra t ions  of r a d i c a l  ion quenchers, hence 

t h e  commonly pos tu la ted  "energy doubling" mechanism is t r i p l e t - t r i p l e t  an- 

n i h i l a t i o n  (TTA) 
* 

T +  T + S  + S  (11). 

Analogous cons idera t ions  apply t o  the  chemilurninescence s tud ie s  of 

WellerY8 who prepare t h e  ions as sodium and perchlora te  sa l ts  f o r  example, 

and observe luminescence upon mixing. 

Although some of t he  e a r l y  inqu i r i e s  assumed t h a t  every redox 

event i n  so lu t ion  leads t o  an e l e c t r o n i c a l l y  exc i ted  state,  t h i s  view is 
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KES ZTHELY I 

c l e a r l y  untenable i n  case  of many very weakly luminescing systems, where 

much f a s t e r  than d i f fus ion  con t ro l l ed  quenching would be required t o  ac- 

count f o r  the  low ECL e f f i c i ency ,  On the  o the r  hand, formation of a 

bimolecular "encounter complex" i n  Eq. 6 can expla in  such low e f f i c i e n c i e s  

- v i a  Eq. 3: 
+ -  

[R' ... R' ]  [R ... R]* == R + R* 

[R ... a]' + R + R 
J l  5.9 ( 12) 

It should be pointed out t h a t  although Marcus' theory lo  would not favor 

quick d i s s i p a t i o n  of 
* 

t h e  e x c i t a t i o n  energy of [R ... R] t o  the so lvent  

cage,  these  cons idera t ions  do not apply i f  l o s s  of  l i b r a t i o n a l  quanta 

t leads t o  a high v ib ra t iona l  s t a t e  of t h e  ground state dimer [R ... R] . 
The encounter complex [R ... R] may be thought of as a s h o r t  l i ved  pre- 

cursor of the  excimer ( R ) 2 ,  and i ts  con t r ibu t ion  t o  t h e  t o t a l  lumines- 

cence i n t e n s i t y  should be small, i f  any. Hence i n  the  s imples t  ECL sys- 

t e m ,  one i n  which d i r e c t  production of exci ted  s i n g l e t s  occurs (S-route) 

as i n  Eq. 8, only 'R1 and '(R): f luorescence is expected. 

system is one i n  which the  c a t i o n  and anion ( c t .  Eq. 4 and 5) a r e  derived 

from d i f f e r e n t  parent compounds. I n  a mixed S-route system, involving 

R1 and R;, both excimer and exc ip lex  emission can cont r ibu te .  A mixed 

S,T-route system has also been reported i n  t h e  l i t e r a t u r e ,  i n  which case  

Es(R1) > lAHol > Es(R,),ll and t h e  ECL emission cons is ted  of t h r e e  d i s -  

t i n c t  peaks ('Rl, 'R,, and (R2)2 o r  (RlR2) ). 

* 
* 

A mixed ECL 

+ 

* *  * * 

Before proceeding t o  examine the  var ious  dimeric luminophors i n  

T-route ECL systems, w e  should make mention of t h e  k i n e t i c  treatment of 

T-route ECL systems as it  appears i n  t h e  l i t e r a t u r e . 1 2  This appears t o  

be e spec ia l ly  des i r ab le  i n  view of t he  f a c t  t h a t  t h e  l i t e r a t u r e  treatment 

conta ins  a s e r ious  e r r o r ,  as w i l l  be shown i n  the  following. 

and Birks14 considered the  k i n e t i c  aspec ts  of delayed f luorescence  a r i s i n g  

Parker13 
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CHEMISTRY IN LASERS. VI 

from triplet-triplet annihilation, using the scheme 

where ko and kd 

version, k, is the rate constant for triplet formation, and k 

the rate constants for the radiative transitions of the monomer and the 

excimer. 

determined by ka[A] and kd, while the rate of formation of A* and A2 are 

given by and s. In the ateady-state treatment rM and T the life- 

times of the monomer and excimer respectively, are related to the rate 

constants as 

are the respective rate constants for radiationless con- 

and k; are f 

The steady-state distribution between the excited species is 
* 

D '  

1 / ~ ~  = kf + ko + kt (14) 

and 

1 / ~ ~  = k; + ki + \ (15) 

Qnsequently, the steady-state equation for the general mechanism involv- 

ing monomers becomes: 

% + 'dCA; 1 (cl/TMj + ka[Al)[A*l (16) 

% + kaDIIA*I = C A E ~ / T ~  

and for dimers: 

(17) 

By defining the special symbol a 9 I$,/% we may express !bD/t&, the exci- 

merlmonomer emission ratio, as 

It can be readily seen that for prompt fluorescence the relative excimer 

emission is directly proportional to the bulk concentration of the hydro- 

carbon, i.e. Eq. 18 reduces to 
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KES ZTHELY I 

a s t r a i g h t  l i n e  of s lope  ml passing th ru  t h e  o r ig in .  When R,., # 0 ,  the  

l i n e  w i l l  have an in t e rcep t  (k;/kf) ( T ~ / T ~ )  [a/( 1 + a ~ ~ k ~ ) ]  , whereas the  

slope m i  w i l l  be [(I + a)/(l + (u7,kd)](kf '/kf)TDka. 

quenching reac t ions  

By incorpora t ing  t h e  

A* + Q &> A + Q (20) 

A i + Q k > 2 A + Q  (21) 

t h e  T-route ECL treatment12 made a s p e c i f i c  allowance f o r  a quencher Q ,  

and incorporated it i n  the  exc i ted  state l i f e t i m e s  as 

l / T M i  kf + ko + kt + kl[Q] (22) 

1 / ~ ~ r  k; + k: + kd + kz[Q] (23) 

and 

In  terms of Eq. 18 t h e  r e l a t i v e  excimer emission became12 

% 
'k 

Regrettably i n  a T-route ECL system l$, = 0 ,  hence a 3 - is undefined 

(o r  l lo l l ) ,  and Eq. 24 given by Maloyl' is mathematically inva l id .  

emphasize t h a t  t he  treatment given by Parker1= and B i rks l*  i s  c o r r e c t ,  ex- 

cept  t h a t  it can not be ca r r i ed  over t o  T-route ECL. 

of 'k t he  e n t i r e  treatment is a c t u a l l y  s impl i f i ed ,  s t a r t i n g  with Eq. 16 

which should be kd[A2] 

We must 

Due t o  t h e  absence 

* 
([1/~,] + ka[A])[A*]. 

I n  proceeding t o  de l inea t ing  t h e  var ious  dimeric luminophors i n  

T-route ECL systems, we should r e c a l l  t h a t  an ECL encounter complex, 

being a precursor t o  t h e  excimer, was regarded t o  make a s m a l l  cont r ibu-  

t i o n  a t  bes t  t o  t h e  t o t a l  luminescence in t ens i ty .  S imi l a r ly ,  a TTA en- 

counter complex should be regarded a s  a precursor t o  t h e  excimer, though 

by extending t h e  treatment of  Goldschmidt and co-workers,15 t h e  two 
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CHEMISTRY IN LASERS. VI 

types of encounter complex f o r  the  same pa ren t  compound (ECL vs .  TTA) need 

not coincide i n  general .  Consequently, i n  the  following a d i s t i n c t i o n  i s  

made between the  ECL-type [R.**d 
* 

and TTA-typc (R*-*R).* 

The T-route system described by Figure 1 is  a simple one component 

system. 

f o r  example, ip 

fluorescence e f f i c i ency .  Besides monomer fluorescence a r i s i n g  from TTA, 

the  expected spectrum conta ins  th ree  peaks of dimeric o r i g i n ,  hv * being 

dominant. 

The use of symbols is  both conventional and se l f -explana tory ,  

r e f e r s  t o  dimer emission e f f i c i ency ,  whereas piF i s  the  
6 

R2 

A r a t h e r  complex emission p a t t e r n  holds f o r  a mixed ECL system 

t h a t  i s  energy d e f i c i e n t  w i th  respect t o  both luminescor parent  compounds 

(R1 and R2); t h i s  i s  ind ica ted  i n  Figure 2. 

c i t e d  s i n g l e t  bands due t o  R1 and R2, we have included poss ib l e  bands 

corresponding t o  monomer phosphorescence, although i n  t h i s  ca se  only a 

few compounds could be i n  the  category. 

counter complex [Rl*.*R2] , t he  TTA types (%**-%i) , (%2***%2) , and 

(3R,,..3R2) , and t h e  t r i p l e t  excimers o r  exc ip lex  3(R1)+2, 3(R2)2, and 

3(R1R2), can be expected t o  e m i t  photons due t o  t h e i r  probable mixed 

s i n g l e t - t r i p l e t  charac te r .  Such mixed s i n g l e t - t r i p l e t  cha rac t e r  has been 

discussed by Matsen” f o r  example, who demonstrated t h a t  i n  a h igher  than 

zero-order t rea tment ,  t h e  symmetry state des igna t ions ,  rA and r,, per- 

t a in ing  t o  i s o l a t e d  nonin terac t ing  molecules, a r e  only approximately 

v a l i d ,  and loca l -poin t  group symmetry allows mixed s i n g l e t  and t r i p l e t  

charac te r  f o r  chemical spec ies  such as [R ... R] . 

I n  add i t ion  t o  t h e  two ex- 
* * 

On the  o the r  hand, t he  ECL en- 
* * * 

* * 

* 

By comparison t o  S-route systems, T-route ECL systems, where for -  

mation of dimeric luminophors i s  heavi ly  favored , present  many complexities 

f o r  k i n e t i c  ana lys i s .  Due t o  t h e  d i f f e r e n t  r eac t ion  path involved, t h e  

log ica l ly  p leas ing  recourse  t o  comparison wi th  spec t r a  obtained from o p t i -  

c a l  e x c i t a t i o n  may not always be j u s t i f i e d .  Y e t ,  a s  r ecen t  r e s u l t s  ind i -  
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KESZTHELYI 

Fig .  1. A simple energy de f i c i en t  (T-route) ECL system. I n i t i a l  

cation-anion (R /R-) ann ih i l a t ion  produces the  ECL encounter 

complex [R**R]* which may e m i t  a photon with e f f i c i ency  # 6  o r  

d i s soc ia t e  t o  g ive  the  t r i p l e t  %*; c f .  Text f o r  t r i p l e t - t r i p l e t  

annih i la t ion  (TTA) and r e l a t ed  emission (quenching s t eps  and 
s i n g l e t  superscr ip ts  a r e  not shown i n  Figures).  

+ 

Fig. 2. 

i n i t i a l  cation-anion annih i la t ion  r e s u l t s  i n  the  encounter 

complex [ R ~ * * R ~ J *  capable of d i s soc ia t ing  t o  give e i t h e r  %* 
o r  %:; c f .  Text and Figure 1 also. 

A mixed energy de f i c i en t  (T-route) ECL system where the  

1 
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CHEMISTRY IN LASERS. VI 

cating the hyper-polarizability of dye molecules in lasers17 suggest , 

chemistry in lasers also involves molecular states that can differ signi- 

ficantly from the ordinary fluorescence situation. Consequently, the 

states arising from ECL have unusual significance in considering dye 

lasers. On the one hand, some of these dimeric luminophors may be suit- 

able to support laser action; on the other hand, their presence must be 

taken into account in estimating cavity losses, and what has usually been 

blamed on "triplet build-up" often could have had a more complex molecular 

history, as Figure 2 suggests. 

discussed earlier in this series,18 dimeric luminophors are also potential 

In addition to the time-evolution problem 

contributors to the apparent anti-Stokes drop in the quantum yield of 

luminescence of dyes ,I9 found to adversely affect their laser efficiency. 
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