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ELECTZOGEI'EFIATED EXCITING OF LUKILTSEITC4: BY DIRECT 
CU3RZNT 
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V. A. Zhivnov and I. Yu. Rumyant sev 
I n s t i t u t e  of Physics of Byelorussian Acadeay of 

Sciences 

IITTXOUUCT I O N  

(ECL) phenomenon has been 'mown ;or mo.rc: i:hni? 13 

years and i n  general  the mechanism of processes lead- 

i ng  t o  l i g h t  emission with the b ipo la r  e l e c t r i c a l  

e x c i t a t i o n  is clecx. 

E l e  c t rogene r 3 t e d c hemi lumine s ce nce 

The main reac t ions  leading t o  ECL has been 

s tudied and the quantum y i e l d  o f  a number o f  sys- 

tems' ,2* 

the  works on study and explanat ion of ECL observed 

under the  so lu t ion  e l e c t r o l y s i s  by d.c. cur ren t  a r e  

not ava i lab le .  It is obvious t h a t  the ion-radical  

recombination p o s s i b i l i t y  is  ins ign i f i can t  i n  t h i s  

case due t o  the  absence of the  opposite s i g n  r e d i c a l  

i n  the v i c i n i t y  of  the  electrode.  To expla in  the ap- 

pearance of l i g h t  emission a new mechanism is needed. 

has been determined. However, p r a c t i c a l l y  
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970 ZHIVNOV AND RUMYANTSEV 

T;? t h i s  work we have s tudied the lurninescence 

of anthreeone, ' I ,  1 0-dibhenylenthrRcene (9PA) , mbre- 

ne, rhor'amine 6G, 1 , 5 - d i p h e n y 1 - 3 - s t . ~ y l p ~ ~ ~ z o l i ~ e  

(IPS?) i n  the d.c. current  mode. 

EDE:22?.i?T In th is  emeriment f. square quar tz  c e l l  

w i th  p l c l t i n u n  f l a t  e lec t rodes  ( 5  I 1 5  mm) WES used. 

Electrode sg?cinq 13 about 7 m. The so lvents  were B,N-di- 

methylfoxr:-ide ( D ? I F ) ,  e c e t o n i t r i l e  ( ACm). a c c t o c e  

which were mr i f iec!  nccording t o  the known Eethods4'" . 
Folutions vere prepered i n  d r y  box. 

= 6  

As suoport ing e l e c t r o l y t e s  t he  f r e sh -ca l c imted  

LiCl and tetra-butilammonium perchlorate  (TBAP) dr ied  

a t  7 5 O C  were uoed. The l i g h t  i n t e n s i t y  waa r eg i s t e red  

by memory osc i l lograph  C8-1 wi th  FEU-79 photoelement. 

RESULTS A11 studied dyes g i v i n g  emission with the 

b ipolar  e l e c t r i c n l  exc i t a t ion  88 well  as rhodamine 

6G have the d.c. current  exci ted luminescence. The 

t h i n  range of emission appears i n  the v i c i n i t y  of 

the cathode. This lumineecence range could not be 

resolved by the observation through 1 3OX mult iplying 

o p t i c a l  system. 

The lminescence  spectrum is  i d e n t i c a l  t o  the 

emission spectrum obtained with the photoexcitation. 

The voltage when emission appears depends on the type 

of e lec t rode ,  e l e c t r o l y t e  and It8 concentration. The 

i n t e n e i t g  of luminescence is proport ional  t o  the e lec-  
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ELECTROGENEMTED EXCITING OF LUMINESCENCE 971 

t r i c  current  end increzse aith the voltage (?is. 1 )  

The anthracene luminescence ( 1 0 ' ~ l O  i n  DbZ with L L X  

as the suDporting e l e c t r o l y t e  (5.  lO-'K) can be 

e a s i l y  observed i n  the dayl ight  v!hen t h -  v o l t a p  is 

of  10 v. The sa tu ra t ion  of the so lu t ion  by helium 
.. 

Fig. 1 Luminescence i n t e n s i t y  

(0) and current  (x) depen- 

dence on elactrode voltzge 

i n  anthracene so lu t ion  

(10'3rv?> i n  N,N-dimethylfor- 

and O2 r e s u l t s  i n  2 

d r a s t i c  decrease o f  

the emission in tens i ty .  

P rac t i ca l ly ,  o r igen  

quenches lumine s ce rice 

completely and helium 

by 50 - 60;;. ;;'hen o lec t ro-  

l y s i s  o f  the solution 

which contairSgorne lumi- 

nophors ( rubrene, DPSP, 

anthracene) takes  place,  

mamide with supporting e l ec t ro -  rubrene f luorescence i s  

l y t e  TBAP ( 5.1 o-*M). first t o  occur (vol tage 

value i s  -1 ,5v) .  Vith the  

voltage increase the  emission spectrum s h i f t s  t o  sho r t e r  

wavelengths, i.e. i n  succession DPSP and anthracene f lu-  

orescene apnears. 

DISCUSSIOI? The mechanism of luminescence appearance 

under e l e c t r o l y s i s  o f  the so lu t ion  by d.c. cu r ren t  

could not  be explained by the modele o f  t he  ion-radical  
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972 ZHIVNOV AND RUMYANTSEV 

annihi la t ion.  Emission occurs a t  the cathode 600-80Oms 

a f t e r  applying voltage while d i f fus ion  processes a re  

not able  t o  t r a n s f e r  ca t ions  t o  the r eac t ion  region i n  

such a s h o r t  pe r i sd .  The applied degassing o f  the 

s o l u t i o n  excluues t h e  p o s s i b i l i t y  of  luminophor cnemi- 

luminescence reac t ions  with oxygen. Apparently one 

could not take ser ious ly  the p o s s i b i l i t y  o f  r a d i a t i o n  

i n t e r a c t i o n  o f  dissolved lurninophors w i t h  impur i t ies  

as the emission i s  observed i n  differer i t  solvents  and 

the  i n t e n s i t y  i s  p rac t i ca l ly  independent on the p u r i -  

f i c a t i o n  degree of so lven t ,  e l e c t r o l y t e  and f luo res -  

cence. The experimental r e s u l t s  show that the l i g h t  

i n t e n s i t y  increase  witn the voltade increase ,  t ha t  the 

i n t e n s i t y  depends on tile so lu t ion  conduct ivi ty  and t h a t  

the  luminescence Spectra a r e  typ ica l  f o r  the dissolved 

f luorescent  molecules. dxperimental z h a r a c t e r i s t i c s  na- 

ve the same riature as those of e lectrogenerated chemi- 

luminescence observed i n  the s o l i d  organic phosphors  

and d i e l e c t r i c  l i q u i d s .  Thus i t  i s  qui te  possible  t n a t  

the  fluorescence occuring at the cathode with the so -  

l u t i o n  e l e c t r o l y s i s  by d i r e c t  current  r e s u l t s  from the 

exc i t a t ion  of luminophor molecules by energe t ic  e l ec t -  

rons.  

Zlementary electrochemical ac t ion  can be conside- 

red  as processes caused by a hlgn e l e c t r i c a l  f i e l d  

s t rength .  These f i e l d s  r e s u l t  from the f o r m i %  of du- 
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ELECTROGENERATED EXCITING OF LUMINESCENCE 973 

uble e l e c t r i c  l a y e r  a t  the  metal and l i q u i d  i n t e r  - 
face  and. reacn the vaiue of  - lo8 v/cm i . e .  values 

comparable w i t n  those o f  in termolecular  f i e l d .  Tnus 

a t  the anode the au to ioniza t ion  o f  tne  depolar izer  

molecules which reached tne  double l a y e r  may occur 

with s u f f i c i e n t l y  g rea t  degree of probabi l i ty .  A t  

t he  cathode such an e l e c t r i c  f i e l d  s t r eng th  r e s u l t s  

i n  more o r  l e s s  i n t ens ive  cold emission of  e lec t rons  

f rom metals. uoreover an excessive energy ( -1-2 ev) 

i s  gained due t o  t he  emitted e l ec t ron  so lva t ion  t h a t  

r e s u l t s  i n  marked decrease of  the  e f f i c i e n t  y i e l d  i n  

comparison with that i n  vacuum and t h u s  favours the 

cold emission process . 7 

The emitted e lec t rons  a r e  acce lera ted  by the  

double l a y e r  f i e l d  and obtain some energy. In  s o l u t i -  

on t h i s  energy can be l o s t  due t o  tne  i n t e r a c t i o n  of 

t he  molecules of SOlVerlt, luminophor and e l e c t r o l y t e  

ions.  II? p a r t i c u l a r ,  the  e lec t rons  can recombine with 

the  pos i t ive ly  charged p a r t i c l e s ,  adhere t o  the  mole- 

cu le s  of depolar izer  forming the  negative i o n s ,  p a r t i -  

c ipa t e  i n  the  exc i t a t ion  c o l l i s i o n s  with the  molecules 

of solvent  o r  luminophor. In  this  case the  molecules 

absorb the energy of f r e e  e lec t rons  and tramit 

i n t o  higher  e l ec t ron  v ib ra t iona l  s t a t e  leading t o  

the  f luorescence o r  d i s soc ia t ion  . Under appropriate  

condi t ions the  e lec t rons  can be solvated and i n  the  
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974 ZHIVNOV AND RUMYANTSEV 

solvated s t a t e  can reac t  witn the  d i f f e ren t  r e a c t i -  

om. i t  is d i f f i c u l t  t o  make a quant i ta t ive  estima- 

t i o n  of  the e lec t ron  energy inj.?cted f r o m  rnetzl i n t o  

solut ion.  Eowever, knowing the absomt ion  spec t ra  of 

the invest igeted luminophors and consequently +ke 

quantum energy necessary f o r  t h e i r  exc i t a t ion  one may 

consider the presence of the e lec t rons  of o rder  of  8e- 

ve ra l  e lectron-vol ts  i n  the v i c i n i t y  of the cathode. 

In  case there  a re  some d i f f e r e n t  luminophors tne first 

substance t o  be exci ted is the one with the lower ab- 

sorp t ion  energy. With the energy increcse a t  the elec-  

t rodes  the e l ec t rons  w i l l  gain higher  energy and the 

emission spectrum of  mixture should s h i f t  t o  the blue 

region. Such dependence i s  observable from the experi-  

ment. When e l e c t r o l y s i s  of the  so lu t ion  which contains 

some luminophors (rubrene, DPSP and DPA) tnkesplace,  

rubrene fluorescence is first t o  occ*. With the vol- 

tage increase the  emission spectrum s h i f t s  t o  the 

sho r t e r  wavelength, i.e. i n  succession DPSP and D?A 

f luorescence appears. 

The sa tu ra t ion  of so lu t ion  by oxygen or helium 

r e s u l t 8  i n  the e f f ec t ive  f r e e  e l e s t r o n  capture by the 

oxygen molecules or e decrease i n  the e l e c t r o n  tempe- 

r a tu re  of the in j ec t ed  e lec t rons  a8 a r e s u l t  of the 

c o l l i s i o n s  with the helium molecules, i , e .  It r e s u l t s  

i n  the emitted i n t e n s i t y  decrease. It is evident  t h a t  
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ELECTROGENERATED EXCITING OF LUMINESCENCE 975 

not 211 e lec t rons  f r o m  the cz-thode emission should 

produce exc i t a t ion  of the e l ec t ron  l e v e l  of the mole- 

cule. For t h i s  cese the e l ec t rons  s t i t h  the energ ies  Eo 

which correspond t o  the lowest exc i t a t ion  p o t e n t i a l  o f  

the luminophor a re  needed. O f  course,  the luminophor 

e x c i t a t i o n  can be accomplished under energy t r a n s f e r  

from the exc i ted  solvent  molecules. 

If one denotes by D the t o t a l  p robab i l i t y  of e l l  

?rsr,ecses leading t o  l i g h t  emission the luminescent 

emission i n t e n s i t y  w i l l  be proport ional  t o  the follow- 

ing exmession:  
al 

E O  

where n i s  the dens i ty  o f  e l ec t rons  i n  equilibrium, 

the energy d i s t r i b u t i o n  func t ion  o f  the e l e c t r o n  out- 

3 i ae  the douFle layer.  Evidently i n  the s teady s t a t e  

con t i t L ni. : 

where N i s  the  number of e l ec t rons  exc i t i ng  i n  t h e  

so lu t ion  i n  1 sec  D e r  u n i t  surface of cathode, u is  

the recombination coe f f i c i en t  of e l ec t rons  with the  

pos i t ive  ions,  no is the concentrat ion o f  pos i t i ve  

ions;  is the coe f f i c i en t  of adherence o f  e lec t ron8  

t o  the molecules of l i qu id  and luminophor leading t o  

the formation of the  negative ions;  8 i s  the coef f i -  

c i e n t  connected with the so lva t ion  of e lectrons.  
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976 ZHIVNOV AND RUMYANTSEV 

Hence : 

To determine N we use the equation o f  Fowler-Nord- 

heim for the current  o f  tli4 au toe lec t ronic  emission: 

J J 

m e r e  ,u 

t ion ;  x is the e l e c t r i c  s t rength  of double layer ;  

A and B e r e  the conete.nts of the Fowler-Nordheim 

equation. The thickness  of  the Helmholtz layer  d can 

be considered as a constant and x can be replaced by 

U/d where U is the applied vcjltage. The Maxwell func- 

t i o n  can be used as  the d i s t r i b u t i o n  function. 

Then 

is the e l e c t r i c a l  conduct ivi ty  o f  the eolu- 

Thus, when the process i s  control led by the cold emis- 

sion of the e lec t rons  from the cathode, the dependence 

of I n  ( U / J )  on 1/U should be a l i n e a r  one. !The values 

obtained from the  experiment are  shown d o t t e d  i n  f igu re  

2 and the theo re t i ca l  curve is given.The s a t i s f a c t o r y  
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ELECTROGENERATED EXCITING OF LUMINESCENCE 977 

3 -  

2 '  

f -  

0 

Fig. 2 Dependence of r e l a t i o n  

en ( 71 on a (continuous 

curve) and experimental va- 

lue  f o r  anthracene solu- 

t i o n  (10-3M) i n  I,N-dime- 

thylformamide with support- 

ing  e l e c t r o l y t e  TBAP( 5.1 o-~M) 

U 10 

agreement of the  theo re t i ca l  and experimental dependen- 

ces  is avai lable .  

COIJCLUSION The inves t iga t ion  r e s u l t s  and also the  

correspondence of  the experimental data t o  the  theore- 

t i c a l  ca l cu la t ion  speak  in favour  o f  the cathode 

emission mechanism. It seems t o  us t h a t  the appearance 

of  the luminophor emission under the e l e c t r o l y s i s  by 
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9 ?a ZHIVNOV AND RUMYANTSEV 

d i r e c t  c u r r e n t  evidences the  e x c i t i n g  i n  the  solution 

of the  f r e e  e l e c t r o n s  possess ing  the  energy enough f o r  

the e x c i t a t i o n  of  t h e  e l e c t r o n i c  v i b r a t i o n a l  l e v e l  o f  

t h e  molecules. 
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