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ELECTROCHEUICBL REACTIONS IN DYE LASERS 
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A.N.Rubinov, V.I.Tomin 
I n s t i t u t e  of Physics,  Byelorussian Academy 

of  Sciences , 
Leninsky prospect 70, 220602, Minsk, UdSR 

INTRODUCTION. 

In  recent  years  a considerable  success has been 

achieved in the  development of tunable dye-lasers and 

t h e i r  appl icat iops.  The information on t h i s  t op ic  i s  

presented i n  a s e r i e s  of t h e  review a r t i c l e s .  1-3 

Fur ther  e p a n s i o n  o f  the dye l a s e r s  is essent i -  

a l l y  dependent on the  prospects  of t h e i r  e f f i c i ency  

inc rease ,  cons t ruc t ion  s i m p l i f i c a t i o n  and miniatur iza-  

t ion .  In this respec t  the  problem of dye laser  pum- 

ping with ele6trochemical r eac t ions  i n  s o l u t i o n  i s  of 

g r e a t  i n t e r e s t  

I n  this paper the poesibi1i"y of t h e  s t imula ted  

emission of dye molecules i n  so lu t ions  under e l ec t ro -  

chemibal pumping using u l t r a son ic  8tFmulation and on- 
951 
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952 RUBINOV AND TOMIN 

coming flows of r ad ica l s  i s  discussed. In addi t ion  

experimental r e s u l t s  on the  electrochemical frequency 

tuning i n  the conventional op t i ca l ly  pumped dye l a s e r s  

a r e  preseated.  

E.LECTHOCHEKT,CAL PUMPING OP THE NOLECULES I N  SOLUTION3 

I Pr inc ipa l  processes.  

Prospec ts of dye l a s e r  development wi th  e l e c t  ro-  , 

chemical pumping of the  molecules in so lu t ions  have 

been discussed recent ly  i n  the  paper^^'^. 
The pumping mechanism i s  considered t o  be thesame 

ae t h a t  of the  electrochemiluminescence (ECL) . ECL is  

usual ly  observed ( ~ e e ~ ' ~ )  when b ipo la r  l o w  vol tage i s  

supplied t o  the  e lec t rodes  in se r t ed  i n t o  the c e l l  w i t h  

dye solut ion.  The vol tage produces the anion (R-) and 

the  ca t ion  (A') r ad ica l s  ( see  F i g .  i ) the  recombinati- 

on of which m4y l ead  t o  the production of the exc i ted  

s i n g l e t  $and t r i p l e t  

t he  exci ted s i n g l e t  

~ m i s e i o n  takes place as a r e s u l t  of spontaneous transi- 

t i ona  from the  exci ted s i n g l e t  s t a t e s  of monomer o r  

exiner molecules. The exci ted t r i p l e t  s t a t e s  con t r i -  

bute t o  the luminescence by means of  the T-T annihi- 

l a t i o n .  

R, s t a t e s  of  t he  molecules or 

&sta te s  of the eximer complex. 

2. Quantum eff ic iency of the ECL. 

A number of ECL so lu t ions  as wel l  as the  e l e c t r i c  

regimes of t h e i r  e x c i t a t i o n  were found i n  previous 
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F1g.i . The main reactions leading t o  the ECL. 

works 4,899.  One of the most e f f i c i en t  ECL system is 

g,IO-diphenylantracene (DPA) i n  dimethylformamide (UMF) 

f o r  the blue region of  the v i s ib l e  spectrum and some 

derivatives of styrylpyrazolines f o r  the green region. 

The quantum efficiency o f  the majority of the  sy- 

stems i s  lower than i%. The higher values were repor- 

ted i n  8v'3 but  the authors have made some assumpt ions  

when evaluating the reabsorption and the r e f l e c t i o n  of 

the  ECL l i g h t  f rom the electrode. 

Most probab ly  the low ou tpu t  of the ECL can be 

a t t r i bu ted  t o  the multiple energy t r ans fe r  between the 

s ing le t  s t a t e s  of R and R molecules, which f o r  a w h i -  

l e  continue t o  s t a y  at a shor t  distance f rom each other 

s. 
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954 RUBINOV AND TOMIN 

a f t e r  the  e l ec t ron  t r a n s f e r  reac t ion  between the corres-  

ponding rad ica l .  Such mult iple  t r a n s f e r  

cornpanled by nonradiat ive energy losses similar t o  the 

photoluminescence quenching a t  higu concentration of  

molecules. 

i s  usual ly  ac- 

According to3'' ECL power as much as seve ra l  miYt 

p e r  cm2 of  the e lec t rode  sur face  i s  achieved experi-  

mentally. 'the ECL is known t o  take place only within 

a very t i i in l a y e r  of the  s o h t i o n  neaP the e l ec t rode ,  

b u t  the  accurate measurements of the l a y e r  thickness 

A X  haven t been ca r r i ed  out up t o  date.  !be calcu- 

l a t i o m  in and our experimental observation by means 

of the microscope show t h a t  A X  doesn ' t  exceed 10-4cm. 

Using this m a x i m u m  value and t ak ing  i n t o  account t he  

thickness  of the  l a y e r  A X  mentioned above one can 

Gonclude tha t  a t  present t he  exci ted molecules con- 

centratiox's of the order  of L0I2 cmD3 a r e  obtained ex- 

perimentally near  the  working e lec t rode  of the  c e l l .  Even 

i f  t h i s  value i s  seve ra l  times a8 l a rge  (which.apparent- 

ly may be done by chemical means) i t  is s t i l l  an order  

o f  magnitude l e s s  than required f o r  l a s e r  act ion.  So the  

problem of the ECL i n t e n s i t y  increase  is  the  c r u c i a l  one 

5 

f o r  the  successful  electrochemical l a s e r  pumping. 

3. Stimulation of gCL with u l t rasonica .  

We suggest applying an acoust ic  f i e l d  , t o  t he  so- 

l u t i o n  t o  increase  the  PCL i n t e n s i t y  and e f f i c i ency  
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ELECTROCHEMICAL REACTIONS I N  DYE LASERS 955 

under the  b ipolar  exc i t a t ion .  Por the s e r i e s  o f  nolecu- 

l e s  (DPL, dipnenyls ty r j lpyrazol i i ies  , rubrene , perylene 

and o the r s )  the  appl ica t ion  of acoust ic  f i e l d  allowed 

t h e  ZCL i n t e n s i t y  t o  be increased considerably.  It 

shou ld  be noted that the ul t r t lsonics  increases  a l s o  

t h e  ECL quant'yn e f f ic iency  (e.g. with u l t r a son ic s  in-  

t e n s i t y  of  

i n  DMF a t  the  concentrat ion of 5 .  LO3 M is  increased 

by an order  of magnitude). The ECL i n t e n s i t y  of DPA 

s o l u t i o n  i n  I)W as a func t ion  of the e lec t rode  poten- 

t i a l s  i s  given i n  Fig.2. 

Wt*m'2 t h e  quantum ef f ic iency  of  rubren, 

30 

20 

10 

I 3 5 7 u  
3343.2. Rela t ive  increase  of the  ECL i n t e n s i t y  (quaai- 

e t a t iona ry  regime) of t h e  rubrene s o l u t i o n  

under t h e  inf luence of u l t r a son ic s  versus t h e  

appl ied vol tage ( i n t e n s i t y  of  u l t r a son ic  f i -  

e l d  iOD2Wt 'Z2.  Frequency 20 KC per  s e c ) .  
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956 RUBINOV AND TOMIN 

AS is  seen f rom the f igure  the application of acoustic 

f i e l d  grea t ly  increases the ECL power by a f ac to r  of 

30 at U=4,5v and consequently the excited s ing le t  

s t a t e  population R. 
W o  main reaaons responsible f o r  the ECL power 

growth in the acoustic f i e l d  must be considered: the 

strong acoustic mixing of the solution resu l t ing  i n  

the  increme o f  the ion-radical production on electro- 

des and the a l t e r a t i o n  of the energetics of  the e lec t -  

ron-transfer reaction caused by the redox-potential 

change. 

Aa i s  known the energetics of the electron 

t ransfer  reaction is  determined by i t s  enthalpy 

- A H  = EPQ - Epc - TaS0  

where Epaand Epc -potentials of the oxidation aad re- 

duction, T A S  -entropy fac tor .  Our experiments reve- 

aled that ultrasonics a f f ec t s  the increase of the ab-  

so lu te  value of the measured redox potentials (e.g. 

i n  rubrene solution the oxidation potential  Epais  

changed by I50 mV and the potential  of the reduction 

Epc by 210 mV). Thus the increase of  the absolute 

magnitudes of Epc and EQQ values causes the increase of 

the system enthalpy. This might be enough f o r  the con- 

version of the e n e r a  deficient reaction into energy 

su f f i c i en t  one and consequently f o r  the enlargement 
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ELECTROCHEMICAL REACTIONS IN DYE LASERS 957 

of the dCL i r i t ens i ty  s o  fa r  as s u f f i c i e n t  reac t ions  

possess nigher  Quantum ef f ic iency .  

4 .  ECL i n  the r a d i c a l  oncoming f l o w s .  

Unfortunately , the  e l e c t  rochemic a1 pumping with 

b i p o l a r  pulses produces exci ted s i n g l e t  molecules on- 

l y  wi th in  an extremely t h i n  l a y e r  o f  /O'4ca. It i s  

d i f f i c u l t  t o  use such a l a y e r  as an ac t ive  zone of a 

l a s e r .  vJe consider  here  the  p o s s i b i l i t y  of the  zone 

extension as well  as the  f u r t h e r  ECL i n t e n s i t y  increa-  

s e  by means of the ion-radical  oncomiag flows' m i c h  

can b e  created when addi t iona l  e l e c t r i c a l  f i e l d  pul- 
s e s  c -  - a (wnere e i s  iu t s r e l ec t rode  pulse d i s t ance ,  

UE 
u - ion-radical  mobi l i ty ,  E -  i n t e n s i t y  o f  e l e c t r i c a l  

f i e l d )  a r e  applied t o  i n t e re l ec t rode  space witn the 

he lp  of  appropriate  e lec t rodes  insu la ted  from the s o l u -  

t ion .  Taking i n t o  account tne ion-radical  oncoming 

flows the quant i ta t ive  descr ip i t io r i  of tne reac t ions  re- 

presented i n  Pig.1 in one dimensional space i s  given 

bJt tne following System of nonl inear  d i f f e r e u t i a l  

e qua t i ons 

(bRlk) = %k(8RP%2) - IC,R'R+ + %(dR-/dx) 

(b R t  'd t) = 92 (d'R'/d X') - K R' R+ + (2 Pt/&) 

(aR*/at) =%"(F~ydx') + IC,,R-R+ + IC,,R$ -(A,, + F,~)P* 

(bQL/dt) % p&/&') + Ice R't' + gLR& 
(i a,/&) = pP,/Jx*) + K,W+ + ?&* - P,,LT 

@/bt) = 9 pk/dxz)  + K,P'E+ + A3$N + KTT R; 

(i) 

(2) 

cs) 
(41 

C5) 

C6 
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RUBINOV AM) TOMIN 9 58 

where il' , !L', R" , a&, 0 ,  aridRare concentratioris,  ci , 
q2 , 8*,  qP , BT and 9 a re  the  d i f fus ion  coefL'iciants f o r  

anion-radiCdlS * ca t iou- rad ica ls  , exci ted s i i i g l e  t mole- 

c u l e s ,  eximer, t r i p l e t  and neu t r a l  molecules respecci-  

ve ly ,  4 and$- the v e l o c i t i e s  of r a d i c a l s ,  L'; = *< 
The func t iom R'(x,t)  , E + ( x , t ) ,  R*( r , t ) ,  R a x , t ) ,  

e , (x , t )  and I2 ( x , t )  a r e  the aolut ions of the system (1)-  

( 6 ) ,  which shou ld  satisfy ( 1 - 6 )  and the following i n i -  

t i a l  conditions : 

This means t h a t  a t  t s O  there  a re  only neu t ra l  nola- 

cules  i n  the so lu t ion .  

The boundary condi t ions f o r  the  determined func- 

t iona a re  obvious from the physical considerat ions:  

One seeks f o r  the so lu t ion  of the system ( A )  - 
- ( 6 )  in the  region t-p+%, f - 8 ' j  , where 6 is a very 

small value. The expression ( 9 )  i8 the  so lu t ion  of  
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ELECTROCHEMICAL REACTIONS IN DYE LASERS 959 

the equation ( 6 )  with regard f o r  ( 7 )  and the i n i t i a l  

condition t - O  R(x)=N. The equation (10) i s  a typ ica l  

condition f o r  the r e f l ec t ion ,  which takes i n t o  acco- 

unt the change of the molecular charge a f t e r  the in- 

te rac t ion  with the electrodes. 

This system describes b o t h  the d i f fus ive  recom- 

binative,  rad ia t ive ,  nonradiative prosesses and the 

ion-radical f lux.  The solution of the system (1) - 
- ( 6 )  a t  the chosen i n i t i a l  and boundary conditions 

gives data on the d i s t r ibu t ion  and k ine t ics  of the po- 

pulation of a l l  i n i t i a l ,  intermediate and f i n a l  pro- 

ducts represented i n  the reactions o f  2ig.i  . The so- 

l u t ion  of analogous systems in a general form is  t o o  

much complicated t o  be obtained analytically.  

We have made the numerical in tegra t ion  of the 

system (1) - ( 6 )  assuming tha t  the concentration of 

neutral  molecules i s  constant i n  the space between 

the electrodes R(x)=R and tha t  the d i f fus ive  members 

a re  s m a l l  i n  comparison with the  other terms i n  the  

r i g h t  s ides  of  equations. The first assumption i s  

va l id  when the extensive mixing of the  so lu t ion  ne- 

a r  the electrodes i s  used the other one comes f rom 

theapproximated evalution of the values i n  the equa- 

t i o n s  taking i n t o  account that the d i f fue ive  members 

a r e  by 4-6 orders l e s s  than the r e s t  ones. The sys- 
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9 60 RUBINOV AND TOMIN 

tem (1) - ( 6 )  w i t h  the  appropriate  boundary and i n i -  

t i a l  conditions as wel l  a0 the s impl i f i ca t ions  made 

above were ca lcu la ted  u s i n g  11Minsk-32ii computer f o r  

t h e  following parameters : -L, = 10-2, = 10-2, 

K~~ = &-  I C , ~ -  , en= 3 .  L0-"sec~'cm3, ktl= LO-l'sec-' 

cm3, ui= %- u =o,i; 0,02 cm.sec -1 , A,, = io'sec-', 
= f 10%m, pS2= ~ ~ ' s e c - ' ,  p2$ = 10 7 sec -1 * N = 10 La 

cmm3 8 = 5. !tO'8cm, 8 = 10 -6 cm 2 .9eC'i, Qe/=lo 8 sec". 

K 
k(r 

The time dependence o f  the population of mole- 

cu les  i n  the exci ted s i n g l e t  s t a t e  i n  the middle of 

t he  in t e re l ec t rode  space i s  represented i n  F ig .  3. As 

i s  seen from the  Eigure the  population R increases  a t  

t h e  f irst  s t age  of the  process and then becomes prac- 

t i c a l l y  unchangeable. The sa tu ra t ion  o f  d i s  o b t a i -  

ned fas te r  a t  l a r g e r  f l o w  speeds ( t ~ G . I O - ~ s e c  f o r V =  

= 0,02 cm sec" and t=5.10'5sec foru=O,T cm sec") 

and i s  proport ional  t o  the recombination coe f f i c i en t  

pJR . This coe f f i c i en t  depends on V i n  the following . 

way 
- lo  

K, ICp + 6 - 1 0  J ( 11 1 

where K B i s  the d i f fus ive  recombination constant .  AS 

mobil i ty  of organic r a d i c a l s  i n  orkanic so lu t ions  

is IOW4 cm.sec'i.v-i, the  r a t e  of r ad ica l s  of the 

order  of  0,l-1 Cm.SeC-' i s  qu i t e  r e a l  a t  the e l e c t r i c  

f i e l d  i n t e n a i t y  of I03-I04v. cm". 
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ELECTROCHEMICAL REACTIONS IN DYE LASERS 96 1 

Fig.3. Time dependence of  the  exc i ted  molecule con- 

cent ra t ions  R" i n  so lu t ion  between e lec t ro-  

des a f t e r  t he  vol tage wa8 switched on. 

The represented r e s u l t s  of ca l cu la t ions  show the 

g r e a t  in f luence  of the  ion-radical  motion on the 

exc i ted  s i n g l e t  s t a t e  concentrat ion of molecules R 

and as wel l  as a the  dura t ion  of  t he  t r ans i en t  per i -  

od. 

According t o  the  ca lcu la t iona  the  uee of t he  on- 

coming f l o w s  increases the  exci ted s t a t e  population 
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RUBINOV AND TOMIN 962 

by a f a c t o r  of 7,5.102 i . e .  up t o  7,5.1014 a t  If= 

= 0,02 cm.sec-' which i s  a s u f f i c i e n t  value f o r  the  

l a s e r  act ioa.  A t  the sane time the  s i z e  o f  an ac t ive  

zone now i s  l imi ted  only  by the d is tance  between the 

electrodes.  

l 

&l3C THdCBddI CeL V J  A Y UP PHdclU SAJ C Y TUi4 Iii G 

13 OYE LASaRS 

1. Pnysical p r inc ip les .  

The electrochemical retiction mw be useful  not 

only as a way of dye molecules pumpily b u t  a l so  f o r  

frequency tuning i n  conventional dye l a se r s .  The ex- 

perimental r e a l i z a t i o n  of the electrochemical method 

of broad-band t u n i n g  has been reported ini2. dhen the  

e l e c t r i c  cur ren t  is t ranamit ted through the soluti- 

on the anion and c a t i o n  forms of the  molecules appe- 

a r  near the electrodes.  For ins tance ,  the near-ca- 

thode processes in the  neu t r a l  so lu t ion  of  -methyl- 

umbelliferone i n  alcohol can be described aa followe: 

where ROH - the  dye molecule ( m a x i m u m  luminescen- 

ce  of 385 nm), e' - the e lec t ron ,  RO'the anion ( m a x i -  

'mum luminescence of 455 m),  H - the  hydrogen atom, 

H' -the proton. 
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ELECTROCHEMICAL REACTIONS IN DYE USERS 963 

The anions formed i n  the double l a y e r  near the  

e lec t rode  d i f fuse  i n t o  the b u l k  of the s o l u t i o n , i . e .  

t o  the ac t ive  zone of the  l a s e r .  Ne have found o u t  

experimentally tha t  the e l e c t r i c  current  t ransmissi-  

on th rown  the  dye so lu t ion  r e s u l t s  i n  the formati- 

on of the  products with e f f i c i e n t  luminescence i n  

the  majori ty  of the dye so lu t ion3  having the  s tab-  

l e  ion  forms2. The most of the cumarin, xanthene 

dyes,  some anthracene de r iva t ives  and o thers  a r e  

a t t r i b u t e d  t o  them. 

2.  Experimental r e s u l t s .  

The dye l a s e r s  with an electrochemical a c t i -  

ve mediurn have some advantages i n  comparision w i t h  

conventional dye l a s e r s .  I n  p a r t i c u l a r  they allow 

t o  widen the spectrum range of  the s t imula ted  emis- 

s i o n  i f  s e l e c t i v e  cavi ty  i s  used. I n  nonselect ive 

c a v i t i e s  the  e l e c t r i c  cur ren t  transmission through 

the  a c t i v e  medium leads  t o  t he  s t rong  tuning of bro- 

a d - b a d  generation. The electrochemical tunirqj of 

t he  l a s e r  emission specOra of e scu l in  i n  e thanol  

( E t a )  i s  i l l u s t r a t e d  i n  Fig.$. Pump& was made by 

t h e  N2-laser w i t h  the  200 kWt peak power and the du- 

r a t i o n  of pulses  T = 4 *  iO-’sec. The t ransverse  geo - 
metry of dye l a s e r  was used. The a c t i v e  volume was 

s i tua t ed  near  t he  e lec t rode  and had dimensions o f  

i x l x  1 5  mm. AS is seen from the  Figure 4 t he  
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e l e c t r i c  current  transmission through the escul in  

f o r  60 sec produces l a s e r  spec t r a  tuning from 430 

t o  465 nm i . e .  over 35 MI. A t  sho r t e r  durat ions of 

t he  current  transmission the  l a s e r  s p e c t r s  a r e  i n  the 

intermediate  Bosit ions.  The electrochemical r e a c t i -  

ons on the  e lec t rode  a r e  usual ly  under the d i f l u s i -  

on cont ro l  and the l a s e r  tuning time equals t o  seve- 

r a l  seconds. This t ime, however, can be decreased 

by a f a c t o r  o r  40-~-i0 

f i c i e n t l y  small ac t ive  volume i s  used ( f o r  ins tan-  

ce  a confocal one). 

3 if a resonator  w i t h  trie suf -  

It i s  i n t e r e s t i n g  t o  no t ice  tha t  sometimes the  

nonlasing so lu t ion  s t a r b t o  l a z e  wnen the cur ren t  

being t ransmit ted tnrougn ( f o r  example, s o l u t i o n  of  

4-methylumbelliferone i;? acetorrei2). In t n i s  paper we 

do not intend t o  g ive  a more de t a i l ed  considerat ion 

concerning the  proper t ies  of  l a s e r s  with the  e lec t ro-  

chemical ac t ive  medium. It s h o u l d  be mentioned, how- 

ever  tha t  the electrochemical method of tuning is  

reversable.  By changing the  vol tage 

p o l a r i t y  the i n i t i a 1 . c h a r a c t e r i s t i c s  of t he  a c t i v e  

medium a r e  res tored.  

By mean6 of electrochemical reac t ions  i t  i s  po- 

s s i b l e  near ly  t o  double the  s p e c t r a l  i n t e r v a l  of dye 

l a s e r  tuning w i t h o u t  changing the  dye so lu t ion .  
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The r e s u l t s  g i v e n ' i n  the  present  paper show 

tdat t h e  e lec t rochemica l  phenomena may be success-  

f u l l y  used for t h e  dye l a s e r  improvement. 
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