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ELECTROCHEMICAL GENERATION OF POLYMORPHIC STRUCTURES AT 

CHARGED AQUEOUS INTERFACES. 

AN EXAMPLE OF REDOX COUPLE METHYLENE BLUE/LEUCOMETHYLENE 

BLUE. 

VESNA SVETLICIC , VERA ZUTIC 
Center f o r  Marine Research , "Ruder Boskovid" I n s t i t u t e ,  
Zagreb, Yugoslavia 

JEAN CHEVALET 
Laboratoire  d' Electrochimie , ERA 3 10 CNRS, Universit ;  
P. e t  M .  Curie ,  Paris, France 

JEAN CLAVILIER 
Laboratoire  d' Electrochimie I n t e r f a c i a l e  , Laboratoires  
de Bellevue , CNRS , Meudori , France 

Abstract  Leucomethylene blue ( 3 , 9-bis (dimethylamino - 
phenathiazin)  e l ec t rogene ra t ed  a t  t h e  i n t e r f a c e  elec- 
trode/aqueous e l e c t r o l y t e  s o l u t i o n  forms s e v e r a l  ordered 
s t r u c t u r e s  which depend s t r o n g l y  on t h e  p o t e n t i a l  and 
charge o f  t h e  e l e c t r o d e  s u r f a c e  and type of  anions p re sen t  
a t  t h e  i n t e r f a c e .  In t e rconve r s ion  between t h e  s t r u c t u r e s ,  
provoked by p o t e n t i a l  s t e p s  ( 1  mV - 1 V )  is cha rac t e r i zed  
by fast  phase t r a n s i t i o n s  corresponding t o  progressive 
two-dyrnensional nuc lea i ton  and growth. 

process  (10 < k < 10 
f i l m s  a t  mercury, gold arid platirium e l e c t r o d e s  are p resen t -  
ed.  

Kinet i  s and qechqnism of  t h e  fast  charge transfer 
s- ) through t h e  ordered mul t i l aye r  s 

INTRODUCTION 

Leucomethylene blue ( 3  ,g-bis (dimethy1amino)phenathiazin 
e lec t rogene ra t ed  a t  t h e  interface electrode/aqueous e l e c t r o -  
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94 V .  SVETLI~IC et a ~ .  

l y t e  s o l u t i o n :  

forms s e v e r a l  ordered s t r u c t u r e s  which depend s t r o n g l y  on 
t h e  e l e c t r o d e  s u r f a c e  and type o fan ions  p re sen t  a t  t h e  in-  
terface’. Interconversion between t h e  s t r u c t u r e s ,  provoked 

by p o t e n t i a l  s t e p s  (1 mV - IV) is cha rac t e r i zed  by fas t  
phase t r a n s i t i o n s  corresponding t o  progressive two-dimen- 

2 s i o n a l  nuc lea t ion  and growth . 

METHODOLOGY 

E lec t roac t ive  organic  molecules can be s t u d i e d  i n  t h e  ad- 

sorbed s ta te  by modern electrochemical  r e l a x a t i o n  techniques . 3 

Fast p o t e n t i o s t a t i c  p e r t u r b a t i o n  a t  t h e  dropping mer- 
cury e l e c t r o d e  (Fig. 1) is p a r t i c u l a r l y  s u i t e d  f o r  t h e  s tudy  

o f  phase t r a n s i t i o n s 4  (F ig .  2 ) .  

i = q n k N  k; t2 e x p ( - n k  k2 t 3 )  
mon 3 N G  

i is c u r r e n t ,  qmon charge corresponding t o  t h e  monolayer 
formation (or t r ans fo rma t ion ) ,  $ is t h e  rate o f  formation 
of  t h e  nuc le i  and kG t h e  growth ra te .  

Chronocoulometric r e s u l t s  a l low p r e c i s e  eva lua t ion  o f  

su r face  concen t r a t ions  ( ro) : 

0 
+ Qd, + n F A r  Q 2 n F A D o  112 Co I t 112 n1/2 (3)  
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ELECTROCHEMICAL GENERATION OF POLYMORPHIC STRUCTURES 95 

REDUCTION REOXIDATION POLAROGRAPH I C  
REDUCTION 

DIFFERENTIAL PULSE 
REDUCTION 

DIFFERENTIAL PULSE 
REOXIDATION 

FIGURE 1 .  Programmed sequence of  po ten t i a l s  i n  the  
po ten t io s t a t i c  re laxa t ion  experiments a t  the  dropping 
mercury e l ec t rode ;T=  4 s,  t' is a typ ica l  time in- 
t e r v a l  for measurement ( in tegra t ion)  of the current  
response. 

A - surface area of the  e lec t rode ,  
Do - di f fus ion  coe f f i c i en t ,  
CE - concentration i n  the so lu t ion ,  

n 

Qdl - charge devoted to  double-layer capacitance. 

- number of e lec t rons  per molecule i n  oxidation 
or reduct ion,  

and k ine t ics  and mechanism of surface charge t r ans fe r  re- 
act ion5 (Fig. 3 ) .  

Cyclic voltammetry is  used f o r  qua l i t a t ive  character i -  
zat ion of surface s t ruc tu res  a t  s t a t iona ry  electrodes 
(platinum, gold) 677 . 
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96 V. SVETLICIC et al. 

, i I r n ~  c r i 2  

FIGURE 2. Current-time curves (a t  t h e  dropping mercu- 
ry e l e c t r o d e )  with the maxima corresponding t o  t h e  
phase t r a n s i t i o n  T I  i n  t h e  r educ t ion  of ME? and subse- 
quent r eox ida t ion  of LMB. LMB gene ra t ion  is performed 
during 2 ( a ) ,  3 ( b )  and 4 ( c )  m s  a t  E2=-200 mV (E2< - 
< ET1 ) -127mV (E3> ET ) . The programmed sequenc2 of 
p o t e n t i a l  s t e p s  1 ( e x c i t a t i o n  s i g n a l )  is i n d i -  
cated by t h e  scheme ( d )  . 

and subsequent r eox ida t ion  is recorded a t  E 

RESULTS 

MERCURY ELECTRODE 

Mechanism of t h e  charge t r a n s f 2 r  process  and phase t r a n s i -  

t i o n s  i n  t h e  adsorbed MBILMB l a y e r s  is schematical ly  pre- 

sented i n  Fig. 4. The phase t r a n s i t i o n s  are fas t  ( m s  s c a l e )  
and presence of  n i t r a t e  i o n s  is e s s e n t i a l .  
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ELECTROCHEMICAL GENERATION OF POLYMORPHIC STRUCTURES 97 

FIGURE 3 .  Reduction ch ro  ocoulograms a t  t h e  dropping 
mercury e l e c t r o d e  i n  3x 10 M M3, 1M KhD s o l u t i o n  f o r  t h e  
pu l se  du ra t ion  ( t 2 ) :  20,us and 40 rn3. From t h e  s h i f t  
of  t h e  half-wave potent ia l .  wi th  t h e  pu l se  du ra t ion  
(20 u s  - 1 ms) 

-9 

k ine t i c s  a n  mechan'sm of  t h e  charge 

0 
trahsfer are determined (10 4, ka< lo's-'). 

PLATINUM AND GOLD ELECTRODES 

I n  presence o f  n i t r a t e  depending on t h e  gene ra t ion  p o t e n t i a l  

two d i f f e r e n t  LMB phases were i d e n t i f i e d :  

1.  ordered phase with a very e f f i c i e n t  charge t r a n s f e r  

across a q u a s i - i n f i n i t e  ('20) number o f  monolayers ( d i s t a n c e  

between ad jacen t  monolayers is 3 - 4 8 ) .  Amplitude of  t h e  

very narrow reox ida t ion  wave is p ropor t iona l  t o  t h e  genera- 

t i o n  time (Fig.  6 ) ;  
2. less ordered phase wi th  i n e f f i c i e n t  charge t r a n s f e r :  
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98 V. SVETLIEIC er al. 

!!I 01 I 1 0 
1 1  

FIGURE 4. 
and phase t r a n s i t i o n s  (TI and T2) i n  t h e  adsorbed 
MB/LMB l a y e r  a t  t h e  mercury e l e c t r o d e .  

Mechanism o f  t h e  charge t r a n s f e r  p rocess  

i l l - d e f i n e d  and incomplete r e o x i d a t i o n ,  even a t  high over- 

p o t e n t i a l s  ( 200 m v ) .  
The in t e rconve r s ion  between two phases t a k e s  p l ace  i n  

and platinum7 s u r f a c e s  t h e  ordered s t r u c t u r e  can be 

t h e  time scale of seconds (F ig .  6b). Only a t  p e r f e c t l y  c l e a n  

gold 
formed a t  t h e  c h a r a c t e r i s t i c  p o t e n t i a l  (-291 - -328 mV,  

i d e n t i c a l  f o r  P t  and Au). 

6 

The s t r u c t u r e  is independent o f  t h e  c r y s t a l  p l anes  

o f  t h e  e l e c t r o d e .  

I n  f l u o r i d e  s o l u t i o n s  platinum and gold affect  t h e  

e l e c t r o g e n e r a t i o n  of LMB d i f f e r e n t l y :  

1 .  a t  gold e l e c t r o d e  s e v e r a l  s t r u c t u r e s  are formed wi th  
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ELECTROCHEMICAL GENERATION OF POLYMORPHIC STRUCTURES 99 

3xd5M MB' 

-7m 

FIGURE 5 .  c y c l i c  voltammograms of MB/LMB i n  3 x 10-5 M , 
1 M KNO s o l u t i o n  a t  mercury drop e l e c t r o d e .  Sweep 
rate = 350mV/s, 25OC: first (-) and t h e  second 
(---) subsequent c y c l e .  
a )  
second phase t r a n s i t i o n  (E ) .  

Effect of temperature on t h e  p o t e n t i a l  of t h e  

T2 

a complex dependence on t h e  p o t e n t i a l  and time of  genera- 

t i o n  (Fig.  7). The phase changes a r e  s i g n i f i c a n t l y  slower 

(minute time s c a l e )  than i n  n i t r a t e  ; 
2. 

is formed (Fig.  8 ) .  
a t  platinum e l e c t r o d e  predominantly one ordered phase D
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I00 V. SVETLICIC et a[ 

LAUI IO'MMB. NO; 

a -  

i lWAcm*  
1,. 120s 

50 I 

I l p A c m '  
I*= 120s 

50 - 

0 -01 b -  

-100 

FIGURE 6. 
LMB structure a t  the gold surface. Sweer, r a t e  50 mV/s, 
21 C ,  surface area of electrode: 11.6 mm2. 
a) curve 0: Cyclic voltammogram, 

curve 1: LMB reoxidation a f t e r  120 s reduction (gene- 
ration) a t  E - -0.302 mv, 

1- curve 2: LMB reoxidation a f t e r  120 s reduction a t  
E2= -444 mli.  

b )  curve 0: Cyclic voltammogram, 
curve 1 :  LMB reoxidation a f t e r  120 s reduction a t  
E2 (same as curve a)2) ,  
curve 2: LMB reoxidation a f t e r  subsequent reductions 
a t  El  (120 s) and E2 (120 s). It shows that  the struc- 
ture formed a t  E 

Effect of generation potential  and time on 
0 

(reoxidation peak, curve a l l )  is reorganized a t  E2. 1 
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ELECTROCHEMICAL GENERATION OF POLYMORPHIC STRUCTURES 101 

10LM MB.  F- 

i 1 A c m2 
Me+ * 2 6 *  H' 50 -LMB 

I \  

-100 - 

I -200 

FIGURE 7.  Cycl ic  voltammogram o f  MB/LMB a t  t h e  go ld  
e l e c t r o d e  i n  1 M f l u o r i d e  s o l u t i o n .  60 s gene ra t ion  
a t  -0.458 V r e s u l t s  i n  formation of two d i s t i n c t  or- 
dered s t r u c t u r e s  (curve 1 ) .  
Sweep rate = 50 mV/s. 
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IO'MMB. F 

FIGURE 8. 
solution, platinum electrode. 60 s generation at 
-0.498 V results in one predominant ordered structure 
(curve 1 ) .  
Sweep rate = 50 mV/s, surface area of the electrode: 
18.1 &.  

Cyclic voltammogram of MB/LMB in fluoride 
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ELECTROCHEMICAL GENERATION OF POLYMORPHIC STRUCTURES I03 

CHARACTERISTICS OF ELECTROGENERATED LMB STRUCTURES 

1 .  Fas t  charge t r a n s f e r  through organized mul t i l aye r s  

( i n f i n i t e  number of  two-dimensional c r y s t a l l i n e  l a y e r s )  i n  
t h e  adsorbed f i l m  a t  t h e  e l e c t r o d e  by redox self  exchange 8 79 

4 -1 (hopping mechanism, k h =  10 s 1. 
2 .  Slower ( H g > > P t >  Au) process  of  r eo rgan iza t ion  of  t h e  

adsorbed f i l m  due t o  la teral  i n t e r a c t i o n s  between LMB mole- 

c u l e s  and d ipo le  anion i n t e r a c t i o n .  

3. S t a b i l i z a t i o n  of t h e  cha rge - t r ans fe r  complex MB-LMB a t  
t h e  i n t e r f a c e  depends on t h e  charge o f  t h e  metal su r face :  

0 
p . z . c' < %B/LMB Hg E 

4. 
d i f f e r e n t  hydra t ion  ( n i t r a t e ,  f l u o r i d e )  i n d i c a t e s  t h e  i m -  

por tance o f  water s t r u c t u r e  i n  t h e  formation o f  ordered 

phases.  

Role o f  water of hydrat ion:  t h e  effect  of  anions wi th  
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