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log Ia = --4.03, log Ic = --6.05 (cf. Fig. 5), and Rt = 
15 mV/~,A, resul t ing in  ~1 : 0.52 and 72 = 0.007. 

Although it is much more probable that  -~ N 0.5 is 
the correct value the ambigui ty  arising from Eq. [17] 
having two roots can be removed by employing Eq. 
[16] with the values of the Tafel line intercepts and 
charge- t ransfer  resistances obtained in  two different 
sets of experiments.  In  this case 

R~ = - ~ ' ,  I--s + Ic(1---~) 
RT(1 1 )  

Rt'=-W" I--~ + Xc'(1-~) 

Ic -- KIc" 
and "~ -- [19] 

K(Ia'  -- Ic') -- (Ia -- Ic) 

where K = RtIaIc/RdIa'Ic'. 
Making use of the same exper imental  data as in  the 

calculations above one finds 7 = 0.5. Apart  from the 
need of two separate sets of polarization data it is 
preferable to use Eq. [17] because the error in the 
calculation of -y using Eq. [19] can become quite 
appreciable due to the presence, in both numera tor  
and denominator,  of AI's. It  should also be pointed out 
that  the close agreement  between the values of 7 
obtained with the two methods is, therefore, somewhat 
misleading and is a t t r ibutable  to the choice of suitable 
pairs of polarization curves. Equation [19] can, how- 
ever, serve a useful purpose in deciding between the 
roots of Eq. [17]. The fact that  ~ is found to be so close 
to 0.5 demonstrates that  on the time scale of the 
Gerischer extrapolat ion the current  distr ibution of the 
steady state is rapidly reached and that  the s tat ionary 
concentrat ion of Sm can differ only slightly from its 
thermodynamic  equi l ibr ium concentration. 

Having thus ascertained the numerical  value of 7 
it is now an easy mat ter  to make a direct comparison 
between the exchange current  densities of the tolu- 
quinhydrone and benzoquinhydrone electrodes. Taking 
Vetter 's results and the data presented in this paper 
it is seen that, at corresponding concentrations, the 
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exchange cur ren t  densities of the to luquinhydrone 
electrode are invar iab ly  higher, at some concentrat ions 
by as much as a factor of about 300. It seems therefore 
that the to luquinhydrone electrode should funct ion as 
the superior indicator and reference electrodes from 
the point of view of its greater reversibility. This 
advantage will, however, in most practical cases be 
negated by the easy photodecomposition of its electro- 
lyte solution. 
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The Electrochemistry of the Liquid Crystal 
N-(p-Methoxybenzylidene)-p-n-butylaniline (MBBA) 

The Role of Electrode Reactions in Dynamic Scattering 

Ann Lomax, Ryo Hirasawa, and Allen J. Bard* 
Depar tment  oJ Chemistry ,  The Univers i ty  of  Texas  at Aust in ,  Aust in ,  Texas  78712 

ABSTRACT 

The electrochemical reduction and oxidation of MBBA were studied by 
cyclic vol tammetry  and by controlled potential  eoulometry. The reduction in 
DMF leads to the formation of the radical anion which decomposes with a 
half-l ife of about 4 sec, apparent ly  by both ec and ece pathways. The oxida- 
tion product was unstable  on the t ime scale of this study. The possible im-  
portance of electrode reactions in in terpret ing the dynamic scattering phe- 
nomenon  in nematic  l iquid crystals is suggested. 

The l iquid crystal (LC) Schiff base N - ( p - m e t h o x y -  
benzy l idene ) -p -n -bu ty i an i l i ne  (MBBA) has been of 
much recent  interest  because it undergoes "dynamic 

C H 3 0 - - ~  - - C H = N - - ~  - - C 4 H 9  

MBBA 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words:  e lec t ro -o rgan ic  chemis t ry ,  cycl ic  v o l t a m m e t r y ,  coul-  

omet ry ,  e lectron spin resonance ,  Schiff  base. 

scattering" (DS) when  subjected to d-c or a-c electri-  
cal fields; this electrooptic effect forms the basis of LC 
display devices. Dynamic scattering has been shown to 
occur when  the LC, sandwiched between two closely 
spaced (e.g., 10-100 ~m) electrodes above a certain 
threshold voltage, begins to undergo first l aminar  and 
then tu rbu len t  flow (1). The mechanism of this phe- 
nomenon  has been the subject of a number  of recent 
studies (2-8) and is apparent ly  different for d-c and 
low frequency a-c excitations, where the electrodes 
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must  contact the LC phase, and for high f requency a - c  
excitations, where  the electrodes may be insulated or 
"blocked" f rom the LC. The d-c low f requency  mech-  
anism is based on the "inject ion of electrons" into the 
low conduct ivi ty  LC leading to space charges; t ransfer  
of momen tum f rom the result ing moving ions under  
the influence of the field to the aligned LC molecules 
results in cellular hydrodynamic  flow (1-3). In an al-  
ternate  model  the space charges in the nematic  LC 
originate in the anisotropic conduct ivi ty  of the LC 
(4-6). These models general ly  ignore the e lect rochemi-  
cal processes occurr ing at the e lect rode-LC interface 
and the nature  of the ionic species formed in the proc- 
ess. Because these processes can affect the threshold 
voltage for the onset of dynamic scattering and have 
important  ramifications in the occurrence of secondary 
chemical  reactions which may l imit  the life of the LC 
device, we have  under taken  a study of the electro-  
chemical  behavior  of LC materials.  

Most of the electrochemical  studies of MBBA de- 
scribed here  were  performed using the aprotic solvents 
N,N-dimethyl formamide  (DMF) or acetonitr i le  (ACN) 
as reaction media; a few pre l iminary  studies in neat  
MBBA were also at tempted,  however.  Previous elec- 
t rochemical  studies on the reduction of the related 
molecule, N-benzyl ideneani l ine  (BA) (9-12) and the 
oxidation of N-  (p -methoxybenzy l idene)an i l ine  (MBA) 
(13) have been described. 

H H Ph--C--~N~Ph CHsO--~--C-~N--Ph 
BA MBA 

Exper imental  
The MBBA was special, h igh-pur i ty  mater ia l  ob- 

tained from Texas Instruments.  The supporting elec-  
t ro lyte  materials,  t e t r a -n -bu ty l ammon ium perchlorate  
(TBAP) and iodide (TBAI) ,  were  polarographic grade 
(Southwestern  Analyt ical  Chemicals) and were  dried 
in a vacuum oven before use. Purification of the sol- 
vents DMF and ACN followed previous practice (14, 
15). 

All  e lectrochemical  data were  obtained with  a 
Pr inceton Applied Research Corporation (PAR) Model 
170 electrochemical  system. Solution preparat ion on a 
vacuum line and f r eeze -pump- thaw techniques were  a s  
previously described (14, 15). The cell for vo l t ammet -  
rie studies contained e i ther  a p la t inum disk or a hang-  
ing mercury  drop working electrode, a p la t inum auxi l -  
iary electrode in a separate  chamber,  and an aqueous 
saturated calomel electrode (SCE) connected to the 
test solution by an agar bridge with its tip positioned 
near  the working electrode. The coulometric studies 
were  done in the same cell wi th  a p la t inum gauze 
working electrode. Electron spin resonance (ESR) 
spectra were  obtained on a Varian V-4502 spectrometer  
and electrolytic cell accessory. The solutions were  de- 
gassed by the f r eeze -pump- thaw method and t rans-  
ferred to a reservoir  above the ESR electrolytic cell. 
The cell was flushed with  ni t rogen and fresh solution 
from the reservoir  was employed for each experiment .  

Results 
Electrochemical reduction.--The reduction of MBBA 

at a p la t inum electrode was studied by both cyclic 
vo l t ammet ry  and controlled potential  coulometry  to 
obtain informat ion about the electrochemical  behavior  
of the system on both a short and a long t ime scale. A 
typical  cyclic vo l t ammogram for the reduct ion in DMF 
is shown in Fig. 1. The first reduction wave  occurs at 
--2.06V vs. SCE and is near ly  reversible  at scan rates 
above 5 V/sec. The second reduction wave  occurs at 
--2.60V and shows no reversal  current  even at high 
s c a n  rate. The reduct ion potential  of the first wave  is 
more  negat ive than that  of BA (--1.83V) (9) as ex-  
pected for the introduction of an e lec t ron-donat ing 
group into the molecule,  and is close to that  for MBA 
(--2.15V) (10) in DMF solutions. 

1 2o0 

�9 I - - ~  t - 2 I~ - 

Fig. 1. Cyclic voltammogrom at a Pt disk electrode of 6.65 mM 
MBBA in DMF, O.IM TBAP. The scan rate was 2 V/sec. 

Figure  1 shows, in addit ion to the two major  reduc-  
tion waves of MBBA (1, 3) and the oxidation of 
MBBA ~ (2), two waves of lesser height. An anodic 
wave (at --0.54V) (4) appears to a slight extent  after 
scanning through only the first wave, and to a greater  
degree if the scan is continued beyond the second main 
reduction wave. The small  cathodic wave  (at --1.38V) 
(5) appears only after  having  scanned through wave  4. 

Nei ther  the nature  nor the source of these waves was 
investigated. The anodic wave  4 was found to be the 
only wave  remaining af ter  exhaust ive electrolysis of 
the solution at a potential  on the plateau of the first 
wave. The behavior  of the diagnostic criteria, ipa/ipe and 
ipJvll2, for the first reduct ion wave  is shown as a func-  
tion of scan rate, v, in Fig. 2 (ipe and ipa are the cathodic 
and anodic (reversal)  peak currents, respect ively) .  The 
peak height and peak potential  separation, as wel l  as 
the coulometric and ESR results below, show that  the 
first reduct ion wave  leads to the product ion of the 
radical  anion in a one-e lec t ron reaction. The upper 
curve  (Fig. 2a) i l lustrates the extent  of react ion of the 
radical  anion; the react ion is near ly  complete  at slow 
scan rates, while  at fast scan rates it has scarcely be-  
gun. The qual i ta t ive  shape of curve 2a is characterist ic 
of both the ec and ece mechanisms, where  an ec mech-  

Ip a 

Ipc  

Ip~ 

v~/2 

1 . 0  

0 . 8  

0 . 6  

3.0 

2.0 

I I I 

b 

I I l 
0 .  I ! .O I 0 . 0  

V 

Fig. 2. (a) The peak current ratio, and (b) the normalized catho- 
dic peak current vs. scan rate for the reduction at a hanging mer- 
cury drop electrode of 1.66 mM MBBA in DMF, 0.01M TBAP. v is 
in V/sec, ipe/V% in/kA sec'/2/Y z/2. 
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anism involves reaction of the e lectrogenerated prod-  
uct to a nonelectroact ive species, whi le  an ece mech-  
anism implies that  the product  of the chemical  react ion 
is reduced at potentials where  MBBA is reduced. The  
data in Fig. 2b are useful in distinguishing between the 
two. In the ec case, the m a x i m u m  change is about 10% 
while  for the ece case, in which the product of the re-  
action is more  easily reduced than the start ing mate -  
rial, a max imum change of 50% can be observed (16, 
17). The change of about 33% observed in the reduc-  
tion of MBBA indicates a significant degree of ece be-  
havior.  The effect of v on the peak potential  (Table I) 
is to shift the peak to more negat ive values at faster  
scan rates, as would be expected for an i r revers ib le  
chemical  react ion following electron transfer.  

Exhaus t ive  controlled potential  coulometr ic  reduc-  
tion on the plateau of the first reduct ion wave  gave an 
apparent  number  of faradays per mole of MBBA, 
napp, of 1.2 to 1.9. 

In ACN only the first reduction wave  of MBBA was 
observed. Its peak potent ial  was more  negat ive 
(--2.15V) than in DMF (--2.06V); no reversal  current  
was detected, even at scan rates of 20 V/sec. 

Electrochemical oxidation.--The oxidation of MBBA 
in ACN occurs in two steps; a typical  cyclic vo l tammo-  
gram is shown in Fig. 3. Waves 1 (1.45V) and 2 (2.0V) 
correspond to the oxidation of MBBA, while  wave  3 is 
present  in the solvent-support ing electrolyte medium 
before the addition of the depolarizer. Similar  two-  
step oxidations have been repor ted  for other  Schiff 
bases (13). A small  wave  at 0.8V is also evident  and is 
presumably  caused by an impur i ty  in the MBBA. 

Though the occurrence of the second wave  at a po- 
tent ial  where  the residual  current  is large makes its 
analysis difficult, a study of the peak characterist ics of 
the first wave  indicated that  both the peak potential  
and the normalized peak current  were  dependent  on 
the scan rate;  the behavior  is shown in Fig. 4, wi th  the 
poor reproducibi l i ty  of the current  and potential  mea-  
surements  probably resul t ing from electrode filming. 
Nei ther  wave  yielded a detectable reversa l  current  at 
scan rates up to 20 V/sec. 

An  napp value  determined by controlled potential  
coulometry at the first wave  ranged f rom 0.88 to 1.2 
e lec t rons/molecule ;  the major  electroact ive product  of 
the oxidation was reducible at --0.8V. 

At tempts  to invest igate the electrochemical  behavior  
of neat  MBBA using TBAP or octadecyldimethyl-  
benzy lammonium bromide as support ing electrolytes 
in a small three-e lec t rode  cell were  thwar ted  by the 
low solubil i ty of the salts in MBBA and the con- 
comitant  low conductivity.  The solution of MBBA with  
15 volume per cent (v /o )  DMF and TBAP had back-  
ground limits of --1.SV corresponding to the reduct ion 
of MBBA, and +0.SV, probably the oxidation of the 
impur i ty  noted in the oxidation of MBBA; there  was 
no significant electrochemical  process detected between 
the two limits. 

Electron spin resonance results.--Intra muros elec- 
trolysis of a 1.5 mM MBBA solution in 0.1M TBAI-  
DMF at a constant current  of 0.2 mA resulted in the 
ESR spectrum shown in Fig. 5. At tempts  to s imulate  
the spectrum and extract  coupling constants have thus 
far  been unsuccessful. Alkal i  meta l  reduct ion in MTHF 
did not produce a radical  sufficiently stable to be de- 
tected. 

Table I. Peak potentials for reduction waves of MBBA (a~ 

V vs. SCE V vs.  S C E  
v ,  V / s e c  --]/pc ( I )  --Epe (2) 

0.2 2.04 2.54 
2.0 2 .06 2.60 

20.0  2 .08 2.66 

(') The solution w a s  0 .1M T B A P  in  D M F ,  6.65 nu'~r MBBA; the 
electrode,  a P t  disk. 

E,W_ sce 

1 

Fig. 3. Cyclic voltammogram at a Pt disk electrode of 2.24 mM 
MBBA in ACN, 0.1M TBAP. The scan rate was 0.2 V/sec. 
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Fig. 4. (a) The peak potential, and (b) the normalized anodic 
peak current vs. scan rate for the oxidation at a Pt disk electrode 
of 2.24 mM MBBA in ACH, 0.1M TBAP. v is in V/sec, Ep in V vs. 
sce, ipa/V�89 in/~A secl/a/V 1/2. 

A few exper iments  were  per formed in the SEESR 
cell  (18) to de termine  the stabil i ty of the radical  anion 
and the potentials where  it is formed. For  a constant-  
cur ren t  pulse where  the potent ial  remained on the first 
vol tammetr ic  wave, the ESR signal showed a l inear 
increase during the pulse, and a slow decay when  the 
current  was off. Cons tan t -cur ren t  steps where  the po- 
tential  reached those of the second wave  showed a de-  
crease of ESR signal at these potentials.  

Discussion 
The electrochemical  and ESR results for the reduc-  

tion provide evidence for init ial  format ion of the anion 
radical  of MBBA with  a half- l i fe  in DMF of approxi-  
mate ly  4 sec. The evidence suggests that  the  radical  
anion reacts in fol lowing ece and ec reactions. S imi lar  
behavior  has been reported for the reduct ion of BA 
(9-12), where  both protonat ion (in the ece pa thway)  
leading to conversion of the - - H C = N - -  s t ructure  to 
- - C H 2 - - N H - - ,  and dimerizat ion (in the ec pa thway)  
occur. Andr ieux  and Saveant  (9) and Kononenko et 
al. (11) concluded that  both pathways  were  impor tant  
and occurred simultaneously.  Note that  by labeling 
the protonat ion react ion as ece we only imply a reac-  
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Fig. 5. The ESR spectrum of the 
MBBA radical anion in DMF, 
0.1M TBAI. 

5 G 
I 

t ion pathway leading to ul t imate  consumption of two 
electrons per molecule and do not reject other possible 
paths (e.g., disproportionation followed by protonat ion 
of the dianion) which may yield similar  voltammetric  
and coulometric behavior. 

The oxidation of MBBA in ACN parallels a previous 
study (13) and suggests that the oxidation product  
(perhaps the cation radical) is very  unstable  wi th in  the 
vol tammetr ic  t ime scale of these experiments.  

Although these experiments  were conducted in  dilute 
solutions of MBBA in DMF and ACN rather  than in 
pure MBBA, the results should have some relevance 
to dynamic scattering studies in MBBA. The measured 
potentials for reduction and oxidation here are prob-  
ably somewhat smaller  than  those for the same proc- 
esses in  MBBA, since the polar solvents DMF and ACN 
probably  solvate the MBBA ions more strongly than  
MBBA itself. Moreover, the fast reaction following the 
oxidation electron t ransfer  reaction in ACN shifts the 
Epa to values less positive than its reversible value. As a 
first approximation, however, we can take the 
"decomposition voltage" of MBBA as at least 
Epa(ACN)--Epc(DMF),  or about 3.5V. The threshold 
voltage of dynamic scattering must  be above this value 
and include the /R-drop through the MBBA liquid 
layer  at currents  (or ion flows) sufficient to induce tu r -  
bulence. Although previous explanat ions of DS were 
given in terms of charge inject ion and  Schottky emis- 
sion of carriers (1), the current-vol tage  behavior  was 
independent  of the work functions of the metal  used 
for the electrodes. Descriptions in terms of electrogen- 
eration of radical ions and a cell current-vol tage  char-  
acteristic determined by the electrode kinetic equations 
(which bear a close resemblance to the Schottky emis- 
sion equation) (19) and resistive drop in  the liquid 
bear consideration. In  a recent invest igat ion (20), it 
was found that  trace amounts  of water  are necessary 
in an anisyl idene-p-aminophenylaceta te  (APAPA) LC 
device to promote conduction and DS; this was ex- 
plained by a model in which water  molecules assist 
the APAPA molecule in accepting an electron from the 
cathode. A more probable explanat ion in tetras of our 
study is that ions from water  (or hydrolysis products 
of APAPA) increase the conductivity of the LC mate-  
rial and improve the na ture  of the electrochemical cell. 
Doping of the LC with small  amounts  of different salts 
should serve the same purpose and decrease the possi- 
bil i ty of attack of water  molecules on the radical ions. 
Decomposition of the radical ions, par t icular ly  the 
radical cation, into products which decrease the pur i ty  
and disrupt  the a l ignment  of the molecules in the 
nematic LC may also be of importance in l imit ing the 
life of LC display devices. Finally,  although migrat ion 
of the ions is probably  the major  mode of conduction 
through the liquid medium, direct electronic conduc- 
t ion by means of rapid electron exchange between 
radical ion and parent  molecule is also a possibility, 

especially in  a solvent composed of pure  paren t  mole-  
cules where the parent  concentrat ion is very high 
(21, 22). This conduction mode may be of less impor-  
tance in this LC system, however, where the a l ignment  
of the molecules and s t ructural  considerations (i.e., the 
presence of the nonconjugated n - bu t y l  group) de- 
crease the rate of the intermolecular  electron transfer  
reaction. 
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