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Digital simulations of the normal pulse polarographic adsorp-
tion waves of the nernstian redox species obeying the Frumkin type
Flory-Huggins isotherm interpret the unusual electrochemical behav-
ior of methyl viologen. An orientation change of the adsorbed re-

ductant causes a marked positive shift of adsorption waves.

) we have reported by using various voltammetric tech-
niques that the several unusual adsorption phenomena which are observed in the nor-
mal pulse polarogram (NPP) of 1,1'-dimethyl-4,4'-dipyridinium dichloride (methyl
viologen, MV) are caused by the changes in both the orientation and the interaction
between the adsorbed Myt (reduced form of MV) molecules on the mercury electrode.

In the previous work,

It is interesting to interpret the adsorption behavior of MV by analysing mathemat-
ically the electrochemical system where both the orientation and interaction of the
adsorbed species change.

The simulations of NPP reported by Flanagan et al.z) 3)
the assumption that the oxidized (Ox) and the reduced (Rd) species are each adsorb-
ed on the electrode independently. Therefore, their simulations are inapplicable

to the electrochemical system in which both Ox and Rd are adsorbed strongly on the

and Lovric are based on

electrode at relatively high concentrations of redox species where sharp prewaves
or postwaves often appear. In the present simulation, in order to consider the
simultaneous adsorption of Ox and Rd, the change of the area occupied by an adsorb-
ed molecule due to the orientation change of adsorbed molecules, and the interac-

tions between adsorbed redox molecules, the Frumkin type Flory-Huggins isotherm was

postulated as the adsorption isotherm:4)
— N
BoCo = [0g/H(1 - 8y - 0p) O]exp(/VOAOOO + WyAgp0R) (1)
and
- N
BpCp = [eR//va - 0y - 0p) Rlexp(WpApop + WpAqoe04), (2)
where B8, and BR are the adsorption coefficients of Ox and Rd (BO = /(O/I'O n and BR =
?
KR/FR,m’ KO and KR are the Henry constants of Ox and Rd, FO,m and FR'm the maximum

values of FO and FR’ FO and FR the surface concentrations of Ox and Rd on the elec-
trode), CO and CR the concentrations of Ox and Rd in the solution at the vicinity
of the.electrode, 0, and O, the coverages of Ox and Rd (0, = I',/T and 0, = T,/
0 R . o~ ‘o’'o,m R R

g m)’ Ny and #p the number of molecules of water (or clusters of water molecules)

’
displaced by one molecule of Ox and R4, AO’ AR’ and AOR the constants of inter-
action between molecules of Ox, molecules of Rd, and molecules of Ox and Rd,
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respectively. It was assumed that the rates of adsorption-desorption processes
,m’ I'R,m’ ”O’ ”R’
pendent of potential (£). The electrode reaction was assumed to be reversible for
both Ox and Rd soluble in the solution.

lution (C~¥, the bulk concentration). The values of Co» CR’ 0y» and op at £ can

were sufficiently fast, and KO’ KR’ PO AO' AR’ and AOR were inde-

Initially, only Ox is present in the so-
be calculated from Egs. 1 and 2, and the Nernst equation by using CO*. AOR was
assumed to be negligible relative to AO and AR.5 Then, the combination of Egs. 1
and 2 leads to

1 - 0y - £(0g) - {[f(oR)/NOBOCO]exp[mOAOf(eR)]}1/”0 =0, (3)

(4)

The Brent method was applied to calculate OR from Eq. 3 because more than one so-

where 1/0
£(og) =1 - o5 -.[(@R/NRBRCR)exp(NRAROR)] R.
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Fig. 1. Effects of a) KO’ b) KR, c) Ags d) AR, e) #q» and f) N and NR
on the simulated NPP.
a) b) c) d) e) £)
Co* /mM6) 1 1 1 1 1 0.1
Ky /em v 10™*% 10" 10°" 2x10"3 107"
Kg /cm 1073 v2 10-3 1073 10-3 1073
Ay 0.5 -1 v3 -1.6 0.5 -1
Ag -2.5 -2 -2 vl -2.5 -2
”o 4 16 16 16 v5 vb
Ny 2 A A A 2 v7
FO,m /molecm™?2 2x10-1° 10-1° 10-1° 10-10 v8 2x10710
rR’m /molecm—?2 4x10-1° 4x10-10 4x10"10 4x10710 4x10=10 4x10710

vl: 1) 10-*%, 2) 1073, 3) 3x10~3, 4) 1072, wv2: 1) 10-%, 2) 10-%, 3) 3x10™%, 4)

10=3, 5) 10"2, «v3: 1) 1, 2) 0.5, 3) 0, 4) -1, 5) =1.2, 6) -1.6. vi4: 1) 1, 2) 0.5,
3) 0, 4) -1, 5) -2, wv5: 1) 8, 2) 4, 3) 2, 4) 1. wvé6: 1) 8, 2) 6, 3) 5, 4) 4, 5) 3,
6) 2. v7: 1) 4y, 2) 3, 3) 2.5, 4) 2, 5) 1.5, 6) 1. v8: 1) 1071°%, 2) 2x10-1'°, 3) 4x
10-19, 4) 8x10-1°, =2 s, & 6 =30 ms, DC=DR7)=4.AX1O'6 em?/s,

Other parameters: td s
1
2y 8)21.34 ng/s. &9

: formal potential, éd nt normalized current density.
’

g
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lution was often obtained at & (e.g. sigmoid type isotherm). The most stable and
current-determining solution was assumed to be such Oy that ]d(GR)/dél was the
least.A) The concentration profile in the diffusion layer at time 2 was calculat-
ed by modifying Flanagan's program.z) A1l calculations in the present simulations
were carried out on a computer, Hitac M 240H (Hitachi Co.). All listing of the
simulation program is available on request.

Figures %a, 1b, 1c, 1d, 1e, and 1f show the effects of KO' KR’ AO’ AR’ /O’
and both ”O and NR on the simulated NPP, respectively. Both the decrease in KO
and the increase in K, led to the positive shift of the peak potential (£p). Ag
AO changed from attractive to repulsive in the forward scan, the cathodic peak po-
tential shifted toward positive potentials and tended to approach the constant po-
tential with the more repulsive AO. In the reverse scan, however, the change of
AO gave no effect on NPP. The more attractive AR caused both the appearance of
the prewave in the forward scan and the positive shift of the anodic peak potential
(£p,a) in the reverse scan. As #, became large keeping #, constant, the adsorp-
tion peak appeared. The increase in both NO and NR keeping the ratios of NO/NR
constant, caused both the increase in the peak current ({_) and the positive shift

of ép,a' Figure 2 shows both the concentration dependences of 61/2,3 (the half-
wave potential of single wave) and
-0.7 £ in the forward scan of the meas-
%i’;-'“‘ A ured') and simulated NPP. Table 1
N € measured shows ratios of measured1) to calcu-
X P A e £, lated values of both &) and ¢ in
06t o 70ms o i &yn g the reverse scan of NPP. As are

shown in Table 1, the {; and <

€25 . € /vs.SCE

o) simulation 1 1
X 50 ms € which were calculated with simula-
Y R tion 1 agreed with the ¢y and I/
® 30 ms /2,8 which were measured in the reverse
-05 %8;25 simulation 2 scan of NPP. As are shown in Fig. 2,
30ms % 61/2,3 however, the 51/2 S calculated with
1 1 L simulation 1 was almost constant
0.1 02 05 1 2 with concentrations, independent of
Concentration /mM is’ and very different from the

Fig. 2. Concentration dependences of &1/2 s measured 61/2 S’ whereas the calcu-
’ ’
and £p in the forward scan of NPP. Other pa- lated £p with simulation 1 agread

rameters are given in the caption of Fig. 1. with the measured €p. The slow pos-
simulation 1 simulation 2 it%ve shift of the measured £p from

Co¥ /mM 0.1-2 0.1-0.5 €% with an increase in the concen-

Ky /em 2x10°° 2x10-3 tration at concentrations higher

Ky /em 8x10~* 4 than 0.5 mM can be simulated with

Ag 0.5 0.5 both a strongly attractive AR and

Ag -2.5 -0.5 not too large Ap (KR = 10" *=10-2%¢cr).

Vo 4 4 The abrupt positive sh%ft of the

NR 2 3.2' measured 81/2’3 from & with a de-

PO,m /molecm™2 2x10° 10 2x10-1° crease in the concentration and the

- /mol*cm™2 4x10-10 2.5x1071t° dependence of 61/2'8 on £ at con-

orientation of Rd vertical flat centrations lower than 0.5 mM can



1246 Chemistry Letters, 1988

a)

Table 1. Ratios of measured to calculated values of both Ll and ip
in the reverse scan of NPPb)
Concentration /mM 2 1 0.75 0.25 0.1
) , c)
(‘1,m/‘1,c) | 1.1 0.97 1.0 0.96 0.95
, , c
(Lp’m/ép’c) 1.2 0.89 0.73 0.83 1.7
a) ¢y is the limiting current of NPP. b) Simulation parameters are the same as
those for simulation 1 in Fig. 2. ts = 30 ms. ¢) il 0 and < o are il and {_ of
’ Hl
the measured NPP,1) and < and < are <, and <_ of the simulated NPP.
1,c pscC 1 P

be simulated with both large KR (KR > 0,1) and not too attractive AR (AR > =2),

The marked changes in both KR and AR with concentrations can be interpreted with
considering the reorientation of adsorbed Rd molecules from vertical to flat. il
and 61/2,s of NPP which were measured in the forward scan at CO* < 0.5 mM could be
simulated on simulation 2. It has been evaluated in the MV system that Fo,m =2.0 x
10719 molwem=2, Tp = 4.4 x 1072° mol-em=2,1) Wy = 3.4, and 4y = 1.5-3.4.7) 1%
has been reported that A, = 0.5 in the flat orientation and A, = -0.5 in the verti-
cal orientation for the pyridine system,g) and AO =0, AR = —5.8,10) Ko =3 x 10-*
cm, and KR = 0.3 cm11) (even KR = 4 cm10)) for the system of Methylene Blue. The
adsorption coefficient can increase by 10°-10* times due to m-electron interac-

tion.12)

It is estimated that the MV"" molecules with two pyridyl rings where a
radical was added with one-electron reduction can strongly adsorb on the electrode
by m-electron interaction in the flat orientation, and can interact attractively
more than pyridine molecules in the vertical orientation. The values of parameters
on simulation 1 and simulation 2 are plausible. The peculiar polarographic adsorp-

tion behavior of MV is probably caused by the reorientation of adsorbed mvte,

The author would like to thank Professor Katsumi Niki, Yokohama National Uni-
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