Model Solutions to 3.53 Problem Set 4

6.3.  To plot the potential data from Table 6.3.1 (current functions for irreversible charge
transfer), the following equation, based on footnote 4 under the table and assuming that Dg =Dy,
was used

0y

E-g =KL Dimensionless_Potential —In [ v rzDaaon/ RT H

aF k

Three values of &° were used: 10°, 107, and 10”° cm/s. The current function used was
7% y(bt) as given in the table. '

Comparison 0 a reversible reaction was made by plotting the reversible linear sweep
voltammogram on the same graph. The potential data from Table 6.2.1 (current functions for
reversible charge transfer) was plotted based on the following equation assuming that Do =D.

E-E° = £F£ x Dimensionless_Potential . )
n

The current function 7z'/2 y(or) was used.

‘The Excel spréadshcet and the resulting graph are shown below.
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alpha 0.5
T(K) 298.15
v(V/s) 0.1
D(m2/s) 1.00E-09
F(C/mol) 96485
R(J/molK) 8.31441
ko(m/s) 1.00E-07 1.00E-09 1.00E-11
Pl 3.1415826 :
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k°=10° cmis k°=107 cmis k°=10" cmis
E(nodim) E-Eo'(V)  E-Eo'(V)  E£o'(V)  PH2x(bt) E(nodim) E-Eo'(V) Pl/2x(st)

6.230 -2.22E-02 -2.58E-01 -4,95E-01 0.0030 4.670 1.20E-01 0.009
5.450 -6.23E-02 -2.99E-01 -5.36E-01 0.0080 3.890 9.99E-02 0.020
4.670 -1.02E-01 -3.39E-01 -5.76E-01 0.0160 3.110 7.99E-02 0.042
4.280 -1.22E-01°  -3.59E-01 -5.96E-01 0.0240 2.340 6.01E-02 0.084
3.890 -1.42E-01 -3.79E-01 -6.16E-01 0.0350 1.850 5.01E-02 0.117
3.500 -1.62E-01 -3.99E-01 -6.36E-01 0.0500 1.750 4.50E-02 0.138
3.110 -1.83E-01 -4.19E-01 -6.56E-01 0.0730 1.560 4.01E-02 0.160
2.720 - -2.03E-01 -4.39E-01 -6.76E-01 0.1040 1.360 3.49E-02 0.185
2.340 -2.22E-01 -4.59E-01 -6.95E-01 0.1450 1.170 3.01E-02 0.211
1.850 . -2.42E-01 -4.79E-01 -7.15E-01 0.1¢80 0.970 2.49E-02 0.240
1.560 -2.62E-01 ~4.98E-01 -7.35E-01 0.2640 0.780 2.00E-02 0.269
1.360 -2.72E-01 -5.09E-01 -7.46E-01 0.3000 0.580 1.48E-02 0.298
1.170 -2.82E-01 -5.19E-01 -7.55E-01 0.3370 0.390 1.00E-02 * 0.328
0.970 -2.92E-01 -5.29E-01  -7.66E-01 0.3720 0.190 4.88E-03 0.355
0.780 -3.02E-01 -5.39E-01 -7.76E-01 0.4060 0.000 0.00E+00 0.380
0.580 -3.13E-01 -5.49E-01 -7.86E-01 0.4370 -0.190 -4.88E-03 0.400
0.390 -3.22E-01 -5.59E-01 -7.96E-01 0.4620 -0.390 -1.00E-02 0.418
0.190 -3.33E-01 -5.69E-01 -8.06E-01 0.4800 -0.580 -1.49E-02 0.432
0.000 -3.42E-01 -5.79E-01 -8.16E-01 0.4920 -0.780 -2.00E-02 0.441
-0.180 -3.52E-01 -5.89E-01 -8.25E-01 0.4960 -0.970 -2.49E-02 0.445
-0.210 -3.53E-01 -5.90E-01 -8.26E-01 0.4958 -1.109 -2.85E-02 0.446
-0.390 -3.62E-01 -5.98E-01 -8.36E-01 - 04830 -1.170 -3.01E-02 0.446
-0.580 -3.72E-01 -6.09E-01 -B.45E-01 0.4850 -1.360 -3.49E-02 0.443
-0.780 -3.82E-01 -6.19E-01 -8.56E-01 0.4720 -1.560 -4.01E-02 0.438
-0.970 -3.92E-01 -6.29E-01 -8.65E-01 0.4570 -1.850 -5.01E-02 0.421
-1.170 ~4.02E-01 -6.39E-01 -8.76E-01 0.4410 -2.340 -6.01E-02 0.399
-1.360 -4.12E-01 -6.49E-01 -8.85E-01 0.4230 -3.110 -7.99E-02 0.353
-1.560 -4.22E-01 -6.58E-01 -8.86E-01 0.4060 . -3.890 -9.99E-02 0.312
-1.950 -4.43E-01 -6.79E-01 -8.16E-01 0.3740 -4.670 -1.20E-01 0.280
-2.720 -4.82E-01 -7.18E-01 -9.55E-01 0.3230 -5.840 -1.50E-01 0.245

For the reversible reaction, shown by the open circles, a peak current, i, and various values

related to the peak potential, £ P can be calculated from given data for a, 7, v, n, and Do,
through the use of equations (6.2.18), (6.2.20), (6.2.21), and (6.2.22).

; )
Aé" = 0-4463(Ef) n*2D}*y'"? =269 A cm mol” G)
0 .
E,—E" =-285mVat25°C ' @)
lEp—Ep/Z |=565 mV ) (5)

Equation (4) demonstrates where a reversible wave would appear on the potential axis relative to
the formal potential, whereas equation (5) is an indication of the steepness of the reversible linear
sweep voltammogram.

In contrast, equations (6.3.8), (6.3.10), and (6.3.11) demonstrate that i, and |E, —E 2 | are

dependent on a but independent of &, whereas E ,—E *'is dependent on both a and k°.

2~ (2.99x10°)(aD,v)"? =211 A e mol” 6)
AC,




E,—E” = -0389V for k* = 10° envs

= _ S o _ 1n7 .
0.625 V for k =10" cm/s ~ (8)
| =-0862Vfor k" = 10" cm/s
.- o
|E,~E,, |_ mV at 25 °C =95.4 mV (9)

Thus, an irreversible voltammogram is less steep than a reversible voltammogram and moves
progressively more negatxve along the potential axis as k° becomes smaller in magnitude. Fhe
shape of the wave remains the same in this case since only A° changes.

6.4.  The expression for the peak current in cyclic voltammetry under reversible conditions is
given by equation (6.2.18).

i(v :
) _ O.4463,/—F—Fn3’2AD},'2C(', (6.2.18)
v RT

For chronoamperometry under mass transport limited conditions, the Cottrell equation (equation
(5.2.11)) applies. :

* /2
OV =%ﬁﬂ— (5.2.11)
T .

Experimental data for cyclic voltammetry and chronoamperometry on a singie system will yield
both i, (v) / Jv and i(t)\/; . The ratio of these two parameters yields an expression for

determining » without knowing 4, Dy, and C,, .

i,(v) | .
”j_ 0.4463, /R—I';_anAD},”C(, py
\4 - 12
e — = 0.4463,/—71‘
it nFAC;, Dk . \RT

I

The above ratio is equal to'4.935n"/% at 298 K.

A similar procedure is not suitable for determining » for irreversible reactions, but does allow the
transfer coefficient, a, to be determined. For an irreversible system at 298 K, where the rate
determining step proceeds by a single electron transfer but the overall process proceeds by »
electrons, equation (6.3.8) is appropriate. For comments on the incorporation of » in equation
(6.3.8), see the text on page 236 just before the start of Section 6.4.

i,(v)

v

(? 99x10’)n aADY*C | (63.8)

Combination with the Cottrell equation yields the following, which allows the determination of o

for irreversible electron transfers independent of n, 4, Do, and C The right-most term applies
at 298 K.




i)
v _(299x10°)VadD?C; (299x10)ra Vo
o DG,

- -
6.5. (a). This problem deals with a reversible reaction in which equation (6.2.19) holds,
where A4 is expreséed in units of em?, Do in cm’/s, C:, in mol/cm®, v in V/s and ipin A. Thus, 4 =
2.73 mm*=2.73x107 em?, C,, =2.27x10° M=2.27x10° mol/cm’, v = 0.500 V/min = 8.33x10"
V/s, i,=8.19x10° A, and » = 2. Solving equation (6.2.19) for D}, leads to

12 _ Ip

¢ 7 2.69%10° )x n’ x Ax C}) x v'"?

8.19x10°

) =1.90x10%cm /5"
(2.69x10°) x 2% x (2.73x107) x (2.27x107) x (8.33x 10™)""* s

D, =3.62x10™ cm%s

(b).  This problem is solved by taking the ratio of the peak currents given by equation (6.2.19)
at the two values of v. '

. ’ v,. . f 0.100
Tpwmig0 = v_IDL_ X1 eg33x10” m x8.19u4=28.44

r=833x10""

(¢).  Asin part b, this problem is solved by taking the ratio of the peak currents given by
equation (6.2.19) at the two values of C, and v.

C;) 82 Vsg 8.2 50
1 =— =30 g = — 8.19 =723
!y aso.ca82 e x Ve X1, a8 33,Cu2.27 227 X 833 = HA HA

6.9.  From the cyclic voltammogram given in Figure 6.10.4, the first wave appears reversible
while the second wave looks chemically irreversible.

First Wave
From Section (6.5.1), for a reversible system, i, / e = 1, independent of scan rate, and

AE = 59/ n mV at 25 °C. From Section 6.2.2, equation (6.2.20) demonstrates that E 18

"2 = constant. Thus, for

independent of scan rate and equation (6.2.19) de..¥Birstraes that { . /v
] , the quantities

the tabulated numbers given for the first wave of the ic voltammo
5 112 . F 3 3 n.
:Pcfv ,Jm/:m,and AEF,asafunctmnofvareofmterest-

=1 ; s
vimV s i.m N lﬁﬂ/!ﬁc AEP /mV

430 0.39 1.0 60
298 0.39 1.0 60
203 0.36 1.0 60

91 0.36 1.0 60

73 0.35 0.97 60




From coulometry, the first reduction step involves one electron. AE »= 60 mV suggests the first G

wave is a nernstian one electron reaction. Since i a / i pe = 1, the product is stable. Thus, letting
A = azotoluene, the first wave is : ‘

A+tezz A~ : » N

Since £, =~1.42V vs. SCE, then, from equation (6.2.20)

. - -1 37-1
E, =E, +l.109x£ =-1.42V +1.109x 831441 Jmol K x298.15K

nF lequivmol™ x 96485Cequiv™'
= -1.39 Vvs SCE ()

From equation (6.2.19)
i 2 L]
;,%- = (2.69x10°)n* 2 4D}*C,, 3)

From the table, the average value of i, AUERT

1.
-——,72——-0_)7 _A s (mV)'? x (10°mV /V)V2 x 10° A/uA =1.17 x10% A (s/V)'2 )
14

2

A=154mm* ><——C”’__,_=1.54><10'2cm2 | (5)
100mm-=
C =0.68x107 M =0. 68-"10-1—0 682’21-x i ) =6.8x10-’-”—“lf- 6)
m’ m*  \10’ v cm’

Rearranging equation (2) for Dg,/ ? Jeads to

i 1
Dy = _r_y i
° VT (2.69x10°)n* 2 AC,
7
1.17x107* acm
= YN - -2 - =4.15x10 ? 1z
(2.69x10°)(1)™""(1.54x107°)(6.8x107") s
D,=D,=173x10" cm?[s =1.7x10"* em® /s (8)
Second Wave
For the second wave, i pe(z) Ml) . Thus, » = 1, and the reaction can be written
A +en AY | | ©)

The product, A%, is not stable and undergoes some reaction, e.g. protonation, since no reverse
current is found for the second wave. E ., shifts to more negative values with increasing v,

indicating some kinetic limitations on the reaction. These kinetic effects prevent fixing £ for
this reaction, but it is probably near 2.0 V vs. SCE.




