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Standard heterogeneous electron transfer rate constants ° for the second reduclion process of 1,2-, 1,3,
and 1,4-dinitrobenzenes were evaluated by the Gilcadi method. The temperature dependences of K were
investigated using Marcus’ and other expression for AG*. However, it was found that to explain the values
of k° and its variation with temperature, it might be prudent to take into consideration the dielectric
constant near the site of the reactant (the anion radical) and the product (the dianion).

The heterogeneous electron transfer rate constant is of theorctical as well as techno-
logical interest. Because of the development of the theory for the heterogeneous
electron transfer process and its technological application, intcrest has grown in the
recent past in the determination of the heterogencous electron transfer rate constant! =5,

Interestingly, studics in the dctermination of the heterogencous rate constant k° have
been mostly confined to the first reduction process! = 4. Very rarcly attempt has been
made to determine k° for the second reduction process’~ 7. The obvious rcasons are that
the reduced moietics produced are very reactive and the second reduction processes are
generally coupled with chemical reactions. Neverthless, there are compounds, for
example dinitroaromatics®~ 7, which follow well defined reversible electrode processes.
Equations (1) and (2) show the clectrochemical processes which e.g. 1,3-dinitrobenzene
(1,3-DNB) undergoes

NO, NO,

NO, NO,
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where (1,3-DNB)- is the radical anion and (1,3-DNB)?" the dianion. Thus dinitroa-
romatics are most suitable compounds for the determination of the heterogencous
electron transfer rate constant, k3, for the second reduction process (Eq. (2)).

In view of the importance of the beterogencous clectron transfer rate constants, seve-
ral experimental (electrochemical) tcchniques have been developed e.g. cyclic
voltammetry, AC impedance and polarography, digital simulations ctc.2~°, A review of
these techniques is available!%, Of the various techniques used for determining °,
cyclic voltammetry is well established and had the advantage of being rapid and
reliable. In the present report we present the results of our studies on the determination
of heterogeneous electron transfer rate constants of the sccond rcduction process of
1,2-, 1,3-, and 1,4-dinitrobenzenes utilizing cyclic voltammetry. Rate constants (kfz’)
were determined at various temperatures and an attempt is made to interpret results in
the light of Marcus and related theorics® = 3,

EXPERIMENTAL

Chemicals. Spectrograde dimethylformamide used as a solvent was dried over preheated molecular
sieve®!! = 12 Tetrabutylammonium perchlorate (TBAP) (Fisher) was used without further purification.
Dinitrobenzenes (DNB) were purified by standard methods'!. 1,2-Dinitrobenzene (m.p. 117 °C, ref.1! 1185 °C),
1,3-dinitrobenzene (m.p. 89.5 °C, ref.! 90.0 °C), 1,4-dinitrobenzene (m.p. 173 *C, ref.} 174 *C).

Nitrogen gas was purified by passing through traps of vanadous sulfate over zinc amalgam, water, para-
quat + zinc in dimethylformamide, molecular sieve and dimethylformamide. Generally 1 mM solutions of
DNB with 0.1 M TBAP were used for recording cyclic voltammogram.

In all the cases reversible waves for first as well as second reduction processes (Eqs (1) and (2)) were
obtained (Fig. 1) confirming the absence of protonation of the radical anion and dianion.

Instrumentation. Cyclic vollammograms were recorded using Princeton Applied Research Polarographic
analyzer 174A in conjunction with an X-Y recorder for slow scan rates (20, 50, 100, 200, 500 mV/s). For
faster scan rate (0.5, 1.0, 2, 10, 20 V/s) PAR Universal Programmer 175, potentiostat 173 and Tektronix
model 564 storage oscilloscope with differential amplificrs 5A20, SBION were used.

Hanging mercury drop electrode fabricated as described earlicr'® was used as working electrode.
Counter electrode was a thick platinum wire while calomel electrode was uscd as a reference electrode. A
thermostat (LAUDA K-4R) was used for controlling temperature.

The three voltammetric methods generally used in determining the standard heterogeneous rate constant
&0 are a) Nicholson!4 method of potential separalion AE, as modified by Schmitz!, b) E} - E7 method of
Kochi'® and c) Gileadi!” method of relationship belwu.n k% and critical scan rate. All lhe lhree methods
were employed but the Gileadi methods was preferred.
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Gileadi method!” is simple for the evaluation of &% In this method transition to an irreversible process
is observed. If the peak potential is drawn against the logarithm of the scan rate (Fig. 2), the curve is
horizontal for low scan rates. For sufficiently high scan rates an ascending linear branch is obtained. The
toe of this seccond branch, formed by the lincar extrapolation, is the critical scan rate V, which is a measure
of &% according to Eq. (3):

logk® = -0.48a + 0.52 + 172 log [(nFDaV,)/(2.303 RT)] , 3)

where D is the dilfusion coef(icient and o is the transfer coefficient.

RESULTS AND DISCUSSION

In Table I, E,, values of the three isomeric dinitrobenzencs are collected. In Table II,
(Ep)e» AE, and k%, as calculated by Nicholson mcthod for the second step reduction
process (anion radical reduced to dianion, Eq. (2)) of 1,2-DNB at 25 °C are collected as
an illustrative example. From AE, and other similar data for the three isomeric dinitro-
benzene anion radical at 278, 288, 298 and 308 K, £° were calculated and are included
in Table III.

In Table IV, the experimental [ree encrgies of activation (AG*) obtained from Eq. (4)
are collected together with thermal velocities (Z) of reacting particles (Eq. (5)):

kO = Ze-AG'/kT (4)
Z = [(kTY/(2nm)]2, )
-7 r—— v — T
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Cyclic voltammogram of 1,3-DNB in DMF. Scan Gileadi plot: (E). vs log V for 1,2-DNB. V scan
rate 50 mV/s, temperature 298 K rate (V/s), V, critical scan rate at 308 K

Collect. Czech. Chem. Commun. (Vol. 57) (1892)



Heterogeneous Electron Transfer Rate Conslants 1413

where m is the mass of the reacting particle.
According to the Marcus theory, AG* is given! by

AG* = Nd = (M + A)/4 (6

where A; and Ay are the inner and outer rcorganization encrgics.

TABLE |
Electrochemical data for the three isomeric dinitrobenzenes Eqp (in V) vs SCE; Dg in m%s

Compound Temperature, K Ep (E\p)s (Ep,)e
1,2-DNB 288 -1.052 -1.078
208 -0.755 -1.075 -1.100

308 -1.132 -1.148

288 -1.251 -1.281

1,3-DNB 298 -0.850 -1.263 -1.284
308 -1.277 -1.320

288 -0.878 -0.906

1,4-DNB 298 -0.617 -0.896 -0.920
308 -0.920 ~0.940

TaBLE I]

Heterogeneous electron transfer rate constant I (in 1072 cm/s) for 1,2-DNB at 298 K, Nicholson method.
Scan rate in V/s; (E). (in V) vs SCE

Scan rate -(Epe E, K
0.05 1.100 0.070 1.38
0.1 1.105 0.078 115
0.2 1.110 0.085 1.09
0.5 1.122 0.090 1.40
1.0 1.125 0.003 1.80
2.0 1.129 0.10t 1.93
5.0 1.132 0.129 1.65

10.0 1.140 0.149 1.76

9 Ave 1.52 = 0.30.
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TabLe [II
Temperature dependance of heterogencous electron transfer rate constant K (in 107 cm/s). Scan rates
given in the text, scan rates above 20 000 mV/s gave results, thus excluded

Temperature, K

Compound Method
278 288 298 308
1,3-DNB Gileadi” - 0.56 0.68 0.81
Nicholson— - 0.65 0.79 1.05
Schmitz® (£0.20) (£0.20) (0.55)
1,2-DNB Gileadi 22 1.77 1.37 1.22
Nicholson- 2.45 1.91 1.52 1.35
Schmitz (£0.76) (0.48) (£0.30) (0.30)
1,4-DNB Gileadi 1.27 1.25 1.23 1.08
Nicholson- 1.40 1.31 1.28 1.14
Schmitz (=0.60) (x0.25) (=0.32) (£0.25)

® Maximum error 10%; ° for comparison, note the error in i

TABLE IV
Experimental values of chosen thermodynamic characteristics of the systems under study =2z exp
(~AG*/KT), Z = (KT/2nm)"? (1 eV = 1,66 . 107'° 1))

& Zpet AG*
Compound Temperature, K 1072 em/s cme/s RV L2
1,2-DNB 308 1.22 4923 0.343 0.214
298 1.37 4 842 0.328 0.236
288 1.77 4 760 0.310 0.300
278 221 4 677 0.294 0.368
1,3-DNB 308 0.81 4923 0.354 0.142
208 0.68 4 842 0.346 0.117
288 0.66 4 760 0.339 0.095
1,4-DNB 308 1.08 4 923 0.346 0.189
298 1.23 4 842 0.331 0.212
288 1.25 4 767 0.319 0212
278 1.27 4 677 6.307 0212
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Since A; < 0.1 Ay it may be assumed that

AG* & A4 %)

Mo = (€8 / 8mequ) [(1/n?) - (1/e)] 8)

where e is the charge of an electron, g, is the permittivity of the vacuum, n is the
refractive index, ¢ is the static diclcctric constant and a is the radius of the electroactive
species AGY (i.e. AG* at various temperatures) can be computed if n and € are known
at various temperatures.

One can calculate entropy of activation from the relationship

IAG*/oT = -AS* . ©9)

Since A, is independent of temperature, AS* may be obtained according to Eq. (9)
from Eq. (6) or Eqs (7) and (8). Hence

AS* = (~€3 [ 32neqa) (0/0T) [(1/n?) - (1/8)] (10)

= (€} / 32neqa) B . o))

In order to calculate AS* from Eq. (11) the cocfficient B for DMF is requircd which
according to Russel and Jacnicke!® is 1.2 . 107* K-'. Thus calculated AS® from the
experimental AG* valucs of Table IV are collected in Table V.

It is clear from Table V that AS* (experimental) and AS* (theoretical) values do not
agree at all. The result is in total contrast to the results obtained for pyrazine derivatives
by Russel and Jaenicke!®. The reasons for this disparity in the case of the second
reduction process of dinitrobenzene may be qualitatively investigated.

Obviously either the simple expression for AG* (Eqs (6) and (7)) docs not apply to
the present case or else the use of the bulk diclectric constant and its variation with

TaBLE V
Radius of the neutral molecule and experimental (Eq. (9)) and theorctical (Eq. (11)) entropy of activation
AS* (in the units of k& Boltzman constant, value of B for DMF is 1.62 . 107! K'l)

Compound a, pm —AS:XP ~ASeor
1,3-DNB 348 8.7=x30 1.09
1,2-DNB 330 18.6 = 2.0 0.99
1,4-DNB 345 151222 1.0
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temperature is inapplicable, or both. Furthermore, the temperature dependence of pre-
exponential factor could be other than that given in Eq. (5) (ref.?%).
According to Marcus theory AG* is given by! ~3

AG* = WO + (WR - WO + )\)2/47\. s (12)

where wy is the work required to transport the rcactant [0] from the bulk of the electro-
lyte to the plane at which electron transfer occurs. Similarly wy is defined for the
product [R]. Obviously Eqs (6) and (7) are the simplificd versions of Eq. (12) i.e., wy
and wpy are assumed very small as compared to A. Generally wy and wy are quite small.
For example, wg = 0 and wy > 0, but small for R/R™ system studicd by Russel and
Jaenicke!®,

Paramcter w is given?® by Zed,, where &, is the potential at the outer Helmholtz
plane at which the electron transfer is assumed to occur. The Gouy-Chapman—Stern
diffuse layer model enables in obtaining @,. It varics with temperature since the debye
length (X) is temperature dependent. In the present case neither wy nor wy is zero and
their temperature cocfficient may not be zero as well.

The second factor influencing &% and its temperature dependence is contained in Eq.
(8). According to Marcus theory & is the bulk diclectric constant. The diclectric
constant for an interfacial phase, however, is entircly different from the bulk phase?!- 24
and it is the interfacial diclectric constant which may be relevant here. Furthermore it
has been shown by detailed calculations on some redox systems'© that € in Eq. (8) does
not represent the bulk diclectric constant but it is a Langevin function of distance. It
was found that at OHP (the rcaction site) the diclectric constant for DMF is 6 in
contrast to the value of 36 for the bulk diclectric constant*? . Temperature cocfficient of
the dielectric constant at the reaction site is not known but it may be substantial. It
seems that in the case of substituted pyrazines'® there is some cancellations of these
contributions and hence the agreement in AS7,, and AS,., is obtained. In the present
case the rcduction of dinitrobenzene anion radicals to dianions docs not lead to
cancellation of the various contributions. Also the dianions having Z = 2 will polarize

-0 ® (o]

o
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-20 ® L

® F1u. 3
- s The dependence of In (k°1"%) vs 1/T for 1,2-DNB
320 30 yragk? 379 (), 1.3-DNB (®) and 1,4-DNB (A)
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the surrounding medium more strongly than the monoanion radicals. Hence the
dielectric constant of the surrounding may be eatirely diflerent from the bulk dielectric
constant. Furthermore, if the reaction site varics with temperature, getting closer to the
electrode at lower temperature, then the diclectric constant will be also lower. As a
result Ag (i.e. AS},..) decreases and hence the rate constant is increased at lower tempe-
rature as obscrved in the cases of 1,2-DNB and 1,4-DNB.

As mentioned above Jaenicke!® - 1% jnvestigated the temperature dependence of &2 in
the light of Marcus theory with pre-exponential factor as given in Eqs (4) and (5)

(ref.'®) and Eq. (13) (ref.!%).
K0 = K, 8r 1! (Ay/167kT) exp [-(hg + ) 4KT], 3)

where K, is the (clectronic) transmission cocflicient, and 6r is the small range of
distance in which the clectron transfer occurs, 1y is the longitudinal rclaxation time of
the given solvent. In this expression the pre-exponential and exponential terms both are

temperature dependent. Also T, depends upon temperature!® .

1! = AL exp [-Hy / kT (14)

Thus a simple expression for the temperature dependence of &% can not be obtained.
However, as pointed out by Kapturkiewicz and Jacnicke!” if the temperature depend-
ence of Ay is ignored (being small), a plot between In (k°TY2) and 1/T would be lincar
with the slope cqual to 17k [A/4+ Ay/4+ H\ ] and intercept equal 1o A K, 8r(hy/16 k)2,
While Kapturkicwicz and Jacenicke did obtain the expected lincar plots for their
system!?, unfortunatcly the same was not truc in the present case (see Fig. 3, wrong
slope). Thus it scems the expression given in Eq. (13) does not explain the behaviour of
temperature dependence of &° for the second reduction process of dinitroaromatics. Or
else the mechanism of the clectron transfer for the threc isomers is not the same,

It is hence concluded that in order to explain the standard heterogencous clectron
transfer rate constant &3 for the second reduction process (Eq. (8)) by Marcus theory it
may be prudent to consider the dielcctric constant near the reaction site and the work
terms of the reactant and the product.
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