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Standard heterogeneous electron transfer rate constants ko for the second reduction process of 1,2-, 1,3-, 
and 1,4-dinitrobenzenes were evaluated by the Gilcadi nicthod. The temperature dcpendcnces of ko were 
investigated using Marcus' and other expression for AG'. tlowever, i t  was found that to explain the values 
of ko and its variation with temperature, i t  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 trailsfcr riite coiistniit is of thcorctical as well as tcchno- 
logical interest. Because of the dcvclopiiiciit of the theory for thc hctcrogcneous 
electron trailsfcr process aiid its tct*hliologiciil appliciition, iiitcrcst has grown in the 
recent past in  the dctcriiiinatioii of the hctcrogeiicous electron triiilsfcr riite constant' -s. 

Interestingly, studics iii the dctcriiiinatioii of thc hctcrogciicous rate constant ko have 
been mostly confined to the first rcductioii proccss' - . Very rarely attciiipt has been 
made to delcniiine P f o r  the sccoiid rcductioii process5-'. The obvious rcasons are that 
the reduced tiioietics produced are very reactive and the sccoiid rcductioii processes are 
generally coupled with chemical rcactioils. Ncvcrthlcss, thcrc are compounds, for 
exaiiiple dinitroaromatics6 - ', which follow wcll dcfincd reversible clcctrode processes. 
Equations ( I )  and (2) show the clcctrochciiiical proccsscs which e.g. 1,3-dinitrobenzene 
(1,3-DNB) undergoes 
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where (1,3-DNB); is the radical anion and (1,3-DNB)2- the dianion. Thus dinitroa- 
roniatics are most suitable coiiipounds for the dcteriiiination of the hcterogencous 
electron transfer rate coastmt, 4, for the sccoiid rcduction proccss (Eq. (2)). 

In view of the iiiiportaiice of the hetcrogcncous clcctron transfer rate constants, seve- 
ral experimental (electrochciiiicaI) tcchniqucs have been dcvcloped e.g. cyclic 
voltanunetry, AC impedance and polarography, diyitiil siiiiulutions ctc.'- '. A review of 
these techniques is a~ai lable '~ .  Of the viirious tcchiiiqucs uscd for determining ko, 
cyclic voltaiiinietry is well established and had the advantage of bcing rapid and 
reliable. In the present rcport we presciit the rcsults of our studies on thc dcteriiiination 
of heterogeneous electron trausfer rate const;iiits of thc sccoiid rcduction process of 
1,2-, 1,3-, and 1,4-di1iitrobenzc1ics utilizing cyclic voltaiiimctry. Rate coilstants (@ 
were determined a t  various teniperaturcs and a n  attciiipt is iiiadc to iiilcrprct results in 
the light of Marcus and reli~tcd theories' - 5,  

EXPERIMENTAL 

Chemicals. Spectrograde dimethylformamide used as a solvent was dried over preheated molecular 
sieve6*" - 12. Tetrabutylanimonium perchlorate (1BAP) (Fisher) was used without further purification. 
Dinitrobenzenes (DNB) were purified by standard methods". 1,l-Dinitmbcnzenc (m.p. 117 'C, ref." 118.5 T), 
1,3dinitrobenzene (m.p. 89.5 'C, ref." 90.0 'C), 1,4-dinitrobemene (m.p. 173 'C, ref." 174 T). 

Nitrogen gas was purified by passing through traps of vanadous sulfate over zinc amalgam, water, para- 
quat + zinc i n  dimcthylformamide, molecular sieve and diaicthylforniamide. Gcncrally 1 m M  solutions of 
DNB with 0.1 M TBAP were used for recording cyclic voltamniogram. 

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

Instrumar/alion. Cyclic vol~ammograms were recorded using Princeton Applied Research Polarographic 
analyzer 174A i n  conjunction with a n  X-Y recorder for slow s c n n  rates (10, 50, 100, 200, 500 mV/s). For 
faster scan rate (0.5, 1.0, 2, 10, 20 V/s) PAR Universal Progranimer 175, potentiostat 173 and Tektronix 
model 564 storage oscilloscope with differential amplificrs 5A10, 5B10N were used. 

Hanging mercury drop electrode fabricated as described earlier" was used as working electrode. 
Counter electrode was a thick platinum wire while caloiiiel electrode was used as a reference electrode. A 
thermostat (IAUDA K-4R) was used for controlling temperature. 

The three voltammetric methods generally used in  determining the standard heterogeneous rate constant 
ko are a) Ni~holson '~  method of potential separaiion AE,, as modificd by Schmitzts, 6 )  F p - E p  method of 
Kochit6 and c )  Gileadi" method of relationship between ko and critical scan rate. NI the three methods 
were employed but the Gileadi methods was preferrrd. 
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Gileadi method" is simple for the evaluation of ko. In  this method transition to an irreversible process 
is observed. I f  the peak potential is drawn against the logarithm of the scan rate (Fig. 2), the curve is 
borizontal for low scan rates. For sufficiently high Scan rates an ascending linear branch is obtained. The 
toe of this sccond branch, formed by the linear extraplation, is the critical Scan rate V, which is a measure 
of ko according to Eq. (3): 

log ko = -0.48 a t 0.52 t lL? log [(nFDaVJ / (2.303 RT)] , (3) 

when D is the diffusion coefficient and a is the tmnsfcr coefficient. 

RESULTS AND DISCUSSION 

In Table I, E I n  values of the thrce isoiiieric dinitrobcnzencs are collectcd. In Table 11, 
(E&, AE, and p, as calculatcd by Nicholson iiicthod for the second step reduction 
process (anion radical reduced to dianion, Eq. (2)) of 1,2-DNB at  25 "C are collected as 
a n  illustrative example. From AE, and other siiiiilar data for thc thrce isonieric dinitro- 
benzene anion ndici~l a t  278, 288, 295 and 305 K, ko were calculatcd and are iricluded 
in Table 111. 

In Table IV, the expcriiiiental l'rcc encrgics of activation (AG*) obtained froiii Eq. (4) 
are collected togethcr with thcriii;il velocities (Z) of rcactiiig particles (Eq. (5)): 

(4) ko = Ze-AG'ikT 

- 1.17 

we 

-144 

-112 1 .  1 
-(.3 -1.0 -0.7 Q 3  0.0 a3 0.7 1.0 +5 

v, lopv 
FIG. 2 

Cyclic voltammogram of 1.3-DNB in  DMF. Scan 
rate 50 mVh, trmperaturc 298 K 

Gilradi plot: (E& vs log V for 1 3 D N B .  V scan 
rate (V/s), V, critical scan rate at 308 K 
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where m is the iiiass of the reacting particle. 
According to the Marcus theory, AG* is given' by 

AG* = Id4 = (hi t ho)/4 , 

where ?, and h a r e  the inner and outer rcorg;iniz;itioii energies. 

TABLE I 
Electrochemical data for the three isomeric dinitrobcnzcncs E l ,  ( i n  V) vs SCE; Do in m2/s 

Compound Temperature, K El/2 (Eld2 (Ey,), 

1,2-DNB 288 
298 
308 
288 

1,3-DNB 298 
308 
288 

1.4-DNB 298 
308 

- 1.052 
-0.755 - 1.075 

-1.133 
-1.351 

-0.850 - 1.263 
-1.377 
-0.878 

-0.617 -0.896 
-0.920 

-1.078 
-1.100 
-1.148 
-1.281 

-1.234 
-1.320 
-0.906 

-0.920 
-0.940 

TABLE I1 
Heterogeneous electron transfer rate constant ko ( in  lo-* cm/s) for 1.2-DNI3 at 298 K, Nicholson method. 
Scan rate in  V/s; (EJC(in V) vs SCE 

Scan rate -(Ep)c EP k' a 

0.05 
0.1 
0.2 
0.5 
1 .0 
2.0 
5.0 

10.0 

1.100 
1.105 
1.110 
1.122 
1.125 
1.129 
1.132 
1.140 

0.070 
0.078 
0.085 
0.090 
0.093 
0.101 
0.139 
0.149 

1.38 
1.15 
1.09 
1.40 
1.80 
1.93 
1.65 
1.76 

a Avc 1.52 2 0.30. 
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TABLE 111 
Temperature dependance of heterogeneous electron transfer rate constant ko (in 10-* cm/s). Scan rates 
given i n  the text, scan rates above 20 OOO mV/s gave resuls, thus  excluded 

Tcnipcrilturc, K 

278 288 298 308 
Compound Method 

1,3-DNB Gileadi‘ 

Nicholson- 
Schmitzb 

1,2-DNB Gileadi 

Nicholson- 
Schmitz 

1,4-DNB Gileadi 

Nicholson- 
Schmitz 

2.2 

2.45 
(t0.76) 

1.27 

1.40 
( ~ 0 . 6 0 )  

0.56 

0.65 
(iO.20) 

1.77 

1.91 
(i0.48) 

1.25 

1.31 
(i0.25) 

0.6s 

0.79 
(t0.20) 

1.37 

1.52 
(t0.30) 

1.23 

1.28 
(k0.32) 

0.81 

1.05 
( iO.55) 

1.22 

1.35 
(iO.30) 

1.08 

1.14 
( i0 .25)  

‘ Maximum error 10%; * for conipnrison, note the error i n  ko. 

TABLE IV 
Experimental values of chosen thermodynamic characteristics of h c  systrnis under study (ko = Z exp 
(-AG*lkT), Z = (kT/2xm)”’  (1 OV = 1.66 . J ) )  

ko 
Compound Temperature, K 10-2 cni,s 

AG’ 
cv  k0Tin 

1.2-DNB 308 1.22 4 923 0.343 0.214 
298 1.37 4 842 0.328 0.236 
288 1.77 4 760 0.3 10 0.300 
278 2.21 4 677 0.294 0.368 

1.3-DNB 

1,4-DNB 

308 0.8 1 4 923 0.354 0.142 
298 0.68 4 842 0.346 0.117 
288 0.66 4 760 0.339 0.095 

308 1.08 4 923 0.346 0.189 
298 1.23 4 842 0.331 0.2 12 
238 1.25 4 767 0.319 0.212 
278 1.27 4 677 6.307 0.2 12 
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Since & c 0.1 &, it m y  be assumcd that 

AG* I Ad4 (7) 

where eo is the charge of an elcctron, e0 is thc pcriilittivity of thc vacuum, n is the 
refractive index, E is the static diclcctric constillit ilad a is thc riidius of the elcctroactive 
species AG+ (i.e. AG* a t  various tcmpcraturcs) can bc computcd if n and E are known 
at various teiiiperatu rcs. 

One can ~ a l ~ ~ l i i t c  elitropy of activiitioti fro111 the rclationship 

JAG*/aT = -AS* . (9 )  

Since & is independent of tcnipcraturc, AS* ni;iy bc obtaincd itccorditig to Eq. (9) 
from Eq. (6)  or Eqs (7) aiid (8). Hciice 

AS* = (-ef / 32xeotr) ( d / ~ r )  [(l/n2) - (lh)] (10) 

In order to calcul;itc AS* from Eq. (11) the cocfficicnt B for DMF is required which 
according to Russel a11d Jiic1iickel8 is 1.2 . lW4 K-'. Thus c;~lcul;ttcd AS* from the 
experiniental AG* valucs of Tablc IV arc collcctcd i n  Titblc V. 

It is clear from Table V tha t  AS* (cxpcrimc~it;tl) ;itid AS* (theorctic:il) values do not 
agree at all .  The result is in total contrast10 thc rcsults obkiincd for pyrazine dcrivatives 
by Russel aiid Jaenickcls. The reasons for th i s  dispilrity i n  the case of the second 
reduction process of d i ni t robcnzcne may be q u  1 i ti1 t ivcl y i iivcst ig;i t cd . 

Obviously either the siiiiple exprcssion for AC* (Eqs (6) and (7)) docs not apply to 
the present case or else the use of the bulk diclcctric coiist;int and its variation with 

TABLE V 
Radius of the neutral niolccule and expcrimcntal (Eq. ( Y ) )  and tlirorctiral (Eq. ( 1 1 ) )  cntropy of activation 
AS* (in the units of k Boltzman constant, value of U lor DMF is 1.62 . 10-" K-') 

1.3-DNB 34s 8.7 i 3.0 1.09 
1,7,-DNB 330 18.6 * 2.0 0.99 
1,4-DNB 345 15.1 i 2.2 1 .0 
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temperature is inapplicoblc, or both. Furthcriiiore, the tc~iipcriiturc dcpcndcnce of pre- 
exponential factor could bc other thilli thilt givcii i n  Eq. (5) (ref."). 

According to Marcus theory AG* is given by'- 

AG* = Wo t ( W K  - Wo t h)2/4h , (12) 

where wo is the work requircd to tri1lisport the rcilctil1lt [ O ]  from thc bulk of the elcctro- 
lyte to the plilne at which elcctron transfcr occurs. Si11lili1rly wR is defined for the 
product [R]. Obviously Eqs (6) illid (7) ilrc thc siiiiplificd vcrsioiis of Eq. (12) i.e., wo 
and WR are assumcd very ~111i l l l  ss co1ilpiIrcd to A. G c ~ i ~ r i ~ I l y  WO illid WR ;Ire quite small. 
For example, w0 = 0 and wK > 0, but ~ ~ l l i ~ l l  for R/R- syslcm studicd by Russel and 
Jaenicke". 

is tlic potcniiirl i l t  the outcr Hcl~iiholtz 
plane a t  which thc electron trilnsfcr is iIssu1iicd to occur. The G o ~ y - C h i ~ p ~ i i a ~ i S t e r n  
diffuse layer 11iodel c ~ i i l b l ~ s  in obtiliIliIig (D2. I t  vilrics with icliipcriilure sinrc the debye 
length (X)  is tcmpcrilturc dcpcndcnt. In thc prcsciit CiISc ncilhcr w0 nor wR is zero and 
their tcmpcrature cocfficient liiily liot be zero ils W C I I .  

The second filctor influenciiig ko illid its t c~ i ipc r i~ t~ rc  dcpc~idcnce is coiitaincd in  Eq. 
(8). According to Milrc-Us thcory E is thc bulk diclcctric cOIiStil1it. The dielectric 
constant for a n  i~itcrfilcii~l l)hilsc, however, is entirely different froni the bulk 
and i t  is the ilitcrfilcial dielectric colistil1it which niiiy bc rclcvilnI hcrc. Furthermore it 
has bcen showli by dctililcd ~ i ~ l ~ ~ l i ~ t i o ~ i ~  011 S O I W  rcdox SyStcI1lS1o thilt E i n  Eg. (8) docs 
not rcprcsent the bulk dielectric co1titillit b u t  i t  is il Lingcvin function of distance. It 
was found thilt a t  OHP (the rciictioIi site) the diclcctric colisIill1t for DMF is 6 in 
contrast to the V ~ I I U C  of 36 for the bu lk  dielectric collStil1it'". Tcillpcrilturc cocfficient of 
the dielectric co1lstil1lt iIt the rcilctioli site is 110t kllowli but i t  1ilily be substantial. It 
s e e m  thilt i n  the cilse of substituted pYrilzi11cs18 tlicrc is soliic cil~icclliltio~B of these 
contributions and hence the i1grcclliclit i i i  Mf,, illid  AS^,,,, is obtililicd. In  the present 
case the rcduction of dinitrobcnzcne illiioli riidicills 10 diil11ions docs not lead to 
canccllation of the viirious contributions. Also thc diilllio1is hilvilig 2 = 2 will polarize 

Paranicter w is givcn2' by Ze(P2, where 

0 0 
0 

F I ( 8 .  3 
1 '1'11~ dc~)cndrore of In (k".1."? vs 1/T lor  1.7-DNB 

3.20 3'L0 l/T.lLfK' 3'70 (0). 1.3-DNB (0) and I,4-DNB ( A )  
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the surrounding nicdiuiii more strongly thiln the 1iiO1iOii1iio11 ri1dicillS. Hcnce the 
dielcctric constant of the surrounding may be entirely diffcrciit from thc bulk dielectric 
constant. Furtherniore, if  the rcaclion site varics with tc;iipcrilturc, gcttiiig closer to the 
electrode at lower temperature, thcii the diclcctric colistiilit will be also lower. As a 
result h, (i.e. AS:,,,,) dcrrcascs and hciicc the riite cO1iStiilit is iiicrciiscd ;it lower tempe- 
rature as observed i n  the cases of 1,2-DNB and  1,4-DNB. 
As nientioned above Jaenickels - l9 invcstigatcd thc tcliiperilturc dcpcndcnce of ko in 

the light of Marcus theory with pre-exponcntiiil factor as given in Eqs (4) and (5) 
(ref.18) and Eq. (13) (rcf.19). 

ko = K,, 6r tL'(&,/16dT)1'2e~p [-(A,, t hi)  4kTj , (13) 

where K,, is the (electronic) tri;lisliiissioli coefficient, and Sr is the siiiall range of 
distance i n  which thc clcctron traiufcr occurs, tL is thc lo1igitUdiliiil rclaxalion time of 
the given solvent. I n  this expression the prc-cxpolic~itiill and cxponciiti;il tcriiis both are 
temperature dependent. Also tL dcpciids upon tcliiperiit~rcly . 

Thus a siniplc expression for the tcmpcraturc dcpciidcncc of ko can not be obtained. 
However, as pointed out by Kilpturkicwicz and  Jacnickc" if  the tcmpcrature depend- 
ence of ho is ignored (being ~ ~ i i i i l l ) ,  a plot bclwccii In (k'T''') iind 1/T would be linear 
with the slope cquiil to l /k [&/4t  Q4t  HLJ and intcrccpt C C I U ~ I I  10 ALKc16r(hd16 ~k)". 
While Kapturkicwicz and Jacnickc did obt;iin the expected liiiciir plots for their 
system", unfortu~iatcly the sanie was not true i n  the present ciisc (scc Fig. 3, wrong 
slope). Thus it seeiiis thc cxprcssion given i n  Eq. (13)  docs not cxplain the bchaviour of 
temperature dcpciidcncc of ko for the second rcductioii proccss of diaitroaroniatics. Or  
else the niechanisni of the electron tril1fifcr for the llircc isomers is not the same. 

It is hcnre coiicludcd tha t  in order to cxpliiin tlic standard hctCrOgCnCoUS electron 
transfer rate constant @ for the second rcduclion process (Eq. (8)) by Marcus theory it 
niay be prudent to considcr the diclcctric constillit nciir the rciiction site and the work 
ternis of the reactant and the product. 
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