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Electrochemical .reduction of carbazole, 3-methyl- and 3,9-dimethylcarbazole in acetonitrile 
leads to the formation of a layer of conductive, insoluble products on the electrode surface 
of a partially radical character. This phenomenon was studied by coulometry in the resonator 
cavity of an EPR spectrometer with simultaneous measuring of the spin concentration. With 
carbazole and 3-methylcarbazole, the radical particles are formed with a yield of about 2% 
with respect to the current passed, whereas with 3,9-dimethylcarbazole this yield is by an order 
or magnitude lower. The radical product adsorbed on the electrode is probably a sparingly 
soluble perchlorate of the cation radical of 3,3'- or 6,6'-bicarbazole. 3,6,9-TrimethyIcarbazole 
gives on oxidation a relatively stable primary cation radical. Electrochemical oxidation of 9-me­
thyl- and 3,6-dimethyIcarbazole does not lead to radical products. 

Electrochemical oxidation of carbazole and its derivatives .in a.cetonitrile on a plati­
num electrode was studied in detail by Ambrose and Nelson l 

,2 with regard to a pos­
sible formation of cation radicals. They proved electrochemically and UV-spectro­
scopicaUy that primarily formed cation radicals of carbazole and its N-substituted 
derivatives undergo a very rapid consecutive dimerization to 3,3'-bicarbazole 
or in the presence of proton acceptors to 9,9'-bicarbazole. The forriler is oxidized 
to a dication at the potential of the first oxidation peak of carbazole!. Ambrose and 
Nelson proved by the method of internal electrochemical generation of radicals 
that during the electro-oxidation of both unsubstituted carbazole and 3,3' -bicarbazole 
a simple EPR signal of the same form and width is obtained, which they, bowevcr, 
did not study in more detail l

. Relatively stable cation radicals, which can be studied 
in solution by EPR spectroscopy, can be obtained only by electro-oxidation of 3,6,9-
-substituted carbazoles2

. 

The aim of the present work is to elucidate quantitatively the formation of in­
soluble radical products of the oxidation of carbazole and some of its methyl deriva­
tives as well as their composition. We used carbazole derivatives in which the most 
reactive positions of the cation radical are blocked with methyl groups in all possible 
combinations: 
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Rl RZ R3 

carbazole H H H 
1I 9-methyJcarbazole H H CH 3 

III 3-methylearbazole CH 3 H H 
IV 3,9-dimethy lea rbaw Ie CH 3 H CH3 
V 3,6-dimethylcarbazolc CH3 CH 3 H 
VI 3,6,9-trimethylcarbazole CH 3 CH3 CH 3 

EXPERIMENT AL 

Chemicals 

Carbazole of reagent grade (Lachema, Bmo) was used; 9-methylcarbazole was synthesized from 
the former according [0 Ambrose and Nelson and its melting point was 91 °C as given by them 1. 

3-Methy1carbazole was prepared by the Ullmann synthesis according to BorschJ from bromo­
benzene and 2-nitro-4-toluidine (synthesized according to Gattermann4); m.p. 209- 210°C 
(rer. 3 gives 203°C); 3-9-dimcthylcarbazole was synthesized from 3-methylcarbazole, prepared 
as given above, analogoLlsly to 9-methy1carbazole; m.p. 84°C (no data in the literature). 3,6-Di­
methylcarbazole was prepared by the Ullmann synthesis according to Vanicek and AlIan5 from 
4-bromo[0Iuene (synthesized according to Gilman6 from 4-toluidine) and 2-nitro-4-toluidine 
(synthesized according to Gattermann4 from 4-toluidine); m.p. 218°C (ref. 5 gives 217-218°C). 
3,6,9-Trimethykarbazole was synthesized from 3,6-dimethylcarbazole, prepared as given above, 
analogously to 9-methylcarba7.0le; m.p. 121°C (no data in the literature). The purity of all the 
derivatives was checked by thin-layer chromatography (Silufol UV 254, Kavalier, CSSR). 

Cyclic Voltammetry and EPR Spectroscopy 

The experimental conditions during sbdies with these methods, including internal electrochemical 
generation of radicals, calibration of the magnetic axis of the EPR spectrum, and measurement 
of the g factor. were the same as earlier 7 . 

Coulometry in Resonator Cavity of EPR Spectrometer 

In this method, which was llsed to measure the current yield of the radical products, a platinum 
wire electrode was used (0'3 mm in diameter) . The wire was sealed in glass except for its 5 mm 
end portion, which reached into the center of the electrolytic space in the resonator. The electrode 
was inserted into the cell for the electrochemical generation of radicals from above. The solution 
was O'IM-N(C2Hs)4Cl04 in nonaqueous acetonitrile containing O'OOIM depolarizer. The EPR 
signal was recorded during electrolysis and measurement of the charge passed. The latter was 
corrected for the residual current, which was at the beginning of electrolysis equal to several 
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percent of the total current. On the assumption that the relative sensitivity changes in the resonator 
vertically as the square of the cosine function, the correction for the determination of the spin 
concentration is about 4% (height of the resonator cavity 23 mm, interval in the resonator center 
S mm). This correction was neglected with r~gard to the accuracy of the measurement. 

The charge passed was measured with a digital coulometer designed and constructed in our 
department. The voltage drop on its input terminals was less than 1 V. The potentiostat used 
in the electrolysis was constructed from an operational amplifier of the type AS 101 (Z<ivody 
prJlmyslove automatizace, Trutnov, CSSR). 

The concentration of radical particles was determined with the use of standards with a known 
quantity of crystalline 1,1-diphenyl-2-picrylhydl'azyl (DPPH) (Fluka). The standards were pre­
pared by sucking a benifene solution of DPPH of a known concentration into a piece of glass 
capillary (length 4-Smm, measured with a precision to ±O'l mm) of a known internal diameter 
(determined by calibration with mercury) and evaporating. This standard was enClosed in a sealed 
polyethylene capillary (outcr diameter about 0·5 mm) and placed in a cuvette together with the 
sample. For comparison, standards were made also directly by weighing DPPH. The concentra­
tion was determincd by a two-fold numerical integration of the EPR signal. 

Quantum-Chemical Calculations 

Quantum-chemical calculations by the Huckel MO method including the calculation of spin 
populations according to McLachlan were carried our as earlier? The heteroatom model was 
used to estimate the influence of the methyl groups. 

RESULTS 

Electrochemical oxidation of the substances I - VI was studied by cyclic voltam" 
metry on a platinum electrode in nonaqueous acetonitrile. The potentials corres­
ponding to the maximum current of the first anodic peak and the corresponding 
voltammetric constants, ip/c ,jv, are given in Table 1. The electroche~ical oxidation 
of compounds I - III was studied by Ambros and Nelson1 ,2. Our cyclic polarograms 
of these substances are in good agreement with their results. The behaviour of com­
pounds IV-VI, studied by us, was not previously published and corresponds to a ge­
neralization of the conclusions from ref.2 for the electro-oxidation of other substituted 
carbazole derivatives. A comparison of the voltammetric constants ip/c,jv in Table I 
with a value found for ferrocene under equal conditions (1'38 in the same units) 
suggests that the first oxidation step in the case of compounds I - V corresponds 
to the transfer of more than one electron. With compound VI, the voltammetric 
constant together with the cathodic peak corresponding to the first anodic peak 
indicates the formation of the most stable primary cation radical of all the studied 
compounds . Electrolysis of a soluticn of compound VI at the potential of the first 
anodic peak leads to an intense blue coloration . With compounds I-V, the electro­
lysis products are green . In the case of compounds I, III, and IV the electrcde is 
coated with a little soluble, conductive layer of products. 

EPR spectroscopy. By means of the method of internal electrochemical generation 
of radicals at a potential by 100 mV more positive than the value of E~, a broad EPR 
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signal (about 3·5 mT from the maximum to the minimum) 'was obtained with com­
pound VI, which did not show a hyperfine structure. 

In the electrolysis of compounds I, III, and Iv under the same conditions, a narrow 
EPR signal (about 0·1 mT Irom maximum to minimum) was obtained 'with a g facto r 
equal to 2-0031. It 'was found by withdraWing the working electrode Irom the internal 
generation ceIl that the EPR signal is bound to a layer of products formed by oxidation 
on the working electrode. If the latter is withdrawn, the EPR signal is observed 
even after several days, but if the electrode is left in solution, the EPR signal diEap­
pears more rapidly. With compounds I and III, it decreases to the sensitivity limit 
of the spectrometer in the course of a day, with compound IV it decreases after 
stopping the electrolysis with a half-time of several millutes. With compounds II and 
V, no EPR signal was o.btained. 

Coulometry in the resonator cavity of EPR .spectrometer. With compounds I, 
III, and IV, the dependence of the concentration of particles with an unpaired electron 
on the charge passed was measured for 30-60 minutes. The measurement was 
carried out in the resonator cavity of the EPR spectrometer in the cell for internal 
electrochemical generation of radicals at room temperature. Solutions of the sub­
stances in a concentration of 0·001 molJdm3 in acetonitrile containing 0·1M-N(C2Hsk 
.CI04 were electrolysed at a potential by 0·1 V more positive than the value of EJ 
(Table I). The current was 2 - 3 /!A in a stationary state attained after about 15 min 
of electrolysis. The dependence of the amount of the formed radicals on the charge 

TABLE I 

Characteristics of Electrochemical Oxidation of Carbazole Methyl Derivatives 
Solutions in nonaqueous acetonitrile with 0'IM-(C2Hs)4NCI04; c(l-VI) = 1 . 10- 3 mol/dm3

. 

Platinum electrode; sweep rate 0'1 V Is. 

Derivative E~a . -1 -1/2 b 
IpC V 

I carbazole 1·21 ]-19 
II 9-methyl- 1-14 . .3·19 
III 3-methyl- 1-14 2'98 
IV 3,9-dimethyl- 1'09 2'58 
V 3,6-dimethyl- HO 2'53 
VI 3,6,9-trimethyl- 1-06 1'29 

a Potential (V) corresponding to maximllm current of the first anodic peak against Soc.E. (with 
aqueous NaCl solution). b Voltammdric constant for the nrst anodic. peak; ip (A/cm2

), 

c (mol/dm3
), v (Vis). 
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passed are shown in Fig. 1. In all three cases a direct proportionality is observed. 
With compounds I and HI, the slope of this dependence is reproducible within 
several percent, with IV within about 20 percent. 

The current yield of the radicals was determined as 0·019 for compound I, 0·016 for 
III, and 0·002 for IV (ratio of the number of radical molecules to the number 
of electrons passed through the electrode). 

DISCUSSION 

The fact that with co~pounds I - V, in whose molecules at least one of the positions 3, 
6 or 9 is 110t blocked with a methyl group, the first step of the electrochemical oxida­
tion corresponds to more than ilne electron, substantiates the conclusions of Ambros 
and Nelson1

,2 that these positions are thc most reactive centers of the primary 
cation radical of carbazole. Small differences of the potentials of the first oxidation 
step, E~, for compounds I - V against the potential at which a relatively stable 
primary cation radical of compound VI is formed by a one-electron process suggest 
that the formation of the primary cation radical is the potential-determining step 
also with substances I - V The shift of the values of E~ to more negative values in the 
case of carbazol methyl derivatives is in a qualitative agreemcnt with thc HMO 
approximation of the energy of HOMO, as is apparent from thc comparison of the 
data in Tables I and II. 

Fusing of the hyperfine structure of the EPR spectrum of the primary cation 
radical of compound VI can be attributed to its complexity: it consists theoretically 
of 2268 components . The splitting constants of the EPR spectrum of the cation 
radical of compound VI wcre estimated on the basis of the splitting constants of the 

FIG. 1 

Dependence of the Mass Quantity of Radical 
Product, nr , of Electrochemical Oxidation 
on Mass Quantity of Electrons Passed, n. 

1 Carbazole; 2 3-methylcarbazole; 33,9-di­
methylcarbazole. 
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published lO spectrum of the cation radical of compound Vand HMO calculations 
of the spin popUlations (according to MCLachlan) as follows: agH) = 0·68 mT 
(1 : 6 : 15 : 20 : 15 : 6 : 1), a~H3 = 0·75 mT (1 : 3 : 3 : 1), a~ = 0·38 mT (1 : 2 : I), 
a~ = a~ = 0·08 mT (1 : 4: 6 : 4: 1), aN = 0·8 mT (1 : 1 : 1). The spectrum simulat­
ed with these splitting constants and with!!:J.H 1/2= 0·07 mT (half width of non­
differentiated line in one half of its height) and larger does not show a hyperfine 
structure wilh a Lorentz line form. 

The HMO theory predicts for HOMO of carbazole symmetry with respect to the 
plane of symmetry perpendicular to the plane of the molecule. The form and the 
energy of HOMO with carbazole and its methyl derivatives are strongly influenced 
by the choice of the coulombic integral of the N atom and of the resonance integral 
of the C- N bond. The symmetry of HOMO is, however, preserved if we do not 
choose a too high value of hN and a too low value of fcC-N0 For example, with carba­
zole the order of MO changes and the place of HOMO is occupied by an orbital 
of antisymmctrical properties at hN ;:;; 1·8 and "C-N ;2; 0,8. In the molecule of com­
pound V, this change in the order of the orbitals in the HMO model is attained at hN = 
= 1·8 and "C-N = 0·7 (heteroatomic model of methyl). That the HOMO in carba­
zole is, in contrast to pyrrole and isoindole9

, symmetrical, is evidenced by the high 
value of the splitting constant of the N atom (aN = 0·689 mT (reUO» in the cation 
radical of compound V, further by the dependcnce of the behaviour of N-substituted 

TABLE II 

Energy of the Highest Occupied MO of Carbazole Derivatives 

Derivative 

carbazole -0'701 
II 9-methyl carbazole -0'640 
III 3-methyl carbazole -0·644 
IV 3,9-dimethyl carbazole -0·595 
V 3,6-dimethyl carbazole -0·615 
VI 3,6,9-trimethyl carbazole -0'565 

1,1'-blcarbazole -0'511 
3,3'-biearbazole -0'526 
3,3',6':3"-tercarbazole -0'495 
3,3',9':9"-tercarbazole -0'453 

a Energy of the HOMO is' defined as IlH OM O = <Xc - "'HOMOPc6 the following parameters 
were used in calculating HOMO; hN = 1'5, kC - N = 0'8, kN - N = 0'7; for heteroatomic model 
of the methyl group hCH• = 2, kC - CH• = 0'1, k N - CH3 = 0'6. 
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carbazoles in electro-oxidation on the substituent bound on the N atomt, and by the 
reactivity of the N atom in cation radicals of carbazoles1 ,2. . 

The value of the spin population pz-AO of the N atom is with compounds I - VI 
in the range 0·15-0·35 depending not only on the compound but mainly on the 
values of hN and kC - N ' The value of the spin population pz-AO of the C atom neigh­
bouring with the N atom exceeds in no case 0·05. The spin population pz-AO of the N 
atom increases with decreasing hN and kC- N with all six carbazole derivatives. 

With respect to the magnitude of the mentioned splitting constant aN for the cation 
radical of compound V;"we can estimate that the proportionality constant between· 
aN and spin population pz-AO of the N atom is 2-4 mT according to the parameters 
hN and kC- N used. With respect to the symmetrical properties of HOMO, we can 
in interpreting the nitrogen splitting in the EPR spectrum neglect the n-o--spin 
polarization of the G--N bond caused by the spin population on the neighbouring C 
atoms in the case of carbazole cation radicals, in contrast to anion radicals of 2,5-di­
methyl-l-nitrophenylpyrroles 7 and cation radicals of 1,3,4,7-tetramethylisoindoles9 • 

Owing to the small concentration (both relative and absolute) of the insoluble 
radical product of the oxidation of compounds I, III, and IV; its identification is 
difficult. The width of the EPR signal shows clearly that we have to deal with a radical 
in a condensed state. It is apparent that this is not a primary cation radical but 
probably a cation radical salt of the oxidation product of these compounds with the 
base electrolyte anion, CIO;. It is probable that this salt is rcsponsible for thc con­
ductivity of the layer on the electrode. Ambrose and Nelson l showed that dimeriza­
tion in positions 3 is the dominant reaction of the destruction of the primary cation 
radical of carbazole in absencc of basic substances. According to these authors, 
carbazole and 3 : 3'-bicarbazole give the same EPR signal during internal electro­
chemical generation of radicals (although they did not indicate the potential at which 
the latter compound was electrolysed). However, with compounds I, III, and IV the 
corresponding 3 : 3' or 6 : 6' dimers are oxidizable at the potential of their first 
oxidation step to the diamagnetic dication . The calculated HOMO energies for 
certain dimers and trimers of carbazoles in Table II suggest that these compounds 
are more easily oxidized than carbazole itself. It is, however, possible that when the 
cation radical salt of the 3 : 3' or 6 : 6' dimer is little soluble, the transition into the 
solid phase causes such an increase of the contribution of the solvation energy 
to the redox potential that oxidation to a dication becomes energetically impos~ible . 

This explanation is supported by the fact that all compounds that on oxidation give · 
a little soluble product of a radical character have at least one of the positions 3 
and 6 free (not blocked with methyl). That no EPR signal was obtained during 
oxidation of 9-methylcarbazole can be attributed to the fact that the cation radical 
of the 3 : 3' dimer is much more soluble. With respect to \he small quantity of the 
radical product, the formation of a cation radical of the 1 : l' dimer could be also 
considered (Ambrose and Nelson1 ,2 pointed out the reactivity of position 1 in carba-
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zoic derivatives). Also here, however, it would be necessary to elucidate the behaviour 
of 9-methylcarbazole by the solubility of products and further to explain why ana­
logous radical products are not formed during oxidation of compounds V and VI. 
The elucidation of the observed EPR signal in terms of radicals oftrimeric carbazoles 
is very doubtful because of the occurrence of this signal during electrochemical 
oxidation of 3-methylcarbazole and especially 3,9-dimcthylcarbazolc. 

The absence of the EPR signal in the case of compound II is according to Ambrose 
and Nelson l caused by the fact that an extremely stable dimer is formed by oxida­
tion, hence further oxidation is possible at a much more possitive potential. Ac­
cording to these authors2

, oxidation of 3,6-disubstituted carbazoles (such as com­
pound V) is followed by rapid dimerization either in positions 1,1' or 1,9' or 9,9', 
so that the half-time of the radicals is 0·1-1 s. Indeed, no EPR signal was obtained 
with compound V. 

The formation of a little soluble cation radical salt of the 3 : 3' or 6 : 6' dimer 
is therefore most probably responsible for the EPR signal observed during internal 
electrochemical generation of radicals in the oxidation of carbazole, 3-methylcarba­
zoIe, and 3,9-dimethylcarbazole. Different currcnt yiclds of the radicals can be in the 
case of compounds I, III, and IV attributed to different solubility of cation radical 
salts and other products adhering to the electrode. 

The author is indebted to Dr M. Polacek for valuable advice during synthesis of the studied 
compounds and to Dr J. KlIllcik for help during coulometric measurements and construction of the 
coulometer and potentiostat. 
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