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The B3LYP density functional theory method has been used to determine theoretical values for the peak
oxidation potentials for a range of redox-active aromatics in acetonitrile at room temperature. Excellent
agreement to within 37 mV is found between these values and those observed experimentally. The calculated
electron spin density distributions of indole monomer and indole oligomer radical cations also enable a plausible
mechanism to be advanced by which the experimentally observed asymmetric trimer product is formed.
Theoretical values for the peak oxidation potential of the indole trimer also show excellent agreement with
those observed previously in electrochemical studies, again consistent with this asymmetric trimer product.
Together, with the previously demonstrated ability of this approach to predict the coupling mechanisms and
redox properties of the oligomers formed from indolocarbazole, these calculations provide a method for the
in silico screening of molecular properties to inform molecular materials design and electrosynthesis.

Introduction

Quantum mechanical methods such as those based on density
functional theory (DFT) are being increasingly utilized for the
study of the structure and properties of molecular aromatic
systems. For example, DFT has been used to model the
solvatochromic effects on absorption and emission1 and to aid
in solution2 and powder3 NMR structural characterization. The
electrochemical behavior of aromatic molecules such as mono-
mers, conjugated oligomers, and polymers originates from their
chemical and electronic structures and properties and is crucial
in determining materials properties for a variety of applications
across chemistry, physics, and biology such as (bio)sensors,
organic electronic devices, supercapacitors, and electrolumi-
nescent films.4 With increased computational power now locally
available through computational cluster facilities, DFT can now
be used to calculate the molecular electronic properties of these
larger aromatic systems. The establishment of accurate calcula-
tion methods should make possible the in silico screening of
molecular properties to assess their applicability, particularly
for electroactive materials applications, prior to synthesis.

In this study, DFT was first been used to determine the peak
oxidation potentials of a range of redox-active aromatic
molecules (Figure 1). Through comparison with experiment, this
establishes much enhanced accuracy for these calculations over
those reported previously5-7 for organic systems. Given the
demonstrated effectiveness of this method in predicting the
coupling products of indolocarbazole electrooxidation,8 we have
also probed its applicability to the prediction of the nature and
properties of the coupling product(s) of another aromatic: indole.
The motivation is 3-fold: First, 5-substituted indoles present an
interesting class of heteroaromatics. Electrooxidation has been
shown to form highly conducting electroactive films, of potential
interest in a variety of materials applications, including fast-
response pH sensors,9 bioactive electrodes,10,11 and cathodes in
aqueous rechargeable cells.12 Second, they have been studied

extensively, and the monomer is well-characterized experimen-
tally, which is invaluable for calculation validation. Third, the
coupling mechanism of 5-substituted indoles for film formation
and the nature of the oligomeric products is still a subject of
some debate in the literature. Despite the full characterization
of the electrooxidation product as an asymmetric cyclic trimer
(Figure 1h) by a combination of NMR spectroscopy and
electrochemical methods,13-15 some groups still postulate the
formation under certain conditions of a linear polymeric product
with a regular indole 2,3-linkage. We have therefore used our
DFT calculations to give insight into the coupling reaction, to
produce a plausible mechanism for asymmetric trimer formation,
to address the likelihood of linear 2,3-polymer formation, and
to establish whether such techniques can be applied more
generally to redox-active aromatic systems.

Calculation of Redox Potentials. Accurate calculation of
redox potentials is essential first for in silico method validation
through comparison with experimental values and second for
the rational design and screening of novel redox molecular
systems prior to synthesis through prediction of their thermo-
dynamic properties.19 As well as general calculations on a range
of organic6,7,20,21 and inorganic20,22,23 systems, previous work has
mainly focused on biologically important molecules (such as
quinones24-26 or DNA base analogues27) and environmentally
important systems (such as hexachloroethane28 and anilines29).
Studies5,26 have typically shown that the calculation of redox
potentials using DFT provides greater accuracy than semiem-
pirical methods. For example, Baik and Friesner20 found that
reasonable accuracy was achievable for organic molecules,
whereas metallocenes and a range of simple ligand systems gave
systematic deviations of calculated from experimental values
of more than 100 mV. This suggests that the large error observed
by Kettle et al.5 is at least partly due to a systematic error in
the calculation of the metallocene reduction potential. Fu et al.
calculated the redox potentials of roughly 270 structurally
unrelated organic molecules in both implicit acetonitrile6 and
dimethyl sulfoxide (DMSO)7 solvent and found a large overall
standard deviation compared to experimental values of 170 mV
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in acetonitrile and 110 mV in DMSO. Such errors preclude the
accurate screening of systems for redox properties.

For electron transfer reactions, the calculation of the free
energy of an electron in a metal electrode is fraught with
difficulty. Intensive computational methods have been employed
to model electron transfer from electrodes to ions;30 such
techniques are, however, highly computationally expensive. In
general, the standard approach is therefore to calculate the
absolute electrode potential for the redox reaction of the
molecular species of interest and subtract from it the absolute
electrode potential of a reference redox couple which forms the
basis of a common reference electrode such as the saturated
calomel electrode (SCE) or the standard or normal hydrogen
electrode (SHE or NHE).31 Although absolute potentials for
these reference electrode reactions have been calculated and are
reported in the literature, caution should be exercised when using
this approach as there is little agreement on their values,
reflecting the difficulty of their calculation; Namazian and Coote
quote a value of -4.52 V for the SHE, quoting the paper by
Kelly et al.,32 which reports that the value of -4.52 V relates
to the NHE, while the calculation of oxidation potentials in
acetonitrile by Fu et al.6 uses a value of -4.44 V for the NHE,
although this relates to the absolute electrode potential of the
NHE in aqueous solution.31 Applying this value to acetonitrile
solutions completely neglects the liquid-junction and solvation
effects that would be present, and Trasatti recommends a value
of -4.60 ( 0.10 V for the NHE in acetonitrile.31 It should be
noted that this gives a minimum error in reduction potentials
calculated using this value of 100 mV. Avoiding this use of
absolute electrode potentials for standard reference electrodes,
the approach in this work is to calculate directly the reduction
potential difference between the redox system of interest, X•+/
X, and another (reference) redox system, Y•+/Y. The standard

reduction potential, E°, is then calculated from the following
reaction:5,26

where

The general approach to calculating the standard free energy
change, ∆G°, is to first compute gas-phase ionization energies
for the molecular species and then correct for the solvation
energy (using in our case implicit PCM solvation) and temper-
ature (by performing a frequency calculation) on each optimized
structure. For assessment of the accuracy of these calculations,
E° is then compared to that calculated from the difference
between the experimental values of EX° and EY°, measured with
respect to a common reference electrode. In this work, we have
chosen unsubstituted indole as Y to reduce systematic error.
Conversion of these values to the standard ferrocene/ferrocinium
(Fc/Fc+) reference scale has been achieved by measuring the
experimental indole oxidation potential with respect to Fc/Fc+

and subtracting this value from E°.
While using this approach, caution should be exercised when

converting experimental potentials obtained or calculated with
one reference electrode to another reference scale using literature
values, due to variability in stated experimental reference
potentials.33

Figure 1. Structures of the (a) 5-substituted indoles (R ) H, CH3, Br, CO2H, Cl, OCH3, NO2, NH2, OH, CN), (b) indole analogues (X ) O, S,
Se), (c) 5-substituted indolo(3,2,1-jk)carbazoles (R ) H,8 CH3, Br, NH2, CN), (d) pyrrolo(3,2,1-jk)carbazole,16 (e) 7-azaindolo(3,2,1-jk)carbazole,
(f) 1,4,5,8,9,12-hexamethyltriphenylene,17 (g) dibenzoselenophene,18 and (h) the asymmetric cyclic trimer product formed on electrooxidation of
(a).

X•+ + Y98
∆G°

X + Y•+

∆G° ) ∆GX° - ∆GY° ) -F[EX° - EY°] ) -FE°
(1)
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Comparison of Calculated and Experimental Data. For
those species such as indole monomers which display chemically
irreversible oxidation peaks due to chemical coupling, it can
often be difficult to establish a precise experimental value of
E°.6 It is, however, possible to determine E° from the measured
peak potential for electrochemically reversible systems. A test
of electrochemical reversibility which can still be applied when
there is chemical irreversibility on oxidation is the separation
of the peak potential, Ep, and the half-peak potential, Ep/2, as
|Ep - Ep/2| ) 57 mV for a 1-electron reversible redox reaction
at 298 K.34 For example, the measured value of Ep - Ep/2 for
unsubstituted 1 mM indole oxidation in acetonitrile, uncom-
pensated for iR drop, was found to be 63 mV at a sweep rate of
100 mV s-1 and 57 mV when compensating for iR drop; similar
results were found for all the aromatics studied, suggesting that
the assumption of electrochemical reversibility is reasonable.
In this case, E° is readily related to Ep/2 through

where DO and DR are the diffusion coefficients of the reduced
and oxidized species, respectively.34 Often for aromatics with
extensive electronic conjugation, DO ≈ DR, which removes the
second term in parentheses in eq 2.

As both X/X•+ and Y/Y•+ reactions satisfy the criteria for
electrochemical reversibility, E° is also therefore the peak
oxidation potential of X with respect to the peak oxidation
potential of Y.

Results and Discussion

Calculation of Oxidation Potentials. The peak oxidation
potentials of the 20 heteroaromatic and 1 aromatic molecules
(Figure 1) have been calculated using the B3LYP method and
6-311+G(d,p) basis set with temperature correction given by
frequency calculations. Figure 2 shows these data compared with
experimentally measured values. There is close agreement
between experiment and theory for all molecules, with a root-
mean-square error (RMSE) of 37 mV, demonstrating the relative
accuracy of these calculations for this wide variety of redox-
active aromatics and the efficacy of using indole as the standard.
Given the differences in aromatic structure, including changes

in the presence and nature of heteroatoms, and the propensity
for specific solvent interaction through, e.g., NH functional
groups, it is satisfying that the implicit solvation model utilized
in these calculation can achieve this accuracy while avoiding
the need for specific solvation; this allows calculations of
oligomeric properties.

It is, however, not surprising that calculations on the subset
of 5-substituted indoles (for which both X and Y have the same
aromatic functionality and for which the effects of specific
solvation should largely cancel) show a smaller overall error.
Figure 3 shows calculations of Ep for the 5-substituted indoles
using the B3LYP method with both the relatively small 6-31G
and the extended 6-311+G(d,p) basis sets (tabulated in Table
S1, Supporting Information). These small and larger basis sets
can be seen to provide a reasonable route to the calculation of
oxidation potentials, with the larger basis set giving an RMSE
of 31 mV. With the smaller basis set the RMSE is 59 mV, but
these calculations are up to 9 times shorter to run. The effects
of temperature correction largely cancel for these data when
calculating redox potentials; temperature-corrected calculations
give a standard deviation of 31 mV compared to 32 mV without
temperature correction. This demonstrates that these Gaussian
03 calculations can readily calculate oxidation potentials to an
accuracy of a few tens of millivolts.

Coupling Mechanism of 5-Substituted Indoles. This rela-
tively simple computational method enables calculations on
larger aromatic systems, which allows the nature and properties
of oligomeric products formed by monomer electrooxidation
and coupling to now be addressed. For a variety of heteroaro-
matics,35 coupling has previously been shown to occur through
coupling of monomer radical cations.15 It has been argued that
the most likely coupling sites are those with the highest electron
spin density where there will be the highest propensity for
radical-radical coupling and bond formation.5,36 We have
previously shown for unsubstituted indolo(3,2,1-jk)carbazole8

that consideration of the radical cation electron spin density
results in the successful prediction of the monomer coupling
positions and the structure of the resulting dimers. We now
extend this approach to the electrooxidation and coupling of
indole, whose product is a trimer. As previously shown by Kettle
et al.,5 the monomer radical spin density distributions (Figure
4) give a pictorial representation of the location of the radical
spin (the unpaired electron), with similar spin density distribu-
tions for all except amino and hydroxy (Figure 4e,f), for which
greater spin density is located on or near the substituent. For

Figure 2. Calculated, Ep,calc, vs measured, Ep, peak oxidation potentials
of (black) 5-substituted indoles, (red) indole analogues, (purple)
5-substituted indolo(3,2,1-jk)carbazoles, (green) pyrrolo(3,2,1-jk)car-
bazole, (yellow) 7-azaindolo(3,2,1-jk)carbazole, (blue) 1,4,5,8,9,12-
hexamethyltriphenylene, and (pink) dibenzoselenophene. The line shows
the ideal relationship if calculated and experimental data are identical.

Ep/2 ) E° + RT
F (1.09 + ln(DO

DR
)1/2) (2)

Figure 3. Calculated, Ep,calc, vs measured, Ep, peak oxidation potentials
of substituted indole monomers with basis sets (9) 6-311+G(d,p) with
temperature corrections, (2) 6-311+G(d,p) without temperature cor-
rection, and (b) 6-31G with temperature correction. The line shows
the ideal relationship if calculated and experimental data are identical.
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indole (Figure 4a) the greatest electron spin density is found
on the 3-position of the indole. Coupling of two monomer
radical cations with the loss of 2 protons would therefore be
expected to yield the 3,3′-coupled indole dimer species shown
in Figure 5.

The peak oxidation potential of the 3,3′-unsubstituted resulting
indole dimer was then calculated using B3LYP/6-311+G(d,p)
to be -0.11 ( 0.03 V vs Fc+/Fc. This means the electrode
potential used is more than sufficient to oxidize indole dimer
upon formation.15 (Given the similarity in the molecular
structure, we suggest the error in the dimer oxidation potential
is likely to be comparable with that of the calculated monomer
peak oxidation potentials. However, even if it were larger, this
value would still be much lower than the experimental indole
monomer peak oxidation potential (+0.820 V vs Fc+/Fc).) In
previous electrochemical experiments this oxidized dimer
intermediate was never detected at a ring electrode, despite this
suitable redox potential and the expectation of dimer solubility,
which suggests its concentration is low due to further rapid
coupling.15 The most likely coupling is therefore between the
radical cation of this dimer and that of a monomer. Figure 5
shows the spin density distribution for the resulting 3,3′-dimer
radical cation. It can be seen that the greatest spin density can
be observed in the 2- and 2′-positions at the top of the molecule
as shown; therefore, we argue any unreacted indole monomer
radical in close proximity to the oxidized dimer is likely to

undergo coupling via one of the equivalent 2-positions on the
monomers which make up this dimer and the 3-position on the
monomer to form the linear trimer species shown in Figure 6.

Calculations have also been performed on the neutral and
radical cation forms of this linear trimer using B3LYP/6-31G;
the smaller basis set is required due to the large number of atoms
in this system. The calculated oxidation potential was found to
be 0.12 ( 0.06 V vs Fc+/Fc, where the stated standard deviation
again assumes an error similar to that of indole monomer
calculations. This is again a much lower potential than the
oxidation potential applied to the electrode to induce indole
monomer electrooxidation. Once formed, this trimer would,
therefore, again be expected to oxidize readily at the electrode
surface. The calculated electron spin density for the resulting
trimer radical cation is shown in Figure 6. It is interesting to
note that the highest electron spin density is now located on
only one of the unlinked indole monomer 2-positions, which is
consistent with the lack of symmetry in this linear trimer. The
site of highest radical spin density is most favored for cyclization
and central aromatic ring formation. This would readily lead to
formation of the observed asymmetric cyclic trimer product,
Figure 9a, we suggest through radical-neutral C-C coupling,
proton elimination, and the thermodynamic drive to central ring
formation and aromatization through further oxidation. Together,
this offers a mechanism for the selective formation of the
asymmetric trimer product observed and fully characterized in
previous experiments.13-15

Redox Properties of Asymmetric Cyclic Trimers of Indole.
Previously through rotating ring-disk electrode studies the
redox properties of the indole oxidation product have been
observed and attributed to the sparingly soluble asymmetric
indole trimer species.15 Having established a plausible mecha-
nistic route to trimer product formation, we have also calculated
their peak oxidation potentials (see Table S3, Supporting
Information). These show good correspondence with experi-
mental data (Figure 7), reproducing all the observed experi-
mental values to within twice the RMSE (calculated as 83 mV
for the 6-31G basis set and 62 mV for the larger 6-311+G basis
set), and all but the H and CN substituents to within the overall
RMSE (in fact, the experimental value for 5-cyanoindole has
been reported as a lower limit, due to practical difficulties with
its accurate measurement, which would explain the relatively
large error).15 This confirms that this previously measured
product of indole electrooxidation is most likely to be the
asymmetric cyclic trimer in all cases.

Figure 4. Spin density distribution mapped onto a 99% electron density
isosurface for the radical cations of (a) indole (with ring numbering
indicated), (b) indole-5-carboxylic acid, (c) 5-nitroindole, (d) 5-meth-
ylindole, (e) 5-aminoindole, and (f) 5-hydroxyindole. (The coloring
scheme is roygb: blue indicates a positive spin density (0.005), while
red is negative (-0.001). The same spin density scale was used for all
maps.)

Figure 5. Spin density distribution mapped onto a 99% electron density
isosurface for the radical cation of the 3,3′-indole dimer.

Figure 6. Spin density distribution mapped onto a 99% electron density
isosurface for the radical cation of the suggested linear indole trimer
intermediate.
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It can also be seen (Figure 8) that these calculated oxidation
potentials reproduce the observed essentially linear relationship
with the Hammett substituent parameter previously observed
experimentally, including the systematic deviation of the -OX
substituents from this line.15 This suggests this offset arises from
differences in the electronic structures of these trimer species,
with -OX substitution not conforming to the simple Hammett
picture of substituent perturbation of a common aromatic core,
and not as a result of solution aggregation as previously
suggested.15

The electron spin density map for selected asymmetric cyclic
trimers is shown in Figure 9. It is clear for all trimers that the
majority of this radical electron density is located on the central
benzene ring, where coupling is precluded; this may explain
why this 1+ state of the formed trimer films is chemically stable,
the 0/1+ redox reaction is electrochemically reversible, and
coupling of trimer centers occurs only upon further oxidation.14

Interestingly, the variation in radical cation spin density distribu-
tion with substituent appears much smaller for these trimers
than for the monomers, despite the fact that there is a similar
experimental and calculated deviation of the peak oxidation
potential from the Hammett relationship for these -OX
substituents.

Conclusions

The results presented in this paper have shown that DFT
calculations of the energies of neutral and radical cationic forms
of a wide range of aromatics can be used to determine peak
oxidation potentials which are in close agreement with experi-
mentally measured values. Furthermore, through consideration
of the radical density distribution in indole monomer, dimer,
and linear trimer radical cations, a plausible mechanism of
electrooxidation and coupling can be deduced which explains
the formation of the asymmetric trimer product. Calculation of
the peak oxidation potentials of this predicted product for
asymmetric trimers also gives good agreement with previously
measured electrochemical redox potentials. In combination with
the previously reported spectroscopic data, this confirms that
the product of indole electrooxidation is the asymmetric linked
trimer, and not the polymer with regular 2,3-linkages postulated
by others; in fact, as the initial coupling product is most likely
to be the 3,3′-dimer, it is hard to see how a regular 2,3-polymer
can be produced under any conditions without significant
intermolecular rearrangement of the aromatic framework. The
justification for the formation of a 2,3-linked polymer is the
absence of peaks from the C-H bonds in the indole 2- and
3-positions in IR spectra and 1-D NMR spectra.37-39 However,
this observation is also entirely consistent with and explicable
by asymmetric trimer formation, and this work suggests a 2,3-
linear polymer is not formed under these conditions. This work
also suggests there may be a real prospect of selective indole
dimer coupling through dimer synthesis followed by electrooxi-
dative coupling in the absence of monomer radical cations (e.g.,

Figure 7. B3LYP-calculated, Ep,calc, vs experimental, Ep, peak oxidation
potentials of asymmetric indole trimers with basis sets (2) 6-311+G(d,p)
without temperature correction and (b) 6-31G with temperature
correction. The line corresponds to identical calculated and experimental
data.

Figure 8. Peak oxidation potentials for 5-substituted indole trimers
vs the Hammett substituent parameter, σ+: (9) experimental15 and
B3LYP-calculated oxidation potentials of indole asymmetric trimers
with basis sets (4) 6-311+G(d,p) without temperature correction and
(3) 6-31G with temperature correction. (The experimental values for
5-nitroindole and 5-cyanoindole (O) are lower limits for the experi-
mental peak oxidation potentials.15)

Figure 9. Spin density distribution mapped onto a 99% electron density
isosurface for the radical cation of the asymmetric (a) indole, (b) indole-
5-carboxylic acid, and (c) 5-aminoindole trimer products of electrooxi-
dation.
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by the use of relatively low potential selective dimer oxidation)
to yield tetramers and other novel extended aromatic structures.
This is a focus of further experimental and theoretical study.

As this method has also recently been employed for the
accurate calculation of the redox properties and coupling
characteristics of the indolocarbazole8 and hexamethlytriph-
enylene17 systems, this suggests its potential in the screening
of a variety of similar extended heteroaromatic systems for redox
and coupling properties.

Experimental Section

All calculations were carried out using the software package
Gaussian 0340 running on an SUSe 9.x Linux HPC cluster
consisting of 68 AMD Opteron processing cores contained
within the EaStChem Research Computing Facility Hare cluster.
Default convergence criteria were used for all calculations
(maximum force 0.00045, rms force 0.0003, maximum dis-
placement 0.0018, and rms displacement 0.0012). The compu-
tational method employed was B3LYP, the Becke41 three-
parameter hybrid functional which utilizes the correlation
functional of Lee, Yang, and Parr42 and includes both local and
nonlocal terms. For calculations of the electron spin density the
unrestricted method uB3LYP was employed. The basis set used
in all calculations was 6-311+G(d,p) with acetonitrile solvation
modeled with the polarizable continuum model (PCM);43 the
parameters used for the solvation model are the Gaussian
defaults.40

For all molecules a frequency calculation was performed with
optimized geometries to ensure that a minimum in the potential
energy hypersurface had been reached and to obtain temperature-
corrected free energies for the molecules at 298 K.

The spin density distribution was evaluated by generating
cube files for electron density and electron spin from the solution
calculations. The spin density distribution plots were then made
by mapping onto the 99% electron density surface. Output was
viewed using Jmol, an open-source Java viewer for chemical
structures in 3D (http://www.jmol.org/) and rendered using the
Persistence of Vision Raytracer freeware (http://www.povray.
org).
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