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Prediction of the standard potentials for one-
electron oxidation of N,N,N’,N’ tetrasubstituted
p-phenylenediamines by calculationt
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The formal potentials for the reversible one-electron oxidation of N,N,N’ N’ tetrasubstituted p-
phenylenediamines in acetonitrile have been applied as a test set for benchmarking computational
methods for a series of compounds with only small structural differences. The aim of the study is to
propose a simple method for calculating the standard oxidation potentials, and therefore, the protocol is
progressively developed by adding more terms in the energy expression. In addition, the effect of
including implicit solvation models (IEFPCM, CPCM, and SMD), larger basis sets, and correlation methods
are investigated. The oxidation potentials calculated using the G3MP2B3 approach with IEFPCM resulted
in the best fit (R> = 0.9624), but the slope of the correlation line, 0.74, is far from the optimal value,
1.00. B3LYP/6-311++G(d,p) and TPSSh/6-311++G(2d.p) yielded only slightly less consistent data (R® =
0.9388 and R? = 0.9425), but with much better slopes, 1.00 and 0.94, respectively. We conclude that it
is important to investigate the basis set size and treatment of electron correlation when calculating
oxidation potentials for N,N,N',N" tetrasubstituted p-phenylenediamines.

Introduction

Standard potentials, E°, or more broadly speaking redox poten-
tials, are fundamental properties in the characterization of
chemical reduction and oxidation reactions. Examples from
organic chemistry and biochemistry include not only molecular
electrochemistry,”” but also electron-reservoir complexes,’
syntheses with regenerable redox systems,” photoredox
catalysis,” proton coupled electron transfer,”” electronics®
and electrochromic materials,” materials for solar cells,'*!!
molecular conductors’® and conducting polymers,"® redox
proteins,'*™'® artificial photosynthesis,"”*° reduction of carbon
dioxide®® and many, many more.

Among the redox reactions, simple one-electron transfers
have received special attention.">?*'"2” Experimentally, stan-
dard potentials for one-electron transfers are typically deter-
mined by electrochemical methods such as cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) although, strictly
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speaking, the potentials determined by CV and DPV are formal
potentials, E°’, and not standard potentials, £°.>*® However, the
difference is only small for most organic compounds and may
be neglected for practical purposes. The initial products result-
ing from one-electron transfer to or from closed-shell mole-
cules, the radical anions and radical cations, are usually
reactive species”>?*°* and only in few cases persistent under
the conditions of routine CV and DPV. This is true in particular
in aqueous solution because of the electrophilic and nucleo-
philic properties of water. Persistent radical ions in nominally
dry non-aqueous solutions include the radical anions and
radical cations of alternant aromatic hydrocarbons, the radical
anions of compounds containing electron-withdrawing groups
such as nitro, cyano and carbonyl and the radical cations of
heteroaromatic compounds containing O, S or N or compounds
containing electron-donating substituents such as dialkyla-
mino and alkoxy."? In most other cases, the formal potentials
can only be determined experimentally with difficulty, if at all.
In such cases quantum chemical calculations provide an
important alternative to experiments, for example for the pre-
diction of the redox potentials for free radicals***® and
carbenes®” and for substrates that undergo dissociative elec-
tron transfer.?®3°

Early it was found that the coefficients of the molecular
orbital resonance integral in the Hiickel expression for the
energy of the lowest unoccupied molecular orbital (LUMO)
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were linearly related to the reduction potentials of a series of
conjugated hydrocarbons.*® This inspired a number of similar
investigations including the linear relation between the ener-
gies of the highest occupied molecular orbital (HOMO) and the
oxidation potentials for conjugated hydrocarbons.*'™*° These
early efforts have been briefly reviewed.’® Shortly after self-
consistent field (SCF) improvements were reported®>>* and in
the years to follow, such correlations were extended to include
computed values of the HOMO and LUMO energies, Egomo and
Erumo, and of the ionization potentials (IP) and electron
affinities (EA).>>"® Once established such linear relations are
useful, but still the ultimate goal is the direct calculation of the
redox potentials.

Two different approaches have been followed for the calcu-
lations. One is based on a Born-Haber cycle in which the
solution free energy difference between the reduced and oxi-
dized forms are obtained from the gas phase values by addition
of the free energies of solvation for the two oxidation states. The
other is more direct and uses the solution free energies
computed with the application of a suitable solvation model.
Often, the free energies are obtained by density functional
theory (DFT) calculations using the B3LYP functional and a
Pople-type basis set as illustrated by, for instance, the reduction
of polycyclic aromatic hydrocarbons (PAH)®® and quinones,®”
the oxidation of PAH®® and alkylbenzenes®® and recipes for
organic molecules in general.”®”” Other DFT functionals such
as BPW91 for the oxidation of substituted anilines.,”®
mPWB1K’” and PBE’® for the reduction of aromatic nitro
compounds and M06-2X and CAM-B3LYP for the redox poten-
tials azulene-1-carbonitriles’® have been advocated as well and
occasionally also HF, for example, for the reduction of
quinones®® and various CBS variants.>® Common to all these
approaches is the need for an adequate solvation model,®" as
for example the PCM,* % the CPCM,***® the SMD*” and the
SM5.42R.%®  Useful describing  these
approaches are available.

Looking back on all this, there is a shortage of studies
dedicated to the prediction of the redox potentials for a series
of closely related substrates such as n-systems perturbated by
substituents that exert their influence only by classical induc-
tive effects. In fact, we are aware of only one such study, that is
the calculation of the oxidation potentials of a series of
alkylbenzenes®® for which the experimental data had been
published earlier.’" One reason for the shortage of such studies
is without doubt that the compounds of interest are not readily
available and have to be synthesized.

We have for some time been engaged in using N,N,N’,N’
tetrasubstituted p-phenylenediamines as redox catalysts®>*
and as cores in redox active dendrimers®>*® and were for that
reason interested in the prediction of the oxidation potentials
by calculation.

overviews various

89,90

N,N,N',N' tetrasubstituted p-phenylenediamines

N,N,N',N' tetrasubstituted p-phenylenediamines are electron-
rich compounds that are easily oxidized to persistent radical
cations by, for instance, electrochemical oxidation.”*%* A
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famous member of the group is N,N,N',N'-tetramethyl-p-
phenylenediamine (TMePD) the radical cation of which (Wurster’s
blue) was reported as early as 1879." Since then the radical cations
of TMePD and related p-phenylenediamines have featured in
numerous investigations including studies of the optical,'®*
vibrational'®'°® and ESR spectra,'"”” ™ electronic,""*™'® mixed-
valence™”''® and self-exchange properties,""*"** reorganization
energies,"” and radical cation dimerizations."****® Also, TMePD
has been used in electron transfer studies,””"*® and in charge-
transfer complexes,”® ! as a redox mediator,"*>™** and in studies
of solvent effects on redox properties.”*>"*® In spite of this over-
whelming and continuing interest, the effect of the nature of the N-
substituent on the oxidation potential have not been thoroughly
investigated and the possibility of predicting the oxidation poten-
tials of new derivatives by calculation has not been addressed in any
detail.

Here we present experimental and computed potentials for
the one-electron oxidation of a series of N,N,N’,N’ tetrasubsti-
tuted p-phenylenediamines. We will examine computational
protocols for the oxidation potentials at several levels of com-
plexity, from the simple HOMO approximation to the full Gibbs
free energy description. The influence of the solvation models,
basis set size and correlation methods will be investigated
as well.

The structures of the sixteen N,N,N’,N’-tetrasubstituted
p-phenylenediamines included in this study are shown in
Fig. 1 and Table 1.

Experimental and computational methods

Syntheses. Only one compound, TMePD, is commercially
available (Aldrich). The other 15 were prepared as described in
the ESL{

Cyclic voltammetry and differential pulse voltammetry. CV
and DPV measurements were carried out at room temperature
using an Autolab PGSTAT12 instrument driven by the GPES 4.9
software. The solvent was acetonitrile (MeCN) containing
Bu,NPF¢ (0.1 M) as supporting electrolyte. The working elec-
trode was a circular glassy carbon disk (d = 3 mm), the counter
electrode was a platinum wire and the reference electrode was a
silver wire immersed in the solvent-supporting electrolyte
mixture and physically separated from the solution containing
the substrate by a ceramic frit. The potential of the reference
electrode was determined vs. the ferrocene/ferrocenium
(Fe/Fc*) redox couple'® in separate experiments. The concen-
tration of substrate was 1 mM. Solutions were purged with
argon saturated with MeCN for at least 10 minutes before the
measurements were made after which a stream of argon was

R4 R,

Fig.1 General structure of the NNN' N tetrasubstituted p-
phenylenediamines. The substituents, R; and R,, that include the two N-
atoms, are shown in Table 1.
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Table 1 The abbreviations used, the substituents, R; and R,, in Fig. 1 and the formal potentials, E;’x/ , for one-electron oxidation?
P
Compound Eg,:p R, R, Compound E;zp R, R,
/Me /Me /Me
TMePD —0.282 N, N, DMeAzirA +0.089 N, N
Me Me Me
/Me /Me /Me
TrMeEtPD —0.302 N N DMeAzetA —0.290 N N<>
Me Et Me
/Me /Et /Me /\
DMeDEtPD —-0.321 N N, DMeMorphA —-0.161 N, )
Me Et Me /
/Et /El /Me /\
TEtPD —0.361 N, N, DMePiprzA —0.221 N N NH
Et Et Me —
/Me /Me /Me VamN
TrMeiPrPD —0.301 N N DMeMePiprzA —0.197 N N N—Me
Me iPr Me A
/Me iPr
DMeDiPrPD —0.317 N N\ BPyrB —0.397 N\/:’ N@
Me iPr
iPr iPr
/
TiPrPD —0.297 N\ N\ BPipB —0.216 N ) N )
iPr iPr
H iPr —\
DHDiPrPD —0.283 N, N, BMorphB —0.053 N o N b
H iPr __/

“ Recorded by DPV in MeCN (0.1 M Bu,PF,) and given in V vs. F¢/Fc'.

maintained over the solutions. The CV voltage scan rate was
0.1 V s~ '. The DPV parameters were the following: step
potential 2 mV; modulation amplitude 25 mV; modulation time
50 ms; interval time 0.5 s; scan rate 4 mv s~ . iR-Compensation
was applied when adequate.

Computational strategy. N,N,N'.N’ tetrasubstituted p-pheny-
lenediamines exist in many conformations, the number
depending on the structure of the substituents. Test computa-
tions showed that the conformer of lowest free energy
depended not only on the geometry around the two pyramidal
or nearly pyramidal nitrogen atoms, but also, for example, on
the orientation of the N-H hydrogen atom in DMePiprzA
and the N-Me methyl group in DMeMePiprzA. Also, we found
that the lowest free energy conformers were not the same for all
solvation models. As a result of this, it was decided to investi-
gate all conformers for all computational strategies. The output
files for the neutrals and radical cations that we found to be of
lowest free energy in the gas phase (B3LYP/6-31G(d,p)) are
summarized in the ESIL.

A variety of progressively improved models were examined
for the prediction of the oxidation potentials. As a starting
point, Eyomo for the neutral molecules were calculated and
improvements were subsequently obtained (1) by calculation of
the electronic energy differences, AE].., between the neutral
and the radical cation using the optimized geometry for the
neutral molecule, (2) by allowing geometry relaxation for the
radical cation in the previous calculation, AE, (3) by inclu-
sion of the zero-point vibrational corrections to obtain the
adiabatic ionization potential, IP,, (4) by inclusion of the
thermal and entropic corrections to obtain the gas phase Gibbs
free energy difference, Eoy ., where —0.03766 V was used for the
energy of the free electron,'®® and finally (5) we examined the

20342 | Phys. Chem. Chem. Phys., 2021, 23, 20340-20351

solvent and basis set size effects and the effect of different
methods to treat the electron correlation.

All calculations for models (1)-(4) were carried out at the
level of density functional theory using the B3LYP exchange-
correlation functional.”®® In step (5) solvent effects were
included by using the implicit solvent models IEFPCM,**%*
CPCM,?>®¢ and SMD®” using the default values for the atomic
radii and the electrostatic scaling factor. The influence of
increasing the basis set was tested using various Pople,"*™'*?
Dunning,****** and Jensen'*®'*” basis sets. Further attempts to
improve the description were made by using the range-
separated hybrid functional ®B97XD with Grimme’s D2 disper-
sion correction,"® the meta-hybrid GGA functional
TPSSh,'**1%° the second order Moller-Plesset perturbation
theory (MP2),">""** and finally also the G3MP2B3 scheme."*?
Calculations at the MP2 and G3MP2B3 levels might still be too
time consuming for routine applications and are included here
only for comparison. The possible effect of dispersion was
further investigated by adding Grimme’s D3 empirical disper-
sion correction with the Becke-Johnson damping, GD3B]J, to
the B3LYP functional."®*

All calculations were carried out with the Gaussian 09 suite
of programs.'>

Results and discussion
Electrochemistry

The formal potentials for the one-electron oxidation of a
number of N,N,N',N' tetrasubstituted p-phenylenediamines
are available in the literature.”*'°> However, the experimental
conditions are not always the same and in order to have a
consistent data set for all compounds it was decided to

This journal is © the Owner Societies 2021
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Fig. 2 Voltammograms of TrMeiPrPD (1 mM) recorded by CV and DPV in
MeCN (0.1 M BusNPFg).

determine the formal potentials for all compounds as a part of
this study.

A typical voltammogram is shown in Fig. 2 that includes also
the corresponding DPV curve. (A complete set of CV and DPV
curves is found in the ESI}). It is seen that the oxidation of the
N,N,N',N' tetrasubstituted p-phenylenediamines to the radical
cations proceeds reversibly and for most of the compounds,
also the second electron transfer leading to the dication was

observed. The formal potentials, E,. , recorded by DPV are

Xp?
summarized in Table 1.

The oxidation of the simple alkyl derivatives spans a
potential range of only 79 mV (from —0.282 to —0.361 V for
TMePD and TEtPD, respectively). In contrast, the potentials for
compounds containing one or two heterocyclic rings span a
much larger range of 486 mV (from —0.397 to +0.089 V for
BPyrB and DMeAzirA, respectively) encompassing the range
spanned by the alkyl-substituted derivatives. The compound
most difficult to oxidize is DMeAzirA at +0.089 V for which the
aziridine substituent introduces large geometric strain. On the
other hand, the almost planar neutral BPyrB with two pyrroli-
dine units is most easily oxidized at —0.397 V. It is seen also the
compound containing a five-membered ring system, BPyrB, is
no less than 181 mV easier to oxidize than the six-membered
analogue, BPipB. This rather big difference has been proposed
to reflect the difficulty in attaining a planar geometry around
the N-atom in the radical cation of the six-membered piper-
idine derivative.”>'% Finally, comparison of the data for the
series of compounds having a conformationally restricted six-
membered ring substituents, which are all more difficult to
oxidize than even TMePD, demonstrates a considerable effect
of substitution in the remote C-2 position. The difference
between the extreme values obtained for BPipB and BMorphB
amounts to no less than 163 mV. This strong dependence of the
formal potentials on the nature of the substituents is in
agreement with the observations made by others.”*?871%°

Computational chemistry

In the following, we will discuss the performance of each of the
computational models individually. The approach is hereby
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View Article Online

PCCP

Table 2 The intercept, slope and values of R? obtained from linear
regression least squares method for several theoretical strategies all at
the B3LYP/6-31G(d,p) level

Computed parameter Solvation model Slope Intercept (V) R*

Eyomo None 0.29 —1.55 0.8172
AE}, None 030 —2.06 0.8383
AEeee None 0.67 —4.00 0.8798
1P, None 0.72 —4.33 0.8995
E2L none 0.85 —5.00 0.8878
IEFPCM 1.09 —4.77 0.9603
CPCM 1.07 —4.66 0.9411
SMD 1.02  —4.23 0.9802

Table 3 The intercept, slope, and values of R? obtained by linear least
squares regression for the EZ,. calculated by several computational

methods including the IEFPCM solvation model

Method N* Slope  Intercept (V) R*

B3LYP/6-31G(d,p) 16 1.09 —4.77 0.9603
B3LYP/6-311++G(d,p) 16 1.00 —4.66 0.9388
B3LYP-GD3BJ/6-311++G(d,p) 16 0.98 —4.54 0.9052
®B97XD/6-311++G(d,p) 16 091  —4.34 0.9120
TPSSh/6-311++G(2d,p) 16 0.94 —4.22 0.9425
MP2/6-31G(d,p) 152 0.66  —3.12 0.9589
G3MP2B3 16 0.74 —3.72 0.9624

“ N = number of data points. * DHDiPrPD was excluded from the fit.

always to plot the experimental formal potentials, E;:p,

against
the calculated energies and to analyse the correlation by the
least squares linear regression method. The results are sum-
marized in Table 2 and, later, in Table 3. The quality of the
correlations is evaluated by the goodness of the fit as expressed
through the coefficient of determination, R?, and by the slope
and intercept of the correlation line. In the ideal case where the
calculations mimic the experiment this would lead to an R
value and a slope of 1.000 and an intercept equal to the
absolute potential of the Fc/Fc' redox couple. However, the
latter is not a measureable quantity and therefore a lot of effort
has been put into determining the value in other ways.*®*>®7
For example, the absolute potential of the Fc¢/Fc¢™ half reaction
was calculated to be —4.99 V at the G3(MP2)-RAD-Full-TZ level
of theory using the COSMO-RS solvation model,**” while a
combined experimental and theoretical approach predicted a
value of —5.22 + 0.11 V.°® Since the value is not known
accurately, the calculated potentials of the N,N,N',N’ tetrasub-
stituted p-phenylenediamines will in the following be bench-
marked against the values resulting from both these studies.
Exomo- Even though Koopmans’ theorem does not apply to the

DFT calculated HOMO energies, the values of Eyomo are often used
in correlations with E;:p as pointed out in the introduction. For this
reason, the Eyomo energies were included in the present study.
The correlation between Eyomo and Ee;p results in a rather
low value of R? (0.8172) (Table 2 and Fig. 3), despite the fact that
the largest outlier, DMeAzirA, represented by a % in Fig. 3, was
not included in the least square fitting. DMeAzirA is the only
compound with a positive formal potential and has the

Phys. Chem. Chem. Phys., 2021, 23, 20340-20351 | 20343
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Fig. 3 Plot of E;'p vs. Enomo calculated at the B3LYP/6-31G(d,p) level of
theory. The data point represented by a star (%) is that for DMeAzirA (see
the text) and is not included in the linear regression.

highly strained three membered aziridine ring as one of the
substituents. In addition, two minor outliers, BMorphB and
DMeDiPrPD, were observed. Not unexpectedly, the slope and
intercept, 0.29 and —1.55 V, are not even close to the optimal
values.

A problematic issue regarding this model is the question of
how to choose the most stable conformer. Most consistent with
the idea of a cheap and quick estimation of the potentials using
this model would have been to choose the lowest energy
conformer based on the electronic energy. On the other hand,
in order to check whether the found conformer is actually a
local minimum, one anyway has to calculate the frequencies
and thus obtains the Gibbs free energy. Therefore, we have also
for this model chosen to base our selection of the conformers
on the Gibbs free energy. This leads then in several cases to
different conformers as one would choose based on the elec-
tronic energies. An example is TMePD, where the syn-conformer
has the lower electronic energy, but the anti-conformer the
lower Gibbs free energy. For Eyomo this leads, however, only to
a change of 0.1%. One of the larger outliers is DMeDiPrPD, for
which there are many different orientations of the substituents
at the two N-atoms. In this case Egyomo Of the three conformers
with the lowest Gibbs free energy differ by only 0.5% at most.
Although the effect is not big, it is indeed noticeable.

Electronic energies. Electronic relaxation is introduced by
calculating the potential energy as the difference between the
total electronic energies of both species, AE}.. (see Fig. 4). In
this model, however, the geometry of the neutral molecule is
used for both species. The value of R?, still without DMeAzirA,
now equals 0.8383, which is a rather small increase by only 3%
compared to the Eyomo correlation (Table 2). Furthermore, the
slope of the correlation only improves marginally to 0.30, while
the intercept is somewhat improved to —2.06 V. Nevertheless,
the correlation is very similar as that for Eyomo. Also, the
outliers from the correlation line are still the same, DMeAzirA,
which was not included in the linear regression, and BMorphB
and DMeDiPrPD. All this despite the fact, that the electronic

20344 | Phys. Chem. Chem. Phys., 2021, 23, 20340-20351
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Fig. 4 Plot of the experimental ES,ZP vs. the computed Ej . calculated at

the B3LYP/6-31G(d,p) level of theory. The data point represented by a star
(%) is for DMeAzirA and is not included in the linear regression.

energies are roughly 1.6 V higher than Exomo as judged by
BPyrB at the lower and BMorphB at the higher end.

The correlation is slightly improved by 5%, resulting in a
value of R> = 0.8798 when also the geometry of the radical
cation is relaxed, AE... (Table 2 and Fig. 5). However, this
comparison is not quite fair as the point for DMeAzirA is now
included in the correlation. More important, both the slope
0.67 and the intercept —4.00 V are much improved in this
model due to the relaxation of the geometry of the radical
cations. On average their electronic energies are reduced by
0.45 V. But more important for the improvement of the slope
and intercept is that the relaxation effect is larger than the
average for the compounds, which had the larger values of

“ec Such as DMePiprzA, DMeMePiprzA, BPipB, BMorphB,
TiPrPD and DMeDiPrPD, whereas the molecules with the
smallest AEY . values also exhibit the smallest relaxation
effects: BPyrB, TEtPD and DMeDEtPD. All together, the correla-
tion is much better than the one for Eyomo and AE}

lec®

DMeAzirA, which used to be the largest outlier, is still a bit

0.1
] DMeAzirA—~®
0.0
\
014 BMorphB
o
u
()
L 0.2
g DMeDiPrPD
> 1TiPrPD
= 031 L $ ® O TMePD
DHDIPrPD
0.4
y=0.67x-4.00
R*=0.87
'05 T T T Io 8 98
5.2 5.4 5.6 5.8 6.0 6.2
AEelec (V)

Fig. 5 Plot of the experimental E;(’p vs. the computed AEec calculated at
the B3LYP/6-31G(d,p) level of theory.
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off, but its data point is now much more consistent with the
other points. However, this is not due to a particular large
relaxation effect for DMeAzirA, which with 0.34 V is smaller
than the average. The reason is the before mentioned large
relaxation effects for the other compounds. Also in the case of
the other outliers in Fig. 4, BMorphB and DMeDiPrPD, geome-
try relaxation of the radical cation brought them in perfect
agreement with the linear regression curve. On the other hand,
TiPrPD and TMePD, which have very similar formal potentials,
Ee):p7
values of AE.. due to a significantly smaller relaxation effect
for TMePD. They are both outliers now in Fig. 5 together with
DHDiPrPD, which already was an outlier in Fig. 4.

The overall large effect of the geometry relaxation of the
radical cations on their energy was expected. It is due to the
large structural reorganization accompanying the oxidation.
Primarily this involves that the preferred geometry around the
N-atom in the radical cations is planar, whenever this is
possible. Based on these calculations the electronic and geo-
metric relaxation are not unexpectedly concluded to be impor-
tant contributions to the energy expression for calculating
oxidation potentials.

IP,. A refinement of representing the oxidation potentials by
AEe., i.e. the difference in electronic energy between the two
minima, is achieved by including the zero-point vibrational
correction terms, AEzpyc, to the total electronic energy differ-
ence, AE.... This is the adiabatic ionization potential, IP,.
Compared to the results obtained as AE., the IP, method
slightly improves the value of R* (0.8995) with 2% (Table 2 and
Fig. 6) and further improves the slope to now 0.72 and the
intercept to —4.33 V. However, Fig. 6 shows still the same
outliers DMeAzirA, TiPrPD, TMePD and DHDiPrPD as without
inclusion of the zero-point vibrational corrections. Neverthe-
less, we conclude that the vibrational correction term does have
a positive impact on the correlation.

Gibbs free energy difference (gas phase). Finally, in the
following models the proper thermodynamic quantity for the
calculation of oxidation potentials is used, i.e. the difference in

o

and also had similar values of AE7, . have quite different
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Fig. 6 Plot of the experimental Eg,zp vs. the computed IP, calculated at the
B3LYP/6-31G(d,p) level of theory.
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Gibbs free energies. Therefore, we will now use the symbol,
AE,

ale- This implies that we augment IP, with the differences in

entropy and in the thermal contributions to the enthalpy and
subtract a small correction term, 0.03766 V, which corresponds
to the energy of the free electron at 298 K."*®

Calculating the potentials as AE., further improves the
slope (0.85) and intercept (—5.00 V) compared to the results
obtained at the IP, level (Table 2 and Fig. 7), while the value of
R? (0.8878) is slightly worse than for the IP, level. DMeAzirA is
now no longer an outlier in relation to the linear regression
line, while TiPrPD and DHDiPrPD still are. In addition, the
calculated potential for BPipB is also somewhat too small.

A decomposition of the percentage contribution of each
term in AG shows that on average the AE... contribution
accounts for 99.6%, the AE;pyc for 0.9%, the AEqcrmar for
0.1% and the entropic term TAS for 0.5%. Therefore, the
electronic energy accounts for almost all the energy involved
in the Gibbs free energy difference for these molecules, and
accurate calculations of it should be the focus in order to
improve the models.

Gibbs free energy difference (solution). In order to describe
the influence of the environment of the solute during the
experiment, implicit solvation models were included in the
next step of our computational strategy. In the implicit solva-
tion models, the solvent properties are represented by the
dielectric constant (MeCN: 35.7),"® but one should keep in
mind that the experimentally determined potentials were
obtained in a mixture of MeCN and supporting electrolyte,
resulting in an increased dielectric constant for solvents with
low and medium permittivity."”® Furthermore, the implicit
continuum models also neglect specific solute-solvent interac-
tions, which were found to have some effect on, e.g., the proton
NMR chemical shifts of N-H in protonated pyrroles.'®*¢!
The E_, energies calculated with and without implicit
solvation models are presented in Fig. 8. In this and the
following figures the results are compared with the optimal
correlations with the function y = 1x — 5.22 (solid red) and
y = 1x — 4.99 (dashed red) using the two different suggested
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Fig. 8 Plot of the experimental ESX’p vs. AES,. using implicit solvation
models. The ideal correlations with intercept —5.22 V (---) and —4.99 V (- -)
are shown.

potentials for the Fc/Fc™ redox couple.®®**” The results of the
linear regression for the three solvent models are given in
Table 2. The calculated potentials decrease when implicit
solvation models are included as compared to the results
obtained without solvation (the data sets are moved to the left);
a phenomenon most pronounced for the results obtained using
the SMD model, which differs from the IEFPCM by employing
different radii and non-electrostatic terms.?” The data obtained
by the IEFPCM and CPCM models are very similar (cannot be
distinguished in Fig. 8). A comparison of the correlation
equations obtained with and without implicit solvation models
(in Table 2) reveals that the implicit solvation models on one
hand significantly improve the slope to between 1.02 and 1.09
compared to 0.85 for the gas phase calculation, while they on
the other hand decrease the intercept. Therefore, the data sets
with solvation and without solvation are almost equally spaced
below and above the optimal correlations in red, respectively.
The highest value of R*> (0.9802) and best slope (1.02) are
obtained by employing the SMD model, but the intercept is
not as good as for IEFPCM and CPCM. Nevertheless, we will
employ the IEFPCM implicit solvation model in all following
calculations, because both the data points and the intercept are
closer to the optimal correlation, and because the IEFPCM
solvation model has been preferred in earlier relevant
Studies.64,66,71,76,89

Considering individual molecules in Fig. 8, we observe that
the outliers from the linear regression lines are now different
compounds than in the gas phase calculations. While DMeA-
zirA now perfectly lies on the correlation line, the calculated
potentials of TEtPD and BPyrB are now too large and the one of
DMeAzetA is too small.

Basis set analysis. In an earlier study,”" it was reported that
only a 10% improvement is obtained by changing the 6-31+G(d)
basis set to the more ‘expensive’ 6-311++G(3df,2pd). However,
today’s computational power can easily handle the increased
cost for the relative small compounds of the present study and
therefore, a basis set analysis was performed for a subset of the
present set of molecules in the hope of further improving the
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Fig. 9 Selection of basis sets tested in the basis set analysis for the B3LYP
functional including the implicit solvation model IEFPCM. The ideal corre-
lations with intercept —5.22 V (---) and —4.99 V (- -) are shown.

agreement with the optimal correlation. The basis set analysis
was carried out for BMorphB, BPyrB, TMePD, DMeAzirA and
DMePiprzA using the B3LYP functional and the IEFPCM solva-
tion model. The results are visualized in Fig. 9. Within the
Pople style basis sets we have investigated both adding more
polarization functions, 6-31G(df,pd), and going to the triple
zeta basis set augmented with diffuse functions, 6-311++G(d,p).
The additional polarization functions have very little effect on
the calculated potentials. But changing to a triple zeta basis set
with diffuse functions (6-311++G(d,p)) significantly increases
the calculated oxidation potentials and thereby moves the
intercept much closer to the absolute potential of the Fe/Fc*
redox couple. The larger oxidation potential is expected,
because the increased number of compact valence functions
describes the compressed radical cation better and thereby
lower its energy to a larger extent than for the neutral com-
pound. Furthermore, the data points of the selected five
compounds exhibit now a perfect correlation with the experi-
mental values.

Comparing the results of the Pople double and triple zeta
basis sets with the results of their corresponding Dunning and
Jensen basis sets, one observes that the potentials increase in
the series Pople, Dunning and Jensen. Furthermore, all the
basis sets without additional diffuse functions predict the
potential of BPyrB to be too large. This is in particular the case
for the cc-pVDZ and even more pc-1 basis sets but much less so
for cc-pVTZ and least for pc-2 basis set. Secondly, both for the
Pople and Dunning basis sets the potentials calculated with the
triple zeta basis sets are closer to the ideal correlation line than
the double zeta results. For the Jensen basis sets the opposite is
the case both in the augmented and non-augmented version.
Adding extra diffuse functions, improves for all three types of
basis sets the correlation i.e. brings the BPyrB data point in line
with the other ones. For the Dunning basis set, cc-pVDZ,
adding the diffuse functions also further increases the poten-
tials and brings them thus closer to the idea correlation line,
while for the corresponding Jensen basis set, pc-1, the opposite

This journal is © the Owner Societies 2021


https://doi.org/10.1039/d1cp02315b

Published on 02 September 2021. Downloaded by UNIVERSIDAD SAO PAULO on 11/5/2021 9:51:59 PM.

Paper
0.1 ®
0.04
~ 0.1
(8]
w
35
L 024 DMeDiPrPD
S
2 03] ® e . DHDIPrPD
o F [ ]
45}
oa]l o  TTTEPD
=1.0078x - 4.66
BPyrB y
v R?=0.9388
s+ F——+——
42 44 46 4.8
EZalc(eV)

Fig. 10 Plot of the experimental Esx/p vs. Eg,. calculated at the B3LYP/6-
311++G(d,p)/IEFPCM level of theory.

happens. The results closest to the ideal line, on the other
hand, are obtained with the aug-pc-0 basis set, an unpolarised
but augmented double zeta basis set. However, the fact that the
data point for DMeAzirA again is an outlier disqualifies this
basis set. The basis set yielding the set of results next closest to
the ideal line is 6-311++G(d,p). Combined with the fact that it
also exhibits the best correlation, makes it in our eyes the best
basis set among the ones investigated.

Overall, this analysis shows that the intercept is highly
affected by the size of the basis set. Furthermore, the energies
obtained from the larger basis sets augmented with diffuse
functions are very similar, which means that the energies
converge and the complete basis set limit of E_, for the
B3LYP functional is approached.

The 6-311++G(d,p) basis set was thus chosen for calculating
the potentials for the full series of compounds (Fig. 10), and the
obtained least square fitting parameters are summarized in
Table 3. By comparing to the original basis set, 6-31G(d,p), it
becomes clear that although the slope is now perfect with 1.00
the overall quality of the correlation for the full set of molecules
is reduced by 3% upon adding the additional valence and
diffuse functions in the 6-311++G(d,p) basis set. Furthermore,
also the intercept is slightly worse than with the smaller basis
set. Therefore, we conclude that increasing the quality of the
basis set is not alone sufficient to improve our computational
strategy for calculating the oxidation potentials, and we there-
fore look towards an improvement of the quantum chemical
methods.

Electron correlation analysis. In order to investigate whether
a different choice of quantum chemical method could further
improve the correlations, two other DFT functionals, ®B97XD
and TPSSh, and two correlated wave function methods, MP2
and the combination method G3MP2B3, were selected. Table 3
and Fig. 11 summarise the results.

We notice that all methods predict higher oxidation poten-
tials than the B3LYP/6-31G(d,p) level of theory (all data points
move to the right). For ®B97XD/6-311++G(d,p) and TPSSh/
6-311++G(2d,p) this must partly be due to the larger basis set,

alc
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Fig. 11 Plot of the experimental Egg vs. E¢,. calculated including the

implicit solvation model IEFPCM and the methods: B3LYP/6-31G(d,p).
MP2/6-31G(d,p), G3MP2B3, B3LYP/6-311++G(d.p), ®B97XD/6-
311++G(d,p) and TPSSh/6-311++G(2d,p). The ideal correlation lines with
intercept —5.22 V (---) and —4.99 V (- -) are shown.

as seen for B3LYP in the previous section. Comparison with the
B3LYP/6-311++G(d,p) results reveals a small decrease of ~0.03
in the R*value for ®B97XD and also a smaller slope. On the
other hand, the ®B97XD potentials are consistently closer to
the optimal line. For TPSSh/6-311++G(2d,p) the R’-value is
marginally larger than for B3LYP/6-311++G(d,p) but the slope
is still not as perfect as for B3BLYP and the potentials are all
smaller than both the B3LYP and ®B97XD values. On the other
hand, the number of clear outliers from the correlation line is
with two (BPyrB and DHDIiPrPD) smaller than the four for both
B3LYP (BPyrB, TEtPD, DHDiPrPD and DMeDiPrPD) and
®B97XD (DMeAzirA, DMeAzetA, DMeDiPrPD and TEtPD). The
MP2 results, calculated with the smaller 6-31G(d,p) basis set
without diffuse functions, are also significantly closer to the
optimal lines than the corresponding B3LYP results. Actually,
most of them are close to the oxidation potentials calculated
with the B3LYP/6-311++G(d,p) method.

However, the slope is with 0.66 far away from the optimal
value and even the B3LYP value obtained with the same basis
set and the intercept, —3.12 V, is thus also far away from either
of the ideal values. One should though recall that results
obtained with the MP2 method are known to improve with
the basis set size, and one might expect that the chosen basis
set is not yet converged for this type of calculation.

The oxidation potentials calculated at the G3MP2B3 level of
theory result in the highest value of R* (0.9624) and are located
very close to the optimal red dashed line. The latter might be
expected, because the Fc/Fc' oxidation potential of —4.99 V was
calculated from the very similar computational method
G3(MP2)-RAD-full-TZ.">” Unfortunately, even though the data
points are located close to the dashed line, the slope is only 0.74
resulting in an intercept of —3.72 V, and the method does not
succeed in fulfilling all of the three criteria. The high value of
R®> for G3MP2B3 was expected, since the method has been
parameterized for calculating thermodynamic properties as
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for example oxidation potentials, and the total electronic
energy is calculated at the computational expensive QCISD(T)
level. The difference between the DFT/B3LYP and G3MP2B3
methods is in the calculation of the AEg. term, which as
mentioned earlier is by far the most important contribution to
the Gibbs free energy.

In general, we conclude that correlation is an important
factor to take into account, and the correlated wavefunction
methods included in our study give results in closer agreement
with the optimal line than DFT but the results are not as
consistent as the ones obtained with the DFT functionals
studied here. Among the three investigated DFT functionals
there is a small preference for TPSSh/6-311++G(2d,p) due to the
larger R* value and smaller number of outliers.

Dispersion effects. One of the differences between the
B3LYP and ®B97XD functionals is that ®B97XD includes a
dispersion correction in addition to ®B97XD being a range-
separated functional meaning that the percentage of Hartree—
Fock exchange included in the functional varies with the
distance between electrons. In order to investigate whether
the difference between the B3LYP and ®B97XD results is due
to the inclusion of dispersion or not, we have carried out
additional calculations with the B3LYP functional, where the
Grimme D3(B]) dispersion correction was added."**

The comparison of these B3LYP-GD3B]J results with the B3LYP
and ®B97XD results, all with the 6-311++G(d,p) basis set is shown in
Fig. 12 and Table 3. It becomes quite clear that the empirical
dispersion correction cannot be the explanation for the differences
between the B3LYP and ®»B97XD results. Actually, adding the
GD3(B]J) dispersion correction to the B3LYP functional has for most
molecules only a small and not consistent effect. The improvement
observed with the ®B97XD functional in Fig. 11 and 12 is thus a
consequence of it being a range-separated functional with the
amount of Hartree-Fock exchange varying between 22% at short
range and 100% at long range.
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Fig. 12 Plot of the experimental Ef,’x’p vs. EZ,. calculated including the
implicit solvation model IEFPCM and the methods: B3LYP/6-311++G(d,p),
B3LYP-GD3BJ/6-311++G(d,p) and ®B97XD/6-311++G(d,p). The ideal cor-

relation lines with intercept —5.22 V (---) and —4.99 V (- -) are shown.
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Conclusions

We present a series of structurally closely related N,N,N',N’
tetrasubstituted p-phenylenediamines, where the n-system suf-
fers only small perturbations introduced by the N-substituents.
The formal potentials for the reversible one-electron oxidation
to the radical cations are obtained by CV and DPV. We
investigate the performance of several computational models
in reproducing the measured oxidation potentials. For this
purpose, the experimental values are plotted against the calcu-
lated oxidation potentials and the correlation is evaluated
based on the linear regression least square method. At the
B3LYP/6-31G(d,p) level of theory the correlation between the
experimentally determined potentials and the highest occupied
molecular orbital, Egomo, in the neutral compound reveals a
low correlation (R* = 0.8172 and slope 0.29). An improvement is
observed when introducing electronic and geometric relaxation
of the radical cation by calculating the adiabatic ionization
potential, IP, (R*> = 0.8995 and slope 0.72). Including the
thermal and entropic effects in the calculations of the oxidation
potentials further improves the results to a slope of 0.85. The
impact of including implicit solvation models (IEFPCM, CPCM,
and SMD), larger basis sets, and correlation methods are also
tested. The PCM implicit solvation models lead to major
improvements of all three values of the regression i.e. the slope,
the intercept and R value. The slopes differ by less than 10%
from the ideal value of 1.00 and the R* values are between 0.94
and 0.98.

The basis set analysis performed using the B3LYP functional
for a selection of the compounds reveals that diffuse functions
are important for improving the absolute values of the calcu-
lated oxidation potentials and their correlation with experi-
ment. Finally, the oxidation potentials are calculated also with
the B3LYP-GB3B], ®B97XD and TPSSh functionals, the MP2
method and the G3MP2B3 approach. The latter leads to the
best (R* = 0.9624), but the slope and intercept are significantly
worse than with the DFT functionals. The best slope is obtained
with B3LYP/6-311++G(d,p) while TPSSh/6-311++G(2d,p) yields
the most consistent results and only a slightly less perfect
slope. In general we conclude that basis set size and treatment
of electron correlation are important to take into account when
calculating oxidation potentials for compounds with only small
structural differences, where the electronic energy differences
are the most important terms.
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