Linear correlation models for the redox potential of organic molecules in aqueous solutions
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ABSTRACT

In this study we use the molecular orbital energy approximation (MOEA) and the energy dif-
ference approximation (EDA) to build linear correlation models for the redox potentials of 53 organic
compounds in aqueous solutions. The molecules evaluated include nitroxides, phenols and amines.
Both the MOEA and EDA methods yield similar correlation models, however the MOEA method is
less computationally expensive. Correlation coefficients (R?) below 0.3 and mean absolute errors above
0.25 V were found for correlation models built without solvent effects. When explicit water molecules
and a continuum solvent model are added to the calculations, correlation coefficients close to 0.8 are
reached and mean absolute errors below 0.18 V are obtained. The incorporation of solvent effects is
necessary for good correlation models, particularly for redox processes of charged molecules in aque-

ous solutions. A comparison of the correlation models from different methodologies is provided.
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INTRODUCTION

Energy technologies such as organic solar cells [1, 2], light-emitting diodes [3], dye-sensitized
solar cells [4—11], and artificial photosynthetic systems [12—23] rely on the reduction and oxidation
(redox) of different organic molecules. The calculation of the redox potential of organic molecules in
solutions is crucial for the rational design of such technologies. Various methodologies are currently
employed to calculate redox potential in solutions: i) the Born-Haber thermodynamic cycle (BHTC)
[24-27], ii) the So—Do energy difference approximation (EDA) [28-30], and iii) the molecular orbital
energy approximation (MOEA) [28, 31, 32]. In the BHTC method, the redox potential is calculated
from the standard free energy of product and reactants in a redox half-reaction. In the EDA and MOEA
methods, a different approach is used where calculated total (or frontier molecular orbital) energies are
used to build a correlation model with available experimental redox potentials. The built correlation
model (typically a linear model) is then used to calculate the unknown redox potential of a given mol-
ecule from calculated total (or frontier molecular orbital) energies. In the EDA method, the total energy
of the initial and final ground states in the redox process is used to build the correlation models. For
the MOEA method, the energies of the frontier molecular orbitals of the Sy state are employed to build
the correlation models; the energy of the lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) are used for the reduction and oxidation processes, respectively.

Each of these methodologies has advantages and disadvantages. The BHTC does not require
experimental data, but in turn it is the most computationally expensive. On the other hand, the EDA
and MOEA methodologies require much less computational effort, but they require an experimental
data set to build the correlation model, making the built model specific to the experimental conditions.
However, the EDA and MOEA methods have been shown to work for a diverse set of molecules in a
given solvent [27-33]. For example, Gillmore et al. [29, 30] and Méndez-Hernéndez et al. [31, 32]

have reported strong correlations for a set of 74 diverse molecules in acetonitrile using the EDA and
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MOEA methodologies, respectively. The great advantage of the MOEA method is that once the corre-
lation model is available only a minimal computational effort is required to obtain an unknown redox
potential, which becomes crucial for high-throughput screening.

In the present work, we employ the EDA and MOEA methods to build correlation models for
the redox potential of a set of 53 diverse organic compounds in aqueous solution. The set of molecules
includes 3 molecular groups (nitroxides and derivatives, phenols and derivatives and amines and de-
rivatives). In aqueous solution, the formation of strong hydrogen bonds between solvent and solute
molecules makes the simulation more complex and explicit solvating water molecules are often needed
to increase the accuracy of electronic structure calculations [34, 35]. To account for hydrogen bonding
effects, we have included up to 2 explicit water molecules in our models. We find that the EDA and
MOEA methods yield redox potential in good agreement with the BHTC method [26]. We found that
the addition of at least one explicit water molecules in conjunction with a continuum solvent model is
enough for good correlation models.

METHODS

Calculations were carried out using the ORCA software package [36, 37]. Electronic structure
calculations were performed within the Density Functional Theory (DFT) using the B3LYP [38, 39]
functional and the 6-31++G** basis set [40—45] as this combination has been shown to be good for
organic molecules [46], particularly when hydrogen bonds are present [47, 48]. A total of 53 diverse
molecules were studied, see Figure 1. The set of molecules was originally compiled by Marenich et al.
[26], and we have used the same set for convenience and consistency. Furthermore, this is a suitable
set because redox potential data in aqueous solution studies is much more sparse than typical bench-
marking data sets [3, 28, 49-53]. The experimental potentials of the set of 53 molecules range from —
0.24 to 1.47 V vs the standard hydrogen electrode (SHE). Each molecular geometry was initially opti-

mized in the gas phase. After such optimization, a series of calculations were performed to test various
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aqueous solution models. To model the effects of strong hydrogen bonds, one and two explicit water
molecules were included. The various molecular models are labeled as Model A, Model B, and Model
C, for calculations without explicit water molecules, and with one and two water molecules, respec-
tively. For the Model A, Model B and Model C, calculations were performed in gas phase, and with
the conductor-like screening model approach COSMO [54] and the density-based solvation model
SMD [55] as implicit continuum solvent models.

The results of the various calculations were employed to build linear correlation models within
the EDA and MOEA methodologies. The linear models were generated from a linear regression anal-
ysis using the experimental redox potentials, taken in V vs. SHE from Ref. [26]. The slope and intercept
for each linear model as well as the mean absolute error (MAE) and Maximum deviation value (Max.
Dev.) are included in Table 1 for each combination of molecular and solvation models. Additionally,
we include in Table 1 results from calculations performed with and without geometrical optimization
within the SMD solvation model. Such data set will help to establish if geometrical optimization with

the implicit solvation models is required for reliable correlation models.

RESULTS AND DISCUSSION

We first examine the linear correlation built from calculations with Model A in the gas phase
and EDA method. The parameters for this model are included in Table 1 as Correlation 1. The correla-
tion coefficient (R?) is only 0.28 for Correlation 1, with MAE and Max. Dev. values of 0.29 and 0.86
V, respectively. The correlation model is also poor (R? < 0.05) if the MOEA method is used instead of
EDA, see Correlation 2 in Table 1 and Figure 2A. As a baseline, a correlation model [26] built with the
more general and accurate BHTC method yield a R? value of 0.86, and MAE and Max. Dev. of 0.26
and 0.64 V, respectively. In general, the EDA and MOEA methods yield poor correlation models when

build from calculations with Model A in the gas phase. The main reason for the low R? values for



calculations in the gas phase is likely the fact that our experimental potentials correspond to the reduc-
tion process of neutral molecules as well as molecular cations under aqueous conditions. We found
similar poor correlations (R? < 0.65) in a previous work [31] when the set of experimental potentials
were for reduction processes of both neutral and charged molecules. Simulations of reduction processes
of charged molecules without including solvation effects (gas phase calculations) fail to reproduce the
measured potentials. On the other hand, correlation models built from calculations in the gas phase
result in excellent agreement (R? > 0.97) [31, 32] when the reduction or oxidation processes are for
neutral molecules, i.e. all molecules in the set undergo reduction from the neutral singlet S state to the
charged doblet Dy state.

Correlation 3 in Table 1 corresponds to the linear model built from calculations with Model A
using the continuum solvent model COSMO and the EDA method. A significant improvement is found
for the linear correlation model, with R? = 0.74, and MAE and Max. Dev. values of 0.19 and 0.65 V,
respectively. If the SMD solvation model is employed instead of COSMO, a slightly better correlation
model is obtained, see Correlation 4 in Table 1. The MOEA method with Model A and SMD yields a
correlation model (Correlation 5) with slightly lower R? = 0.77 and higher MAE and Max. Dev. of 0.18
and 0.53 V, respectively. Thus, including solvation effects with a continuum model yield R, MAE and
Max. Dev. comparable with the correlation model from the BHTC method [26] (R? = 0.86, MAE =
0.26 V and Max. Dev. = 0.64 V). The incorporation of solvent effects is necessary for good correlation
models. This is consistent with previous reports [27, 31] and it is especially important when dealing
with species with different charges as discussed above. The results discussed here show that when
solvation effects are accounted for, the EDA and MOEA methods yield similar results. We will focus
on the SMD model and the MOEA method in what follows as this combination seems a reasonable

compromise between accuracy and computational effort.



As mentioned previously, strong hydrogen bonds are formed in aqueous solution. We explore
the effect of including explicit water molecules hydrogen bonded to the organic molecules. The linear
correlation built from calculations with model with one water molecule (Model B), SMD and the
MOEA method is Correlation 6 in Table 1 (see Figure 2B). The R2, MAE and Max. Dev. are 0.81, 0.16
V and 0.66 V, respectively. These results are comparable to the results obtained with the BHTC method
and are slightly better than the results obtained with Model A (Correlations 5). Thus, addition of one
explicit water molecule results in better correlation models, while addition of a second water molecule
(Model C) does not furthers improve the correlation model (see Correlation 7 in Table 1).

The main objective of our work is to find a methodology for the high-throughput accurate pre-
diction of redox potential for many molecules in aqueous solutions. To build the correlation models
discussed above, geometry optimizations in the presence of a continuum solvent model are required.
An alternative less computationally expensive is the inclusion of the implicit solvent model in a mo-
lecular geometry optimized only in the gas phase. This protocol is on average 7 times less computa-
tionally expensive than optimizing the geometry in the presence of the solvent model. Correlation 8 in
Table 1 shows the correlation model built with this protocol. The resulting correlation model is similar
to the one from optimizing the geometry in the presence of a solvent model (Correlation 6).

Finally, Figure 3 shows the MAE and Max. Dev. for the MOEA (Correlation 6) and BHTC [26]
methods for the 3 molecular groups (nitroxides and derivatives, phenols and derivatives and amines
and derivatives). MAE and Max. Dev. values depend on both the method and molecular group. For
instance, MOEA yields MAE and Max Dev. values that are higher for nitroxides, lower for phenols
and comparable for amines to the values from BHTC. The only group for which the BHTC method
gives better results than MOEA is the nitroxides, which only has 7/53 molecules. Therefore, the larger

MAE for this group could result from such underrepresentation in the data set.



The present results show that the MOEA method is a good and computationally inexpensive
alternative to build linear correlation models for the redox potential of organic molecules in aqueous
solutions when solvation effects are included with continuum solvation models. However, the R? of the
built linear model are below 0.85. We have employed the MOEA method before [31, 32] to build a
linear correlation model for the redox potential of organic molecules in non-aqueous solutions and, in
such cases, the R? is above 0.99. The difference could come from the variance of the experimental
reduction potentials in aqueous and non-aqueous solutions. Reduction potentials measured from pulsed
radiolysis typically have an uncertainty of 0.02 V [56]. However, reports from voltammetry measure-
ments rarely indicate the experimental error, making it hard to access the uncertainty of reduction po-
tentials from such measurements. Furthermore, the one-electron reduction of amines and phenols in
aqueous solutions involves changes in the protonation state [26]. The reduction potentials of such mol-
ecules are measure indirectly by combining the experimental redox potentials of the radical species
and the experimental pKas of the neutral and radical species, adding uncertainty to the experimental
reduction potentials [56]. The conversion of the measured potentials from a reference electrode, like
the Ag/AgCl and saturated calomel electrodes to SHE also contributes to the experimental uncertainty
[57]. On the other hand, differences between the R? values of correlation models for reduction poten-
tials in aqueous and non-aqueous solutions could be coming from the methods employed to simulate
solvation effects, like continuum solvent models [26]. There is some ambiguity related to inclusion of
the experimental solvation free energies of ionic species and its contribution associated with the surface
potential of the solvent, which has been estimated to be about 0.14 V for water [58, 59]. Moreover,
there are typically strong hydrogen bonds in aqueous solutions, which is not properly described by
continuum solvent models. Guerard and Arey[56] have calculated the redox potentials of 22 neutral
organic compounds in aqueous solution for which accurate experimental data was available and found

MAE ranging from 0.270 to 0.500 V depending on the computational model. Clearly, better
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computational methodologies are necessary for the simulation of aqueous solvents. Possible alterna-
tives have been proposed by Merenich et al.[26], who suggested, for example, incorporation of side
reactions and the reduction/oxidation of the solvent. To reduce the uncertainties coming from the ex-
perimental data, redox potentials for a larger set of molecules are necessary. The experimental reference
redox couple should be measured under identical experimental conditions in aqueous solvent to reduce

uncertainty from the reference electrode [24].

CONCLUSIONS

We have used the molecular orbital energy approximation and the energy difference approxi-
mation methods in combination with implicit solvent models and explicit water molecules to build
linear correlation models of the redox potential of 53 organic molecules in aqueous solutions. Our
results show that incorporation of solvent effects is necessary for good correlation models. Such effects
can be included with implicit solvent models, but at least one explicit water molecule is required for
more accurate correlation models. The data and analysis presented herein could be useful for the high-
throughput prediction of redox potential for many molecules in aqueous solutions and for the training

of machine learning models.
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Figure 1. Selected organic compounds from the set of 53 molecules organized by chemical groups.

For a complete list of the molecules see Reference [26].
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Figure 2. Comparison of correlation models built from calculations A) without and B) with SMD sol-

vent effects. Panel A and B correspond to Correlations 2 and 6 in Table 1.
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Figure 3. Mean absolute error (orange bars) and maximum deviation (gray bars) of redox potentials
for each molecular group (nitroxides, phenols and amines) calculated with the (a) MOEA and (b)
BHTC methodology from Reference [26] using SMD and G3(MP2,CC)(+) level of theory. Results

for MOEA are from Correlation 6 in Table 1.
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Table 1. Parameters of the built linear correlation models.

?;{;;lel Method? | Model® | Calculation® | R? 1\(/1{?)? Dx.a(x{l)f (i’l;)el{f) Int(e{']c)ept
1 EDA A Gas 0.28 | 0.29 0.86 —0.09207 0.4119
2 MOEA A Gas 0.03| 0.34 1.07 —0.02472 0.7484
3 EDA A COSMO 0.74| 0.19 0.65 —0.6375 —2.245
4 EDA A SMD 0.80| 0.16 0.49 —0.7587 —2.781
5 MOEA A SMD 0.77 | 0.18 0.53 —0.4411 —1.440
6 MOEA B SMD 0.81| 0.16 0.66 —0.4649 —1.577
7 MOEA C SMD 0.79 | 0.17 0.55 —0.4641 —1.600
8 MOEA B SMD-SPY | 0.78 | 0.17 0.55 —0.4461 —1.476

a) Methodologies employed to build the correlation models: energy difference approximation (EDA)
and the molecular orbital energy approximation (MOEA). b) Model A, B and C correspond to the
molecule without, and with 1 and 2 explicit water molecules, respectively. ¢) Geometry optimization
in the gas phase (Gas), with the continuum solvent model SMD or the continuum solvent model
COSMO. d) Calculations were performed with SMD and the geometry optimized in the gas phase. e)
Mean absolute error (MAE). f) Maximum deviation from experimental values.
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