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For such a model there is no need to ask the question, “Is the model true?”  

If “truth” is to be the “whole truth” the answer must be “No.”  The only 

question of interest is, “Is the model illuminating and useful?” 

 – George E. P. Box 
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ABSTRACT 

Redox potentials are important properties of molecules that represent the tendency of a 

molecule to either gain or lose electrons in a reaction, and are very sensitive to solvation 

effects.  Properly accounting for the effects of a solvent around a molecule is an area of 

intense research, and implicit solvation models provide some success.  Explicit solvation is 

ultimately necessary to accurately capture these effects, particularly when involving strong 

solute-solvent interactions, yet no standard method exists.  This thesis proposes a general 

protocol to accurately calculate redox potentials of molecules in water, utilizing molecular 

dynamics (MD) simulations combined with vertical ionization energy (VIE) calculations of 

snapshots from those trajectories under the linear response approximation. 

For the dynamics simulation, we do quantum mechanics (QM)/molecular mechanics (MM) 

MD simulations of the solute inserted into a spherical water cluster, using the semi-empirical 

GFN-xTB method as QM method, with scaled OPLS-AA Lennard-Jones potentials for the 

QM-MM interaction, and TIP3P as MM water forcefield. 

For the VIE calculations of snapshots from the MD trajectories, we investigate the 

importance of hydrogen bonding, solvent polarization and bulk effects, and propose a multi-

step protocol to accurately account for these effects in a computationally-efficient manner.  

This uses a combination of wavefunction theory (HF and DLPNO-CCSD(T)), range-

separated hybrid density functional theory (ωB97X), as well as non-polarizable (TIP3P) and 

polarizable (SWM4-DP) water forcefields. 

We test the protocol on a small test set of 19 molecules with experimentally-available redox 

potentials, and the results show mean absolute errors of 0.17 eV, compared to 0.25 eV and 

0.30 eV with SMD and CPCM implicit solvation models, respectively, for gas-solvent redox 

shifts.  Additionally, the maximum error is 0.36 eV compared to 0.63 eV for SMD and 0.65 

eV for CPCM.  This protocol shows promise as a black-box tool for accurate calculation of 

redox potentials, particularly when involving strong interactions with water. 
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ÚTDRÁTTUR 

Oxunar- og afoxunarmætti eru mikilvægir eiginleikar sameinda sem tengist hæfni þeirra til 

að gefa eða þiggja rafeindir í efnahvarfi.  Áhrif leysis á oxunar- og afoxunarmætti eru mikil 

og rétt lýsing á leysniáhrifum í skammtafræðilegum reikningum á sameindum er virkt 

rannsóknarsvið.  Einföld óbein (e. implicit) leysnilíkön sem lýsa meðaltalsáhrifum leysis 

hafa náð einhverjum árangri á þessu sviði, en til að lýsa leysniáhrifum vel (sérstaklega 

sterkum víxlverkunum leysis og sameindar), þyrfti að lýsa hverri sameind leysisins í flóknari 

beinum (e. explicit) leysnireikningum.  Engin slík stöðluð aðferð er þó til.  Þessi ritgerð lýsir 

nýrri aðferð með beinum leysnireikningum til að reikna oxunar- og afoxunarmætti sameinda 

í vatni, þar sem við sameinum hreyfihermanir (e. molecular dynamics) og 

jónunarorkureikninga á skrefum hermunarinnar innan nálgunar um línulega svörun (e. linear 

response). 

Hreyfihermanirnar ganga út á fjölskala líkanahermanir sem sameinar skammtafræði og 

klassísk kraftsvið (QM/MM) þar sem sameindinni er lýst með skammtafræði (QM) með 

ódýrri semi-empirískri GFN-xTB nálgun, leysinum er lýst sem hringlaga vatnsdropa með 

TIP3P kraftsviði (MM) og sameindar-leysis víxlverkunum er lýst með sköluðu OPLS-AA 

Lennard-Jones mætti. 

Fyrir jónunarorku-reikninga á skrefum hreyfihermunarinnar þá höfum við rannsakað 

mikilvægi vetnistengja, skautun leysis og stærð leysislíkans. Hér stingum við upp á 

fjölskrefa aðferð til að lýsa öllum þessum áhrifum með nákvæmum en skilvirkum 

reikningum.  Aðferðin notast bæði við bylgjufallsskammtafræði (HF og DLPNO-CCSD(T)), 

fjarlægðar-skalaða hýbríð þéttnifellafræði (ωB97X), auk óskautaðra (TIP3P) og skautaðra 

vatnslíkana (SWM4-DP). 

Aðferðin var prófuð á 19 sameindum með þekkt oxunarmætti og niðurstöðurnar gefa til 

kynna meðaltalsfrávik upp á 0,17 eV fyrir leysniáhrif á oxunarmætti, samanborið við 0,25 

eV og 0,30 eV þegar einfaldari SMD og CPCM óbein líkön eru notuð.  Þá eru stærstu 

frávikin fyrir nýju aðferðina upp á 0,36 eV samanborið við 0,63 eV og 0,65 eV fyrir SMD 

og CPCM.  Aðferðin er því efnileg fyrir nákvæma reikninga á oxunar-og afoxunarmættum 

sameinda, sérstaklega þegar sterkar víxlverkanir eru milli sameindar og leysis. 
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1.  INTRODUCTION 

Reduction and oxidation refer to the gain or loss, respectively, of one or more electrons by 

an atom or molecule.  These phenomena are found paired in a reduction-oxidation, or redox, 

reaction, whereby at least one product species ends up oxidized and another reduced relative 

to their reactant counterparts.  Redox reactions comprise a large portion of common chemical 

reactions such as those taking place in batteries, combustion of fossil fuels, photovoltaics, 

and many biological processes. 

Accordingly, the proclivity for any given species to be reduced or oxidized is represented by 

its reduction potential or oxidation potential, respectively.  Consider the following redox 

reaction with single-electron transfer: 

𝐴 + 𝐵 → 𝐴•− + 𝐵•+ (𝑎) 

Which can be written as two half-reactions, reduction (b) and oxidation (c): 

𝐴 + 𝑒− → 𝐴•− (𝑏) 

𝐵 → 𝐵•+ + 𝑒− (𝑐) 

Reaction (c), however, can also be rewritten in reduction form as follows: 

𝐵•+ + 𝑒− → 𝐵 (𝑑) 

In this way we can refer to the reduction potential of reaction (b) and the oxidation potential 

of reaction (c).  However, it is likewise clear that reaction (d), despite having the same 

species as reaction (c), will involve a reduction potential as in reaction (b).  The value of this 

reduction potential is the opposite-signed oxidation potential of reaction (c).  Therefore, with 

regards to the species in reactions (c) and (d) we can also refer more generally to a redox 

potential which encompasses both quantities. 

The redox potentials of the aforementioned reactions, if calculated directly, would be 

referred to as absolute redox potentials, in that it refers to the absolute energy change of the 

reaction.  However, under experimental conditions it is difficult to measure an absolute redox 

potential and so standard redox potentials are often reported; these are calculated with 

reference to some standard, such as the standard hydrogen electrode (SHE).  The SHE is 

defined using the following half-cell reaction: 

2𝐻+ + 2𝑒− → 𝐻2 (5) 

The standard redox potential of the SHE is defined as 0 V.  The absolute potential, however, 

varies; depending on the model used to calculate it, it may range from 4.28 to 4.47 V.1  In 

this thesis we use the value of 4.28 eV, which seems to be a consensus value.2–7 
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In general, the “simplest” method for doing any calculation is to do so in the vacuum or gas 

phase.  High-level coupled-cluster calculations of ionization energies can, when extrapolated 

to the basis set limit, give accuracies to within 0.07 eV of experiment.2  Despite recent 

scaling improvements in coupled-cluster methods via local-correlation methods, these 

calculations are usually limited to a few tens of atoms.  Additionally, most experimental data 

and chemical systems of interest do not take place in a vacuum and therefore calculations 

require the consideration of environmental effects.  Because it involves rapid displacement 

of a charged electron, the redox potential can be very sensitive to solvation and 

environmental effects.8  For example, the oxidation potential of phenol decreases from 

approximately 4.26 eV in the gas phase to approximately 1.5 eV in water, both relative to 

the SHE.2 

Aside from simply assuming that solvation effects are negligible and calculating species in 

the gas phase, there are two main methods to account for solvation effects: implicit solvation 

and explicit solvation.  These are explained in-depth in Sections 2.7 and 2.8 but a brief 

explanation is given here. 

Implicit solvation, as the name implies, treats the solvent in an approximate way.  This is 

done using a dielectric field with the solvent’s dielectric constant which roughly measures 

polarity, where a higher dielectric constant is associated with a more polar solvent.  Implicit 

solvation approximates bulk solvation with mutual polarization of the solute and solvent but, 

because there are no actual solvent molecules in the calculated system, can neglect important 

solute-solvent interactions such as van der Waals’ forces or hydrogen bonding.  Because of 

this, implicit solvation is often much more useful as a descriptive tool than a predictive one.  

Despite these shortcomings it is widely used, likely due to its simple-to-use implementation 

in many modern computational chemistry codes and general black-box nature. 

Explicit solvation, which involves calculating a system with solvent molecules placed 

around the solute, has no such simple and general implementation, a situation which has 

recently been described as a “scandal”.9  One can use chemical intuition to place a relatively 

small number of solvent molecules in “important” places, allowing use of reasonably 

accurate quantum-mechanical methods such as density functional theory, but this micro-

solvation suffers from a large sample space of potential locations for a variable number of 

solvent molecules and is a far cry from black-box.  Alternatively one can use a large number 

of solvent molecules and run molecular dynamics (MD) to map the system and sample space 

over time, but this generally infeasible to do using normal quantum-mechanical methods so 

less-accurate semi-empirical methods and/or classical treatments are often used.  

Additionally there is no generally-accepted method for setting up such a system or what 

parameters ought to be used in the MD simulation.  It is not clear how many water molecules 

are required to correctly describe bulk solvation, nor to what extent MM, QM/MM, or high-

level QM methods are sufficient or necessary. 

This project aims to make progress on the latter front with the development of a black-box 

explicit solvation protocol to calculate redox potentials of small molecules in water.  The 

culmination of these efforts are described in Chapter 6.  Broadly, separate reduced- and 

oxidized-solute MD simulations are run and snapshots of each system are taken at user-
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controlled time points.  These snapshots are then used to calculate the redox potential using 

the linear response approximation.  The protocol requires input geometries, Lennard-Jones 

parameters for the reduced and oxidized species, and a small number of user-chosen 

parameters.  Much of this thesis is dedicated to the development of the protocol using the 

oxidation of phenol as a test system, with the end discussing results of a test set of small 

molecules.  Chapter 2 focuses on an overview of computational chemistry methods and 

concepts that are relevant to this project.  Chapter 3 discusses simple test systems with 

phenol and 1 or 2 water molecules used to determine some appropriate parameters and 

models for use in the MD simulation and single-point snapshot calculations.  Chapter 4 

explores the development of the MD simulations with the oxidation of phenol, while Chapter 

5 explores the effect of various methods and approximations on vertical energy calculations 

from snapshots taken from the MD simulations.  Chapter 6 discusses the success of the 

protocol on a test set of small molecules from Pantazis et al.2  Chapter 7 is a general 

conclusion of the work and proposes avenues for further investigation. 
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2.  THEORY 

2.1.  THE SCHRÖDINGER EQUATION 

The Schrödinger equation is the backbone of quantum mechanics and is the fundamental 

theory used to describe chemical systems (neglecting relativistic effects).  The time-

independent Schrödinger equation is given by: 

�̂�𝜓 = 𝐸𝜓 (2.1) 

where 𝐸 is the energy of the system, 𝜓 is the time-independent wavefunction, and �̂� is the 

Hamiltonian operator.  The Schrödinger relates these quantities as an eigenvalue problem, 

with the energy being an eigenvalue of the Hamiltonian operator acting on the wavefunction.  

The Schrödinger equation can be solved to gives ground- or excited-state energies of the 

system given the proper Hamiltonian and wavefunction.  The wavefunction has no physical 

analogue or interpretation; rather, the square of the wavefunction is interpreted as a 

probability density: 

𝜌 ∝ |𝜓(𝑟)|2𝑑𝜏 (2.2) 

where 𝑟 is a spatial coordinate and 𝑑𝜏 is a volume element. 

There are two major problems with solving the Schrödinger equation in practice, however.  

The first problem is that we often don’t know the exact formulation of the wavefunction 𝜓; 

this can be to some extent worked around as discussed later in this section.  However, even 

if we know the form of 𝜓 exactly, solving the molecular Schrödinger equation for systems 

of ≥2 electrons (e.g., basically any system of chemical interest) exactly is, even in principle, 

impossible.  This can be seen when examining the form of the Hamiltonian for a system with 

𝑖 electrons and 𝑘 nuclei in atomic units: 

�̂� = − ∑
1

2𝑚𝑘
∇𝑘

2

𝑘

− ∑
1

2
∇𝑖

2 − ∑ ∑
𝑍𝑘

𝑟𝑖𝑘
𝑘𝑖𝑖

+ ∑
𝑍𝑘𝑍𝑙

𝑟𝑘𝑙
+ ∑

1

𝑟𝑖𝑗
𝑖>𝑗𝑘>𝑙

(2.3) 

where 𝑚𝑘 is the mass of the nucleus with index, respectively, 𝑍 is nuclear charge, and 𝑟 is 

inter-particle distance.  ∇2 is the Laplacian: 

∇2 =  
𝑑2

𝑑𝑥2
+

𝑑2

𝑑𝑦2
+

𝑑2

𝑑𝑧2
(2.4) 

The first two terms in Equation 2.3 represent the kinetic energy of the nuclei and electrons, 

respectively.  The third term is electron-nuclear attraction, and the fourth and fifth terms 

represent nuclear and electronic repulsion, respectively.  Equation 2.3 can be simplified 

using the Born-Oppenheimer approximation, which states that electronic motion occurs on 
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such fast timescales that nuclear positions can be well-approximated as static while 

accounting for the electronic motion.  This decouples electronic and nuclear motion and 

allows us to solve the electronic Schrödinger equation: 

(�̂�𝑒𝑙𝑒𝑐 + 𝑉𝑛𝑢𝑐)𝜓𝑒𝑙𝑒𝑐 = 𝐸𝑒𝑙𝑒𝑐𝜓𝑒𝑙𝑒𝑐 (2.5) 

where 𝑉𝑛𝑢𝑐  is a constant from set nuclear positions with value: 

𝑉𝑛𝑢𝑐 = ∑
𝑍𝑘𝑍𝑙

𝑟𝑘𝑙
𝑘>𝑙

(2.6) 

The first term in Equation 2.3 (nuclear kinetic energy) has been dropped with the neglect of 

nuclear motion.  The Born-Oppenheimer approximation allows us to define �̂�𝑒𝑙𝑒𝑐, also for 

some set nuclear positions, as: 

�̂�𝑒𝑙𝑒𝑐 = − ∑
1

2
∇𝑖

2 − ∑ ∑
𝑍𝑘

𝑟𝑖𝑘
𝑘𝑖𝑖

+ ∑
1

𝑟𝑖𝑗
𝑖>𝑗

(2.7) 

The �̂�𝑒𝑙𝑒𝑐 term is the term of real interest for theoretical and computational chemistry 

because the Born-Oppenheimer approximation is so successful for most systems.  However, 

even with the Born-Oppenheimer approximation, it is still in principle unsolvable 

analytically because of the final term involving electronic repulsion.  This is because the two 

electrons are coupled and cause instantaneous effects on each other (and all other electrons 

in the system) and this coupling prevents an analytical solution for systems with more than 

one electron.  We can work around this and the problem of what form the wavefunction 

should take via the variational principle, which states in general: 

∫ 𝜓𝑡𝑟𝑖𝑎𝑙
∗ �̂�𝜓𝑡𝑟𝑖𝑎𝑙 𝑑𝜏

∫ 𝜓𝑡𝑟𝑖𝑎𝑙
∗ 𝜓𝑡𝑟𝑖𝑎𝑙 𝑑𝜏

= 𝐸𝑡𝑟𝑖𝑎𝑙 ≥ 𝐸0 (2.8) 

where 𝜓𝑡𝑟𝑖𝑎𝑙  and 𝜓𝑡𝑟𝑖𝑎𝑙  represent the trial and complex conjugate of the trial wavefunctions, 

respectively, 𝐸𝑡𝑟𝑖𝑎𝑙  is the trial wavefunction energy, and 𝐸0 is the exact ground-state energy 

of the real wavefunction.  To yield the exact ground-state energy, we can either try all 

possible trial wavefunctions or, more feasibly, systematically improve a chosen trial 

wavefunction until its energy approaches 𝐸0. 

2.2.  HARTREE-FOCK THEORY 

The Hartree-Fock approximation assumes that the n-electron wavefunction can be estimated 

as the product of n single-electron wavefunctions, or orbitals.  However, this formulation 

does not account for spin, asymmetry, or adherence to the Pauli exclusion principle.  To do 

this we introduce the concept of spin orbitals, which are the product of a spatial orbital and 

a spin function.  We can then write the antisymmetric n-electron wavefunction as a Slater 

determinant of spin orbitals, 𝜙𝑖: 
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𝜓(1,2, … , 𝑛) =
1

√𝑛!
|

𝜙1(𝑥1) 𝜙2(𝑥1)

𝜙1(𝑥2) 𝜙2(𝑥2)
⋯ 𝜙𝑛(𝑥1)

⋯ 𝜙𝑛(𝑥2)
⋮ ⋮

𝜙1(𝑥𝑛) 𝜙2(𝑥𝑛)
⋮ ⋮

⋯ 𝜙𝑛(𝑥𝑛)

|

𝑑𝑒𝑡

(2.9) 

where 𝑥𝑛 represents spatial and spin information.  This wavefunction, through the Slater 

determinant, is asymmetric because it obeys the following criteria: the wavefunction changes 

sign if two electrons are switched (transposing two rows) and the Slater determinant is 0 if 

two electrons occupy the same spin orbital (two columns being equal). 

However, the form of the wavefunction is constructed using independent one-electron spin 

orbitals and therefore has no accounting for the problematic interdependent 
1

𝑟𝑖𝑗
 term from 

Equation 2.7.  This makes the wavefunction tractable yet inaccurate. 

Hartree-Fock theory approximates this by treating electron-electron repulsion in an average 

fashion, with each electron experiencing a field that is the average of all other electrons.  

Using the variational principle, we alter the spin orbitals until the lowest energy is reached 

via the self-consistent field (SCF) method.  This is done by way of the Hartree-Fock 

equations for spin orbitals: 

𝑓�̂�𝜙𝑖 = 𝜀𝑖𝜙𝑖 (2.10) 

where 𝜀𝑖 is the energy and the Fock operator 𝑓�̂� is given as: 

𝑓�̂� = ℎ̂𝑖 + ∑ (𝐽�̂� − 𝐾�̂�

𝑁𝑒𝑙𝑒𝑐

𝑗

) (2.11) 

where ℎ̂𝑖 represents the single-electron Hamiltonian, 𝐽�̂� is the Coulomb operator, 𝐾�̂� is the 

exchange operator, and 𝑗 is the number of orbitals. 

In contrast to the ℎ̂𝑖 term describing the single electron’s kinetic energy and attraction to 

nuclei, the 𝐽�̂� and 𝐾�̂� operator terms represent two-electron interactions; specifically, as 

written in Equation 2.11, the rightmost term is the sum of the difference of these two-electron 

interactions between the electron of interest 𝑖 and all other electrons in the system.  The 

Coulomb operator, 𝐽�̂�, represents the electron-electron repulsion of electron 𝑖 with each 

electron 𝑗 in the system.  The 𝐾�̂� operator is called the exchange operator; this is a purely 

quantum-mechanical effect with no simple analogy to classical effects and arises as a 

consequence of the antisymmetric nature of the wavefunction.10,11 

The final energy using the HF wavefunction is given as 𝐸𝐻𝐹 : 

𝐸𝐻𝐹 = ∑ ℎ𝑖

𝑁𝑒𝑙𝑒𝑐

𝑖

+
1

2
∑ (𝐽𝑖𝑗 − 𝐾𝑖𝑗)

𝑁𝑒𝑙𝑒𝑐

𝑖,𝑗

+ 𝑉𝑛𝑢𝑐 (2.12) 
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where ℎ𝑖, 𝐽𝑖𝑗, and 𝐾𝑖𝑗, are the matrix elements for the 1-electron, Coulomb, and exchange 

integrals, respectively. 

However, as noted in this section, this calculates the electron-electron interactions 

incorrectly by neglecting the correlation of instantaneous electron movements, and we can 

quantify this error (correlation energy) as 𝐸𝑐𝑜𝑟𝑟 with the following: 

𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹 (2.13) 

2.3.  BASIS SETS 

The Hartree-Fock method, as well as density functional theory and post-Hartree-Fock 

methods discussed later in this chapter, make use of molecular orbitals which are iteratively 

modified to converge to the lowest energy state.  This can be done by first representing each 

molecular orbital as a linear combination of 𝑛 atom-centered basis functions: 

 𝜙𝑖 = ∑ 𝑐𝑛𝑖𝜒𝑛

𝑛

(2.14) 

where 𝑐𝑛𝑖 is a coefficient and 𝜒𝑛 is the basis function.  The set of all 𝜒𝑛 used is called a basis 

set.  There are in general two types of atom-centered basis functions, Slater-type orbitals 

(STO) and Gaussian-type orbitals (GTO), which aim to reproduce behavior that matches that 

of the 1-electron hydrogen atom wavefunction following the function 𝑒−𝛼𝑟 .  STOs do follow 

𝑒−𝛼𝑟 , while GTOs follow 𝑒−𝛼𝑟2
.  However, almost all basis sets and non-periodic QM codes 

exclusively use GTOs because, although STOs follow the behavior of the hydrogen 

wavefunction more closely, such as having proper cusp behavior at the nucleus, they are also 

more computationally expensive.  Instead, we can use a linear combination of GTOs to 

approximate the correct behavior of the STO at cheaper cost.  The general expression for a 

GTO in Cartesian space is given as: 

𝜑𝜁,𝑙𝑥,𝑙𝑦,𝑙𝑧

𝐺𝑇𝑂 (𝑥, 𝑦, 𝑧) = 𝑁𝑥𝑙𝑥𝑦𝑙𝑦𝑧𝑙𝑧𝑒−𝜁𝑟2
(2.15) 

The linear combination of 𝑗 GTOs to form a contracted Gaussian function which 

approximates an STO is given as: 

χ𝑖
𝐺𝑇𝑂 = ∑ 𝑑𝑖𝑗𝜑𝑗

𝐺𝑇𝑂

𝑗

(2.16) 

where χ𝑖
𝐺𝑇𝑂 is the contracted Gaussian function, 𝑑𝑖𝑗 are contraction coefficients, and 𝜑𝑗

𝐺𝑇𝑂 

are the primitive Gaussians.12  It is these contracted Gaussian functions that make up the 

basis set used in Equation 2.14 to represent molecular orbitals. 

In order for a basis set to perfectly describe the orbitals and wavefunction for a general 

system it must, in theory, be infinitely large.  This is impossible, but we can instead use 

different sizes of basis sets until we approximate this limit, called the basis set limit. 
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The smallest type of basis set is called a minimal basis set in which only one function is used 

for each spatial orbital, i.e., 𝑛 = 1 in Equation 2.14.  A minimal basis set on oxygen, for 

example, would consist of 5 functions: 1 each for the 1𝑠, 2𝑠, 2𝑝𝑥, 2𝑝𝑦, and 2𝑝𝑧 orbitals.  

The minimal basis set MINIX is used in this thesis for a few calculations, but in general 

these basis sets are insufficiently large to provide accurate wavefunctions and energies. 

Instead, we can simply increase the number of functions per orbital to two using a double-

zeta (DZ) basis set, three using a triple-zeta (TZ) basis set, etc.  Thus a DZ basis set on 

oxygen would consist of 10 functions, and a TZ would be 15 functions.  However, in 

chemical reactions, it is often only the valence electrons that are of interest; therefore we can 

employ a split-valence basis set which treats the core orbitals minimally and only the valence 

orbitals are expanded; a split-valence TZ basis on oxygen, for example, would have 13 

functions: 1 for the core 1𝑠, and 3 for each of the valence 2𝑠, 2𝑝𝑥, 2𝑝𝑦, and 2𝑝𝑧 orbitals. 

Additionally, orbital polarization can be accounted for in a polarized basis set, which build 

on top of the aforementioned X-zeta basis sets, and this is accomplished by adding functions 

for orbitals not canonically included in an atom, such as p orbitals on hydrogen or d orbitals 

on oxygen.  These basis sets would be commonly referred to as DZP and TZP for double- 

and triple-zeta basis sets, respectively.13  Yet another type of basis set, again building on the 

previous types, is augmentation of the set with diffuse functions to better describe spread out 

electron character such as in anions. 

Finally, periodic QM codes often employ another type of delocalized basis functions known 

as plane waves, which are not elaborated upon in this thesis. 

A few basis sets used throughout this thesis are listed below: 

 The minimal MINIX basis set14 

 The Karlsruhe double- and triple-zeta split-valence polarized def2-SVP and def2-

TZVP basis sets;15 these are present both in their individual forms and also 

extrapolated to the basis set limit via an automatic procedure in ORCA 

 The Dunning augmented correlation-consistent quadruple-zeta split-valence 

polarized aug-cc-pVQZ basis set.16  The correlation consistent basis sets are designed 

specifically to approach the basis set limit and for correlated post-HF calculations.12 

2.4.  DENSITY FUNCTIONAL THEORY 

In contrast to Hartree-Fock theory, and post-Hartree-Fock theory explained later, which uses 

complicated wavefunction forms to solve the Schrödinger equation, density functional 

theory (DFT) approaches the problem from a fundamentally different direction by 

calculating the ground-state energy from the electron density of the system.  As the name 

implies, DFT makes use of functionals, which is a function acting on a function to yield a 

single number.  In the case of DFT, this can be stated as the energy of the system being a 

functional, such that it produces a single value when acting on the given electron density 

associated with a system. 
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In 1964, it was proved by Hohenberg and Kohn that there exists a functional that yields the 

ground-state energy from the electron density;17 unfortunately, this was merely an existence 

proof, and the exact form of such a functional is still elusive today. 

This energy functional has to account for many of the same things as the Schrödinger 

equation and thus can be written as follows: 

𝐸[𝜌(𝑟)] = 𝑇𝑒[𝜌(𝑟)] + 𝑉𝑒𝑘 [𝜌(𝑟)] + 𝑉𝑘𝑘 + 𝑉𝑒𝑒[𝜌(𝑟)] (2.17) 

This equation closely resembles the Hamiltonian from Equation 2.5.  𝜌(𝑟) is the electron 

density of the system, 𝑇𝑒 is the electronic kinetic energy functional, 𝑉𝑒𝑘  is the electron-

nuclear attraction functional, 𝑉𝑒𝑒  is the electron-electron repulsion functional, and 𝑉𝑘𝑘  is 

nuclear-nuclear repulsion defined as in Equation 2.6 which is dropped from future equations.  

The early Thomas-Fermi model made attempts to derive the 𝑇𝑒 term,18,19 but instead here we 

look towards Kohn-Sham (KS) DFT.20 

Similar to that of Hartree-Fock, KS DFT defines, for an 𝑛-electron system: 

𝜌𝐾𝑆(𝑟) = ∑ ∫|𝜙𝑛|2

𝑛

𝑑𝑠 (2.18) 

where 𝑑𝑠 indicates we are integrating over the spin coordinate of each spin orbital.  We can, 

by requiring that 𝜌𝐾𝑆(𝑟) = 𝜌(𝑟), combine Equations 2.17 and 2.18, and split the 𝑉𝑒𝑒[𝜌(𝑟)] 
term into the following: 

𝐸[𝜌(𝑟)] = 𝑇𝐾𝑆[𝜌(𝑟)] + 𝑉𝑒𝑘[𝜌(𝑟)] + 𝐽[𝜌(𝑟)] + 𝐸𝑥𝑐[𝜌(𝑟)] (2.19) 

where: 

𝑇𝐾𝑆[𝜌(𝑟)] = − ∑
1

2
⟨𝜙𝑛|∇2|𝜙𝑛⟩

𝑛

(2.20) 

𝑉𝑒𝑘 [𝜙(𝑟)] = − ∑ 𝑍𝑘 ∫
𝜌(𝑟)

𝑟𝑘
𝑑𝑟

𝑘

(2.21) 

𝐽[𝜌(𝑟)] =
1

2
∫ ∫

𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2 (2.22) 

These terms mirror those from Equation 2.7, being represented in terms of the density.  The 

introduction of orbitals in Equation 2.18 makes the new 𝑇𝐾𝑆 term derivable.  The 𝐽[𝜌(𝑟)] 
term is the same averaged-interaction Coulomb term as used in Hartree-Fock theory, and 

𝐸𝑥𝑐[𝜌(𝑟)] accounts for Coulomb and exchange effects neglected by 𝐽[𝜌(𝑟)] as well as the 

error in changing from 𝑇𝑒 to 𝑇𝐾𝑆. 

The situation at this point with Equation 2.19 is that the theory is still in principle exact and 

all terms are solvable except the final 𝐸𝑥𝑐  term, called the exchange-correlation functional.  

Its actual form is completely unknown, but were 𝐸𝑥𝑐  defined exactly the exact Kohn-Sham 



11 

energy could be calculated and the orbitals could be optimized in the same way as Hartree-

Fock, using the Hohenberg-Kohn variational principle that 𝐸[𝜌𝑡𝑟𝑖𝑎𝑙(𝑟)] ≥ 𝐸[𝜌𝑒𝑥𝑎𝑐𝑡(𝑟)], to 

reach the exact Born-Oppenheimer ground state energy. 

2.4.1.  EXCHANGE-CORRELATION FUNCTIONALS 

Unfortunately, there is no easy expression available for 𝐸𝑥𝑐 , and approximating this 

functional is the focus of much research in DFT.  What is done is to separate the exchange 

and correlation components into individual functionals and try to derive equations for them 

separately.  One approach for deriving appropriate exchange/correlation functionals is called 

the local density approximation (LDA) which is based on the properties of the uniform 

electron gas (jellium).  This is a simple model, but unfortunately doesn’t perform well when 

applied to molecules, likely in part due to the fact that electron densities in molecules are 

not, in fact, uniform.  Therefore, we can develop more complicated but more accurate 

exchange/correlation functionals with the addition of the gradient of the density, ∇𝜌(𝑟); this 

is called the generalized gradient approximation (GGA).  A famous GGA exchange 

functional is the Becke 88 (B88) functional,21 which is then paired with correlation 

functionals such as Lee-Yang-Parr (LYP) which typically have even more complicated 

forms.22 

A problem with the exchange behavior in Kohn-Sham DFT is that, unlike in HF, the 

Coulomb interaction of an electron interacting with itself is not exactly canceled out by the 

exchange term.  This error is referred to as the self-interaction error (SIE), and a partial 

solution to this problem was proposed by Becke in 1993: design an exchange functional that 

incorporates the correct Hartree-Fock exchange behavior.23  Functionals of this type are 

called hybrid functionals, and one of the most popular ones (and employed in this thesis) is 

the B3LYP exchange-correlation functional which mixes in 20% of the HF exchange, 

therefore only solving 20% of the SIE problem.24 

A more complicated form of hybrid functionals are called range-separated hybrid 

functionals, and these vary the amount of HF exchange depending on the interaction 

distance, with larger HF exchange being included at longer ranges.  One of these functionals 

is also employed in this thesis, called ωB97X.25  This functional, as do some others, has the 

property of applying 100% HF exchange at long range which eliminates the SIE from those 

interactions. 

There also exist other exchange-correlation functional formulations, such as meta-GGA and 

double-hybrid functionals.  These are neither used nor discussed in this thesis. 

2.5.  POST-HARTREE-FOCK THEORY 

As discussed in Section 2.1 with Equation 2.13, the HF energy, 𝐸𝐻𝐹 , differs from the exact 

energy, 𝐸𝑒𝑥𝑎𝑐𝑡 , because of its neglect of instantaneous electron-electron repulsion effects by 

𝐸𝑐𝑜𝑟𝑟, which is usually approximately 1% of 𝐸𝑒𝑥𝑎𝑐𝑡.  This error is substantial enough to 

require a lot of improvement to be usably accurate, but the 99% accuracy of the minimized 

HF wavefunction indicates a good starting point. 
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The HF wavefunction is defined by a single Slater determinant of molecular orbitals.  A 

natural starting point for improvements, then, is to add a linear combination of multiple 

excited Slater determinants to the construction of the wavefunction.  This is known as 

configuration interaction (CI), and doing this with all possible excitations of the system – 

and then minimizing iteratively as before using the variational principle – is known as full 

configuration interaction (FCI) and will yield the exact Born-Oppenheimer-approximated 

energy.  However, this is only possible for the smallest of systems because the number of 

possible excitations to consider quickly becomes unreasonably large. 

A related method is known as coupled cluster (CC), which also includes all excitations of a 

certain number of electrons, e.g., adding all single and double excitations is referred to as 

CC singles doubles (CCSD).  This is generalizable back to FCI if all possible excitable states 

are considered.  The advantage it has over truncated CI calculations is that CI suffers from 

size-inconsistency: it doesn’t calculate the energy of a dimer with sufficiently large 

separation to be the same as twice the energy of the monomer, when that should in fact be 

the case.  CCSD, on the other hand, actually includes some higher-order triple and quadruple 

excitations, making the method size-consistent. 

The “gold standard” of current computational chemistry is coupled cluster singles doubles 

perturbative triples (CCSD(T)), which is a CCSD calculation with an added triples 

contribution evaluated using perturbation theory.  It delivers chemical accuracy (~1 

kcal/mol) for a wide range of systems unlike DFT methods.  However, this method scales 

very poorly relative to DFT and HF methods and so is still only usable for small systems. 

Local correlation theory is a methodology that has been extensively developed for the past 

10 years, greatly reducing the prohibitive scaling of CC and other post-HF methods by 

reformulating the correlation in terms of only the important local excitations (estimated via 

perturbation theory).  The domain-based local pair natural orbital methodology DLPNO is 

implemented in ORCA 4.0 and is available for CCSD(T), called DLPNO-CCSD(T).26,27  

Unlike traditional CCSD(T), the DLPNO-CCSD(T) implementation in ORCA scales almost 

linearly and is therefore appropriate for use even in larger systems. 

2.6.  SEMI-EMPIRICAL METHODS 

On the other end of the spectrum from post-Hartree-Fock methods lie the semi-empirical 

methods.  These can be based on Hartree-Fock or DFT theory, and rely on simplifying the 

underlying equations by neglecting/estimating certain integrals and/or adding 

experimentally-derived parameters.13  Additionally, they don’t treat core electrons explicitly, 

and commonly use a minimal basis set for the valence electrons; this might be thought of as 

using a less-than-minimal split-valence basis set.  However, the decrease in computational 

time can be up to a few orders of magnitude. 

Generally it is the two-electron integrals that are simplified in semi-empirical methods.  The 

zero differential overlap approximation sets all three- and four-center integrals to zero, and 

other methods modify the behavior or calculation of one- and two-center integrals.  The HF-

based semi-empirical method used most in this thesis is OM3.28  This method includes 
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explicit corrections for some of the assumptions made in semi-empirical theory, such as 

adding in a correction term for the Pauli exchange repulsion.  However, these corrections 

include parameters that must be defined for each atom in the method, and accurate 

parametrization with many variables is difficult, so OM3 only supports 5 main-group atoms: 

H, C, N, O, F.28 

Semi-empirical methods based on DFT exist as well.  These are called DFT tight-binding 

(DFTB) methods.29  They operate under the same general principles as discussed above, that 

neglect of certain expensive integral types can lead to large time savings.  A recently-

developed DFTB method is GFN-xTB.30  This uses extensions (x) in the basis set beyond 

the aforementioned less-than-minimal basis set and a more complicated Hamiltonian form 

to accurately reproduce geometries, vibrational frequencies, and noncovalent interactions 

(GFN).  It also contains fitted parameters for the entirety of the periodic table but avoids the 

use of pair-specific parameters, making it an excellent choice of method to be able to cover 

a wide range of elemental use cases. 

2.7.  IMPLICIT SOLVATION 

Solvation can have a very large effect on the electronic structure of a molecule, and therefore 

a large effect on many properties of that molecule.  As noted in Chapter 1, this includes the 

redox potential, which is the main focus of this thesis, but solvation can also affect more 

basic properties like the geometry of the molecule.31 

Rather than calculating solvent effects by introducing explicit solvent molecules into the 

system, a method that is discussed later in this chapter, a reasonable approximation to 

solvation can be to place the solute or system of interest into a dielectric medium that 

describes the solvent.  This medium is defined by the dielectric constant of the solvent which 

roughly represents the polarity of the solvent molecule, i.e., a more polar solvent is 

associated with a higher dielectric constant.  Water, for example, has a dielectric constant of 

78.  The solute is placed into a cavity, whose size is based on molecular shape and atomic 

radii, around which is a medium described by the solvent’s dielectric constant, where the 

solute’s charge distribution can polarize the dielectric medium and the dielectric medium in 

turn can polarize the solute.  These methods usually solve a form of the Poisson equation: 

∇𝜀 ∙ ∇𝜙 = −4𝜋𝜌 (2.23) 

where 𝜀 is the solvent dielectric constant, 𝜙 is the electrostatic potential, and 𝜌 is the solute 

charge distribution.32  This equation can be used to calculate the electrostatic component of 

the free energy change of solvation depending on if the solute is represented using point 

charges (Equation 2.24) or a QM electron density (Equation 2.25): 

Δ𝐺𝑒𝑙𝑒𝑐 =
1

2
∑ 𝑄(𝑟𝑖)𝜙𝑓(𝑟𝑖)

𝑖

(2.24) 

Δ𝐺𝑒𝑙𝑒𝑐 =
1

2
∫ 𝜌(𝑟)𝜙𝑓(𝑟)𝑑𝑟 (2.25) 
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where 𝑄 and 𝜌 represent atomic partial or continuous charge, respectively, and 𝜙𝑓 is the 

reaction field, defined as the difference between the potential in solution (𝜙𝑠𝑜𝑙𝑣) and the 

potential in the vacuum (𝜙𝑣𝑎𝑐).12 

One implicit solvation method investigated in this thesis is the conductor-like polarizable 

continuum model (CPCM).33  This model solves the Poisson equation when a set of surface 

charges are placed on the solute/solvent cavity boundary to approximate the electrostatic 

potential acting on the solute.  It also has the advantage of accounting for “outlying charge”, 

when some of the electronic cloud of the solute leaks out of the cavity into the dielectric 

medium area.  This model has been shown to give good results for aqueous solvation free 

energies.34 

Another implicit method used here is the SMD model.35  This model uses the same 

solute/solvent cavity method to approximate the electrostatic potential, but also corrects for 

cavity effects, dispersion, and solvent structure changes.  It also uses different vdW radii for 

the creation of the solute cavity.  It is shown to result in smaller solvation energy errors 

compared to CPCM and related models. 

2.8.  QM/MM THEORY 

It can often be prohibitively expensive to calculate large systems at a reasonable enough QM 

level of theory and basis set to provide sufficient accuracy.  On the other hand, classical 

molecular mechanics (MM) can’t provide the level of detail required to correctly model 

chemical reactions, such as enzyme mechanisms, as regular MM does not allow 

making/breaking bonds.  It was this problem that led to the development of the QM/MM 

framework by Warshel and Levitt in 1976.36 

QM/MM is a method by which the system is divided up into QM parts, which need to be 

calculated accurately but for which the calculations are expensive, and MM parts, where the 

precise accuracy of QM isn’t required and these atoms can therefore be treated classically to 

save time on the calculation.  Including the MM region still to some degree accounts for the 

behavior of those molecules, however, resulting in more accurate calculations than a system 

that would neglect the MM part.  The QM region is used to represent the area of chemical 

interest, such as an enzyme active site, while the MM region represents the environment. 

The energy of a QM/MM system can be represented by the following equation: 

𝐸𝑄𝑀/𝑀𝑀 = 𝐸𝑄𝑀 + 𝐸𝑀𝑀 + 𝐸𝑄𝑀−𝑀𝑀 (2.26) 

where 𝐸𝑄𝑀  is the QM-region energy, 𝐸𝑀𝑀  is the MM region energy, and 𝐸𝑄𝑀−𝑀𝑀 is the 

energy of the interaction between the QM and MM regions. 

Calculation of 𝐸𝑄𝑀  is a straightforward calculation that can be done with any of the methods 

mentioned previously in this chapter.  The 𝐸𝑀𝑀  term consists of bonded interactions and 

non-bonded interactions among all the atoms in the MM region, which are parametrized 

together so that the MM forcefield can reproduce whatever environmental effects are 

desired.  However, because of the specific MM models used throughout this thesis and the 
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manner in which QM/MM calculations were done under the linear response approximation 

(LRA) (see Sections 2.8.1 and 2.10, respectively, for details) we here consider the 𝐸𝑀𝑀  term 

(and consequently 𝐸𝑄𝑀−𝑀𝑀 term) only as a function of the non-bonded interactions.  These 

interactions are van der Waals’ (vdW) interactions, calculated here using the Lennard-Jones 

(LJ) potential, and Coulomb charge-charge interactions: 

𝐸𝑀𝑀 = ∑ 𝜀𝐴𝐵 [(
𝑟0𝐴𝐵

𝑟𝐴𝐵
)

12

− 2 (
𝑟0𝐴𝐵

𝑟𝐴𝐵
)

6

] + ∑
𝑞𝐴𝑞𝐵

𝑟𝐴𝐵

(2.27) 

where 𝜀, 𝑟0, and 𝑞 are all parameters fitted for each atom, and 𝑟𝐴𝐵 represents interatomic 

distance.  In the LJ potential, the specific method for combining 𝜀𝐴 and 𝜀𝐵 to yield 𝜀𝐴𝐵 (or 

𝑟0𝐴
 and 𝑟0𝐵

 to yield 𝑟0𝐴𝐵
) may differ depending on how these values were parametrized.  For 

example, CHARMM37,38 and OPLS-AA39,40, two MM forcefields employed in this thesis, 

differ in their combination procedure for 𝑟0𝐴𝐵
.  It should also be noted that the 𝑟0 value is 

sometimes reported as 𝜎, according to the relation 𝑟0 = √2
6

𝜎. 

Again, calculation of the 𝐸𝑄𝑀−𝑀𝑀 term involves bonded interactions and non-bonded vdW 

and electrostatic Coulomb interactions, but here we neglect the bonded terms as we have no 

QM-MM bonds and represent the energy as the sum of vdW (LJ) interactions and 

electrostatics: 

𝐸𝑄𝑀−𝑀𝑀 = ∑ 𝜀𝐴𝐵 [(
𝑟0𝐴𝐵

𝑟𝐴𝐵
)

12

− 2 (
𝑟0𝐴𝐵

𝑟𝐴𝐵
)

6

] + 𝐸𝑒𝑙𝑒𝑐 (2.28) 

Here it must be noted that the AB pair refers to a QM atom and an MM atom.  The 

electrostatic term 𝐸𝑒𝑙𝑒𝑐  here is defined generally as opposed to the specific charge-charge 

form in Equation 2.27 because there are two methods for calculating it. 

One way is called mechanical embedding, which applies partial charges to each atom in the 

QM region; 𝐸𝑒𝑙𝑒𝑐  then follows the classical charge-charge form from Equation 2.27.  These 

interactions are then calculated at the MM level and some of the more-accurate QM behavior 

is lost due to the collapse of the QM molecular electron density into point charges on the 

atoms which could be defined by a forcefield like CHARMM or via population analysis. 

The other method is called electrostatic embedding, whereby the QM code does a QM 

calculation of the QM region polarized by the point charges of the MM region, where the 

MM point charges act as extra nuclei-like terms in the 1-electron Hamiltonian.  This is 

generally more accurate because the QM electronic structure can be influenced by the 

surrounding MM point charges to give a more accurate representation of the effect the MM 

region has on the QM region.  This can also be paired with a polarizable water model, where, 

in addition to the QM region being polarized by the MM region, the MM region can in turn 

be polarized by the QM region.  This can be self-consistently iterated to find the minimum-

energy solution and a mutually-polarized QM and MM system.  These water models are 

discussed more in the following section.  In this thesis we employ exclusively electrostatic 

embedding, for both non-polarizable and polarizable MM models. 
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2.8.1  TYPES OF MM 

In this thesis, both non-polarizable and polarizable methods were used extensively to 

describe water molecules.  Non-polarizable methods are simple to use and implement, and 

are computationally inexpensive, while polarizable methods offer higher accuracy at the cost 

of increased model complexity and difficulty of use, as well as longer computation times. 

The polarizable effective fragment potential (EFP) method was used very little in this work, 

and is not explained in detail here.41  Instead, this section focuses on the non-polarizable 

TIP3P water model,42 as well as the TIP3P-based polarizable Drude SWM* models.  For 

ease of explanation, the SWM4-DP geometry is shown here in Figure 1.  The M site is fixed 

in the H-O-H plane for each Drude model but the Drude particle (D) can move about the 

oxygen, constrained by a spring constant. 

 

Figure 1.  General form of SWM4-DP water model.  The M site is fixed in the H-O-H plane but the Drude 

particle can move around the oxygen atom to a self-consistent lowest energy.  Model parameters are shown 

in Table 1. 

The reason we were able to neglect bonded terms in Equation 2.27 is because the TIP3P and 

SWM4* water models are defined purely in terms of a LJ site on the oxygen, and static point 

charges that are qualitatively shown in Figure 1; there are no bonded parameters provided as 

in some other MM forcefield methods.  All models in this section have the same O-H 

distances, but use of/distance to the M site and charges on all atoms differ between methods.  

All of these O-H and O-M bond lengths were preserved during MD simulations by SHAKE 

contstraints.43  The non-polarizable TIP3P water model is defined as only the 3 particles in 

H2O, with point charges on all of those atoms and a fixed relative geometry for all atoms. 

There are three polarizable Drude SWM* models considered here.  They are named such 

because they all have a polarizable Drude particle added to them, not shown, near the oxygen 

atom.  This Drude particle shares charge with the oxygen atom but is able to move around 

the oxygen atom in order to reduce the force acting on it, this force being calculated via the 

MM code and the QM code through electrostatic embedding.  All of these water models 

polarize the QM region when using electrostatic embedding, but it is through the Drude 

particle that the MM region can be polarized back by the QM region.  The pertinent geometry 

and charge information for each model is listed in Table 1.  All models have a Drude spring 

constant of 1,000 kcal/mol/Å2. 

H 

O 

H 

D 
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The simplest Drude water model, SWM4-DP, is defined as the 5 particles in Figure 1.44  It 

has a negative charge on the oxygen and M site, and positive charges on the hydrogens and 

the Drude particle.  The next Drude model is SWM4-NDP, defined in the same manner as 

SWM4-DP but the signs of the charges on the oxygen and Drude particle has switched.45  

Finally, the most complicated Drude model used here is SWM6, which has an additional two 

point charges (L) added above the oxygen relative to the M/H sites to represent unpaired 

electrons, for a total of 6 static particles plus a Drude particle.46  This model has positive 

charges on the oxygen and hydrogens and all other particles are negatively-charged. 

Table 1.  List of geometric, charge, and LJ parameters for MM water models. 

 TIP3P SWM4-DP SWM4-NDP SWM6 

ROH (Å) 0.9572 0.9572 0.9572 0.9572 

ΘHOH (°) 104.52 104.52 104.52 104.52 

ROM (Å)  0.23808 0.24034 0.247 

ROL (Å)    0.315 

ΘHOH (°)    101.098 

qO (e) -0.834 -1.77185 1.71636 1.91589 

qH (e) 0.417 0.55370 0.55733 0.53070 

qM (e)  -1.10740 -1.11466 -1.13340 

qD (e)  1.77185 -1.71636 -1.62789 

qL (e)    -0.10800 

ε (kcal/mol) 0.1521 0.20568 0.21094 0.162 

r0 (Å) 3.536 3.560 3.574 3.590 
 

2.9.  MOLECULAR DYNAMICS 

If we want to move beyond implicit solvation and explicitly account for solute-solvent 

effects, we need to begin by placing solvent molecules around our solute, and running energy 

calculations to determine what kind of an effect that has.  Now, having introduced QM/MM, 

this seems feasible; we can add even a relatively large amount of solvent molecules to our 

system in intuitively-correct ways, and calculate the important ones at the QM level and the 

less important ones at the MM level.  However, the potential phase space of solvent molecule 

locations – not even accounting for the number added to begin with – quickly becomes 

completely intractable with manual placements.  To get around this, we can instead model a 

solvated system over time using molecular dynamics.  We assume here that the system is an 

ergodic one, i.e., the time average of states is equivalent to that of the probability space. 

In a dynamics simulation, we start with a system, apply velocities to particles, and integrate 

the classical Newtonian equations of motion.  Starting with Newton’s second law, we can 

write for each particle 𝑛: 

𝑚𝑛

𝑑2𝑟𝑛

𝑑𝑡2
= 𝐹𝑛 =

𝑑𝐸

𝑑𝑟𝑛

(2.29) 

This equation indicates that the accuracy of our simulation mainly derives from the accuracy 

of the energy and force calculations.  To move our simulation forward, we need to update 
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the equation of motion with a timestep Δ𝑡, the frequency with which the simulation 

recalculates positions and forces to update the trajectories.  We write the position equation 

as a Taylor series with the form:47 

𝑟𝑛(𝑡 + Δ𝑡) = 𝑟𝑛(𝑡) + Δ𝑡 ∙ 𝑣𝑛(𝑡) +
1

2
(Δ𝑡)2𝑎𝑛 + ⋯ (2.30) 

This can be rewritten in the form of the leapfrog algorithm for calculating positions and 

velocities of all particles throughout the simulation: 

𝑟𝑛(𝑡 + Δ𝑡) = 𝑟𝑛(𝑡) + Δ𝑡 ∙ 𝑣𝑛 (𝑡 +
Δ𝑡

2
) (2.31) 

𝑣𝑛 (𝑡 +
Δ𝑡

2
) = 𝑣𝑛 (𝑡 −

Δ𝑡

2
) + Δ𝑡 ∙ 𝑎𝑛(𝑡) (2.32) 

The leapfrog algorithm “leaps” between the updating the velocity and position each half-

timestep.  This produces accurate trajectories and, because it explicitly calculates velocities, 

provides a nice avenue for the thermostat to function. 

With the trajectory now able to move forward in time with updated positions and velocities, 

we can now turn our attention to the ensemble of the system, which in this thesis is the 

canonical NVT ensemble.  This ensemble maintains the number of particles (N), the volume 

(V), and temperature (T) of the system throughout the simulation.  To maintain the 

temperature of the system, we need a thermostat attached to our simulation.  A commonly-

used one is the Berendsen thermostat,48 and another is the Nosé-Hoover thermostat.49,50  Both 

thermostats use a time coefficient, which represents how quickly the thermostat updates the 

temperature.  This quantity isn’t easy in principle to derive generally, because different 

systems have different considerations; the time coefficient needs to be short enough to 

maintain the temperature, but not too short that it introduces artifacts into the system.  This 

is possible because of the way the Nosé-Hoover thermostat works; it adds a dimensionless 

particle that equilibrates with the system and shares kinetic energy, thereby allowing the 

thermostat to maintain the temperature of all the real particles.47  We also employ the 

chaining of Nosé-Hoover thermostats, which was shown by Tuckerman et al. to improve the 

behavior of the thermostat for properly maintaining the NVT ensemble.51 

2.10.  REDOX REACTIONS 

Redox reactions are reactions where a species gains (reduction) or loses (oxidation) an 

electron.  These reactions are the focus of this thesis.  Their computation in solution is quite 

difficult, especially with strong solute-solvent interactions, because redox potentials are very 

sensitive to solvation effects.  Additionally, redox potentials represent an adiabatic process, 

meaning that there will be some geometry changes that need to be accounted for.  Methods 

exist for running simulations where the solute is guided from one charge to another in order, 

with the molecular charge as a reaction coordinate,52 to simulate this geometry change over 

the course of a redox event, but in this thesis we instead run two simulations, one at the 
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reduced and charged radical state, and utilize Marcus theory to calculate the adiabatic free 

energy change of the redox event, which is then used to calculate the redox potential. 

Marcus theory represents the free energy curves of each state (in this section and thesis 

throughout we are dealing with the oxidation reaction, so the neutral → oxidized state) as 

quadratic curves with equal curvature.53  This representation is better the closer the two 

geometries are.  This is shown in Figure 2. 

 

Figure 2.  Marcus free energy curves for reduced and oxidized states.  𝜆 is the solvent reorganization free 

energy, 〈𝑉𝐼𝐸〉 and 〈𝑉𝐸𝐴〉 represent averaged values for the vertical ionization energy (VIE) and electron 

affinity (VEA), calcualted as the differece in energy due to oxidation of the neutral and oxidized geometries, 

respectively, and 𝛥𝐺𝑜𝑥
0  is the adiabatic free energy change of the oxidation reaction. 

The curves are quadratic because of the assumption that the solvent reacts linearly to solute 

changes.  This is called the linear response approximation (LRA).  This allows us to treat the 

oxidation event as a transition between these states with an average solvent change.  We can 

define: 

Δ𝐺𝑜𝑥
0 = 〈𝑉𝐼𝐸〉 − 𝜆 (2.33) 

Δ𝐺𝑜𝑥
0 = 〈𝑉𝐸𝐴〉 + 𝜆 (2.34) 

where 𝜆 is the solvent reorganization free energy, and 〈𝑉𝐼𝐸〉 and 〈𝑉𝐸𝐴〉 represent averaged 

values for the vertical ionization energy (VIE) and electron affinity (VEA), calculated as the 

difference in energy due to oxidation of the neutral and oxidized geometries, respectively.  

Solving these equations for 𝜆 and equating them yields: 

Δ𝐺𝑜𝑥
0 =

〈𝑉𝐼𝐸〉 + 〈𝑉𝐸𝐴〉

2
(2.35) 

A similar representation of this is shown in Figure 3, demonstrating how the LRA is put into 

active practice with our snapshot protocol. 

𝜆

〈𝑉𝐼𝐸〉 
〈𝑉𝐸𝐴〉 

Δ𝐺𝑜𝑥
0  

𝑅𝑒𝑑 𝑂𝑥 
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Figure 3.  Diagram of Δ𝐺𝑜𝑥
0  calculation and the LRA framework to approximate it.  The Δ𝐺𝑜𝑥

0  value over 

many snapshots should be approximated by the average of the VIE and VEA values from the neutral and 

oxidized trajectories, respectively.  The “E” superscripts refer to oxidation state and the subscripts to 

geometries. 

Each single snapshot gives a VIE if it is from the neutral trajectory or VEA if from the 

oxidized trajectory.  The average of all VIEs/VEAs are represented as 〈𝑉𝐼𝐸〉 and 〈𝑉𝐸𝐴〉, 

respectively.  These are then used in Equation 2.35 to calculate the Δ𝐺𝑜𝑥
0 .54 

The LRA is, of course, an approximation.  Previous work has investigated the non-LRA 

effect for similar solvation systems using purely classical MM periodic simulations to 

estimate the non-LRA effect and found it to be generally <0.1 eV.5,7 

2.11.  TECHNICAL DETAILS 

Because this thesis is about the development and use of a black-box explicit solvation 

protocol, most of the pertinent parameters and information used for the MD simulations and 

single-point calculations are explained in their respective chapters and sections.  However, 

it is useful here to give a basic overview of some of the computational chemistry codes used 

throughout the thesis. 

The entirety of the protocol was written using TCL, the interface language used by 

Chemshell.  We use a locally-modified development version of Chemshell 3.755–58 using the 

built-in DL_POLY Classic where we have applied a few bug fixes.  One bug was that we 

couldn’t run sequential QM/MM polarizable MM calculations with DL_POLY without 

having to exit Chemshell and relaunch it; this required a variable change to fix.  Another 

was while running Chemshell in taskfarming mode, where tasks that were idle couldn’t sync 

properly with tasks that had run in between synchronization steps; this also required a local 

change to fix.  Additionally, we added a couple of C functions to allow quicker data 

input/output to GFN-xTB for formatting the point charges and gradient files for the MD 

simulations.  We also use our own ORCA, GFN-xTB, and Psi4 interface files within 

Chemshell. 

We manually disabled the point-charge damping present in the xTB code when doing our 

MD simulations;30 this change ensures that electrostatic embedding in xTB behaves 

similarly to other codes.  For Psi4 1.059, the ω scaling parameter was incorrectly set for 

  𝐸𝑛𝑒𝑢𝑡 𝑔𝑒𝑜𝑚
𝑜𝑥               𝐸𝑜𝑥 𝑔𝑒𝑜𝑚

𝑜𝑥  

𝐸𝑛𝑒𝑢𝑡 𝑔𝑒𝑜𝑚
𝑛𝑒𝑢𝑡               𝐸𝑜𝑥 𝑔𝑒𝑜𝑚

𝑛𝑒𝑢𝑡  

𝑉𝐼𝐸 𝑉𝐸𝐴 Δ𝐺𝑜𝑥
0  
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ωB97X as the ωB97 value; we modified the code to fix this, though this bug is also fixed in 

newer versions of Psi4. 

The ORCA code, versions 3.0.3, 4.0.0, and 4.0.1, was used heavily throughout this thesis.60–

63  Methods employed include HF, PBE,64 B3LYP,24 ωB97X,25 and DLPNO-CCSD(T).63  

The basis sets used include MINIX,14 def2-SVP and def2-TZVP,15 and aug-cc-pVQZ.16 

All calculations in this thesis using HF, DFT, or post-HF methods make use of the resolution 

of the identity (RI) approximations.  These approximations simplify the calculations for the 

Coulomb integrals (RI-J), the Coulomb and exchange integrals (RIJK), or the Coulomb and 

calculating the exchange integrals numerically on a grid (RIJCOSX), but require the addition 

of an extra basis set called an auxiliary basis set.  These auxiliary basis sets are mentioned 

in the thesis when used. 
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3.  PHENOL-WATER MICRO-SOLVATION 

As shown in Section 2.5, one can reach a numerically-exact solution to the non-relativistic 

Schrödinger equation with the use of post-Hartree-Fock methods such as FCI.  In theory, 

then, for any given system one should be able to get an exact wavefunction and an exact 

energy of the system.  However, it is infeasible in practice to do this for more than a very 

small number of atoms.  Thus in order to be able to calculate any reasonably large (10,000+ 

atoms) explicit solvation system one must utilize lower levels of theory – at the very least 

DFT, and more practically (especially for long-time MD simulations) semi-empirical and/or 

classical MM forcefield methods. 

Previous work by Wang and Van Voorhis has shown that short-range solute-solvent 

hydrogen bonding is a very important effect to be accounted for in the calculation of redox 

potentials involving hydrogen-bonding solute-solvent species.65  For this protocol, then, it is 

important to be able to correctly describe these hydrogen-bonding interactions not only in 

the single-point snapshot calculations but also – arguably more so – during the MD 

simulation from which these snapshots are derived.  If the dynamics simulation itself isn’t 

accurately representing hydrogen bonds then the energies from the single-point calculations 

will be deficient, regardless of how exactly one computes them, because the fundamental 

interactions in the system aren’t representative of reality. 

In general, modeling correct behavior of hydrogen bonds in MD simulations requires 

accurate calculation of electrostatic interactions and van der Waals’ (vdW) interactions.  

IUPAC indicates that vdW interactions is not the dominating factor in a hydrogen bond,66 

and similarly work by Cui et al. shows that values of some condensed-phase 

thermodynamics quantities computed after an MD simulation (such as a redox potential) are 

relatively resilient to different parameters used to describe the vdW interactions.67  However, 

this does not mean that one can ignore any and all considerations regarding how to choose 

to calculate vdW interactions; one must take care to ensure that the vdW interactions are still 

in some way descriptive of reality.67 

Because of the manner in which the snapshots and their calculations are used in determining 

the redox potential, as discussed in Section 2.10, one can neglect consideration of vdW 

interactions.  This is due to the fact that vdW interactions are calculated here using the 

Lennard-Jones (LJ) function, and as the thermodynamic cycle deals solely with vertical 

energy calculations the contributions from the LJ interactions cancel out because they are 

solely distance-dependent.  Therefore the only meaningful quantity in these calculations is 

the polarized electronic energy of the solute, and it is differences in these across the snapshot 

geometries that determine the calculated redox potential.  Again, following the work of 

Wang and Van Voorhis, it should be very important to accurately calculate solute-solvent 

hydrogen bonding in these systems. 
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In order to investigate the accuracy with which our protocol would be representing hydrogen 

bonding, both in MD simulation and snapshots, small ideal micro-solvated systems were 

modeled.  The specifics of these are given in the respective following sections. 

3.1.  PHENOL-1H2O MICRO-SOLVATION 
POTENTIAL ENERGY SURFACES 

To test the accuracy of how MD simulations represent solute-solvent hydrogen bonding, two 

ideal micro-solvated systems using phenol and 1 H2O molecule were investigated.  Both of 

these systems were calculated in a neutral and oxidized form, resulting in a total of four 

different geometries. 

The first system, referred to as the “phenol-donor” system, has phenol donating a hydrogen 

bond to the water (Figure 4).  This system was optimized using the GFN-xTB method for 

both the neutral and oxidized phenol, resulting in two distinct (but qualitatively similar) 

geometries.  The second system is referred to as the “phenol-acceptor” system and has the 

phenol accepting a hydrogen bond from the water (Figure 5).  This system was optimized in 

the same way as the donor system; however, as GFN-xTB showed completely repulsive 

behavior between the two molecules when oxidized, the geometries used are the same as the 

neutral-optimized system. 

 

 
 

Figure 4.  GFN-xTB optimized phenol-donor 

system. 

Figure 5.  GFN-xTB optimized phenol-acceptor 

system. 

 

For all systems, in order to gauge a simple 1D potential energy surface (PES) of the phenol-

water hydrogen bond, the O-O distance was set to various lengths ranging from 1.8 to 9.9 Å 

while preserving the relative positions of all other atoms in their respective molecules.  

Energies were calculated using various methods/functionals and basis sets listed in Table 2. 

Additionally each geometry was calculated once with a full-QM treatment on all atoms and 

then again at the QM/MM level using electrostatic embedding, with the water treated using 

the TIP3P forcefield for charges and LJ site, and the phenol including CHARMM LJ 
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parameters derived from the July 2016 CGenFF topology file for phenol for the QM-MM 

short-range vdW interaction.  This allows an assessment among QM and QM/MM methods 

for the PES of the hydrogen bond, whereby one can compare semi-empirical and forcefield 

approximations to a high-level QM PES from DLPNO-CCSD(T).  This allows 

benchmarking of the accuracy of our low-cost methods and approximations for describing 

the hydrogen-bonding PESs relevant to the MD simulations without the need to actually 

perform multiple expensive (infeasibly so, in the case of DLPNO-CCSD(T)) simulations.  

We do note that our 1D PESs only describe a single slice of the true PESs; we assume that 

the benchmarking of the PESs investigated herein are representative of the full PESs. 

Table 2.  Information regarding methods and functionals used for 1D PES calculations. 

Method Code used Basis sets and approximations used 

B3LYP ORCA 4.0.1 def2-TZVP, def2/JK, RIJK 

DLPNO-CCSD(T) ORCA 4.0.1 Extrap(2/3,def2), RIJK 

OM3 MNDO - 

PM3 MNDO - 

GFN-xTB xTB - 
 

It is useful here to discuss the general form of the 1D PES and what it represents.  When the 

O-O distance is very large, there is essentially no interaction between the phenol and the 

water.  The hydrogen bond should have zero energy at infinite distance, and as the hydrogen-

bonding atoms get closer there are stabilizing electrostatic interactions that define the 

hydrogen bond.  These interactions get stronger as distance is reduced up to a point, after 

which repulsive forces begin to dominate and the hydrogen bond is weakened.  This forms 

a “well” that describes the length and strength of the bond, and these values can be compared 

among different methods. 

In general, the full-QM DLPNO-CCSD(T) and B3LYP calculations show good agreement 

with one another and are taken to represent a reasonable reference against which to compare 

the approximate methods.  Therefore, such comparative terms as over-/underestimating or 

accuracy/error should be taken to mean compared to those PESs unless otherwise specified. 

3.1.1.  PHENOL-DONOR SYSTEM PES 

Figure 6 compares methods and various approximations regarding the neutral phenol-donor 

system.  First, we compare all of the full-QM methods; these are the four leftmost graphs.  

GFN-xTB, B3LYP, and DLPNO-CCSD(T) are all in good agreement while OM3 shows 

markedly different character.  The OM3 PES indicates that it is underestimating the 

electrostatic interactions due to the shallower well depth, and also underestimating the 

repulsion effects due to the shorter equilibrium distance and slower increasing behavior on 

the left side of the graph. 

This initially indicates that OM3 might be a poor method to use in order to accurately 

represent hydrogen bonding, but the story changes once the forcefield approximation for 

water is introduced.  Although they all have roughly the correct equilibrium distance, with 

GFN-xTB/CHARMM being ever-so-slightly longer, OM3/CHARMM is more accurately 

representing the well depth and strength of the hydrogen bond compared to the weaker 
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interactions with GFN-xTB/CHARMM and PM3/CHARMM.  This difference is only on the 

order of ~1 kcal/mol in the “well” area of interest so, while some difference between the 

methods would be expected in terms of hydrogen-bonding behavior during a full MD 

simulation, the effects are unlikely to be quantitatively significant. 

 

Figure 6.  1D PES comparison of QM and QM/MM methods for the neutral phenol-donor system. 

Figure 7 compares the same methods and systems but with the phenol being oxidized.  Here 

the full-QM B3LYP and DLPNO-CCSD(T) calculations show excellent agreement while 

the GFN-xTB and OM3 results are markedly worse.  OM3 again predicts a qualitatively 

different “well” shape, a hydrogen bond that is too short and only loses its stability too 

quickly at larger distances.  GFN-xTB has more or less the same “well” shape as DLPNO-

CCSD(T), but is shifted up around 10 kcal/mol at the area of interest.  As before, however, 

the more pertinent comparison for these methods is how they perform at the QM/MM level, 

as this is what will be employed during the MD simulation.  These results echo those of 

Figure 6 where these PESs are all quite similar, with OM3 again being slightly lower in 

energy in the “well”.  Although the large difference of ~8 kcal/mol in the well depth might 

seem worrisome, the absolute well depths are sufficiently large that we would not expect 

this to appreciably change the population of the hydrogen bond throughout a simulation. 

Despite the generally-good agreement between the semi-empirical QM/MM methods, there 

are a few glaring problems that need addressed.  The first is that the oxidized system shows 

a markedly different equilibrium distance for the hydrogen bond, and the second is that all 

of these approximated methods show poor short-range repulsive behavior.  Both of these 

problems appear to be caused by the LJ approximation, so we explored improving the LJ 

interaction with respect to the full-QM PES. 
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Figure 7.  1D PES comparison of QM and QM/MM methods for the oxidized phenol-donor system. 

To that end, two changes were made to the LJ interactions: first, the removal of the LJ site 

from the polar hydrogen on the phenol hydroxyl group; second, the O-O interaction was 

decreased by scaling the r0 value by varying amounts.  Because of its generality of use across 

the periodic table, in addition to having a quicker computation time (particularly for open-

shell systems), GFN-xTB was settled on as the QM code for the MD simulations in this 

protocol over PM3 or OM3.  Therefore all data in the following subsections will focus on 

improvements to the GFN-xTB PES. 

The removal of the LJ site on polarized hydrogen atoms is a change that is suggested in some 

previous work on LJ interactions more generally, and some forcefields such as OPLS-AA 

by nature do not include polarized-hydrogen LJ sites on groups such as –OH or -NH.68  This 

also mirrors the TIP3P water model which has no LJ site on its hydrogen atoms.  Because 

the LJ parameters are already quite small on this atom for CHARMM, this change should be 

expected to be quite small in magnitude.  The scaling of the O-O interaction, on the other 

hand, is expected to be a larger effect because it is the largest solute-solvent LJ interaction 

with regards to the hydrogen bonding.  These data for the neutral and oxidized systems are 

reproduced in Figure 8 and Figure 9, respectively. 

As expected, the removal of the LJ site from the hydroxyl hydrogen causes only a slight 

change upon the shape of the PES where the short-range repulsion is concerned. 

It is the scaling of the O-O LJ interaction that causes a qualitatively-better change in the 

shape of the PES.  In both systems, the O-O interaction was scaled between 0.95 and 0.97 

of its normal strength and all of these show similar changes to the PES.  In the neutral system 

the 0.97-scale PES appears to follow the B3LYP PES slightly more closely than the more-

scaled-down ones, while in the oxidized system it is the 0.95-scale PES that looks more 

accurate.  However, these differences between scales are slight and 0.97-scale was chosen 

for the protocol for ease of implementation and to have a lesser “fitting” effect. 
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Figure 8.  1D PES comparison of scaled GFN-xTB approximations for the neutral phenol-donor system. 

Nonetheless, this scaling is not perfect.  Although it neatly fixes the equilibrium distance 

error in the oxidized system, it overcorrects for the neutral system and shows an erroneously 

short hydrogen bond distance.  The improvements in the repulsive behavior result in 

qualitatively-better PESs across the board that we believe outweigh the other problems they 

introduce, but simply downscaling this interaction is not a sufficient fix long-term.  It seems 

that the QM-MM electrostatic interaction has to be fundamentally improved some other way 

for higher accuracy. 

 

Figure 9.  1D PES comparison of scaled GFN-xTB approximations for the oxidized phenol-donor system. 
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3.1.2.  PHENOL-ACCEPTOR SYSTEM PES 

This section compares the same types of calculations carried out in the latter part of Section 

3.1.1, but using the phenol-acceptor geometry from Figure 5.  Again the following data is 

only with regards to the GFN-xTB PES and improvements upon it towards the B3LYP PES. 

 

Figure 10.  1D PES comparison of scaled GFN-xTB approximations for the neutral phenol-acceptor system. 

As noted before in Section 3.1, GFN-xTB was unable to find an optimized structure for this 

geometry in the oxidized state, i.e., the phenol-water interaction was strictly repulsive, so 

this analysis uses the same geometries found for the neutral system.  This is evident in Figure 

11, as the curves are mostly repulsive or only very weakly attractive. 

The analyses of Figure 10 and Figure 11 mostly follow those of Figure 8 and Figure 9, 

respectively, in Section 3.1.1, with the exception that now the removal of the LJ site from 

the phenol hydroxyl hydrogen has no noticeable effect whatsoever.  This is understandable 

when considering the geometry of the system; whereas in the phenol-donor system the 

hydroxyl hydrogen is part of the hydrogen-bonding pair, in the phenol-acceptor system the 

hydroxyl hydrogen faces away from the hydrogen-bonding pair and ought to play no part in 

the interaction. 

Analysis of Figure 10 shows, as before, that reducing the strength of the O-O LJ interaction 

leads to a more accurate PES for the neutral phenol-acceptor system, particularly in the short-

range repulsive region.  In Figure 11 the scaling appears to slightly overcorrect in the ~2.5-

3 Å region for the oxidized phenol-acceptor system, but the shorter-range improvements are 

thought to make this an acceptable cost, and due to the fact that these PESs are already 

inherently erroneous it is difficult to draw strong conclusions either way from them. 
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Figure 11.  1D PES comparison of scaled GFN-xTB approximations for the oxidized phenol-acceptor system. 

3.1.3.  DIMETHYL SULFIDE AND ANILINE PESs 

To investigate the QM/MM interactions further, in particular the LJ term, it is important to 

test their generality with other molecules and atoms.  Chiefly we examined the removal of 

the polar-hydrogen LJ site and the 0.97-scaling of the LJ interaction between the TIP3P 

water oxygen and sulfur or nitrogen which are two other electronegative atoms that feature 

prominently in the test set employed in Chapter 6. 

To this end we engaged in more testing with dimethyl sulfide (DMS) and aniline in neutral 

acceptor systems, where these atoms are accepting a hydrogen bond from a water molecule.  

The general structures of these systems are shown in Figure 12 and Figure 13, and as before 

were optimized using GFN-xTB. 

 
  

Figure 12.  GFN-xTB optimized dimethylsulfide-

acceptor system. 
Figure 13.  GFN-xTB optimized aniline-acceptor 

system. 
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Figure 14.  1D PES comparison of GFN-xTB approximations for the neutral DMS-acceptor system. 

For aniline, whose data is shown in Figure 15, we were able to again check the effectiveness 

of removing LJ sites from polar hydrogens bonded to electronegative atoms as well as the 

0.97-scaling of the N-O LJ interaction.  As expected, the removal of the LJ site from the 

polar N-bonded hydrogens has no noticeable effect on the PES, and the 0.97-scaling of the 

N-O LJ interaction improves the short-range repulsive behavior and leads to a PES that is 

closer to B3LYP, so this approximation will be applied to further N-O LJ interactions in the 

protocol. 

 

Figure 15.  1D PES comparison of GFN-xTB approximations for the neutral aniline-acceptor system. 

In addition, a new source of LJ parameters, from the OPLS-AA39, was tested.  These 

parameters were taken from the online webservice LigParGen69–71 that takes a geometry as 

input and outputs LJ parameters and atomic charges based on the availability in the OPLS-
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AA forcefield.  This service still uses the traditional LJ formulation and, because its 

parameters are very close to those provided by CHARMM, its PES is also quite similar.  The 

protocol as used in Chapter 6 makes use of OPLS-AA LJ parameters over CHARMM for 

two reasons: first, it provides a source of general LJ parameters for more small molecules 

than CHARMM; and second, it neglects LJ sites on the polar hydrogens.  The specifics of 

how the protocol uses OPLS-AA (and other LJ sources) in its MD simulation is discussed 

further in Section 4.4 and Chapter 6. 

3.2.  PHENOL-1H2O MICRO-SOLVATION SINGLE-
POINT CALCULATIONS 

As stated previously in the beginning of Chapter 3, accurate calculation of redox potentials 

requires accurate calculation of solute-solvent hydrogen-bonding interactions.  Section 3.1 

dealt with the accuracy of hydrogen bonding PESs relevant to the MD simulations, but it is 

also important to achieve good accuracy in the ionization energy (IE) calculations as those 

are what are directly used to calculate the redox potential. 

To that end, 1H2O micro-solvated phenol-water hydrogen-bonded donor and acceptor 

systems were investigated.  These systems look like those in Figure 4 and Figure 5 except 

they were optimized in ORCA 3.0.3 with HF using the cc-pVDZ basis set.  This is similar 

to what was done in Sections 3.1.1 and 3.1.2, but instead of varying the geometry of the 

system and investigating the PES of the methods used, now a static hydrogen-bonded 

geometry is used to investigate the accuracy of various approximations of water as compared 

to the full-QM hydrogen bond for the vertical ionization energy (VIE). 

Previous work by Arey et al. shows that the solute donating a hydrogen bond to a water 

molecule is a stabilizing interaction relative to the gas phase, while the solute accepting a 

hydrogen bond from water is a destabilizing interaction relative to the gas phase, for the 

VIE.5  We should expect to see this same behavior in our test systems here. 

In this section we first calculate the full-QM VIE of the geometries, then compare this to the 

VIE using a variety of approximations of the water molecule, up to and including its removal 

from the calculation.  The QM methods used in the full-QM and QM/MM calculations are 

listed in Table 3, and water approximations are listed in Table 4.  HF and ωB97X were used 

in these tests due to concern about self-interaction error (SIE) that we believe would strongly 

affect the results in GGA or global hybrid GGA density functionals.  HF is naturally SIE-

free and ωB97X becomes SIE-free for long-range electrostatic interactions. 

Table 3.  List of QM methods used for phenol-H2O single-point calculations. 

Method Code used Basis sets and approximations used 

HF 
ORCA 3.0.3 

ORCA 4.0.0 
aug-cc-pVQZ, aug-cc-pVQZ/J, RIJCOSX 

ωB97X 
ORCA 3.0.3 

ORCA 4.0.0 

aug-cc-pVQZ, aug-cc-pVQZ/J, RIJCOSX, 

Grid4, FinalGrid5 
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Table 4.  List of water approximations used for phenol-H2O single-point calculations. 

 No water (just phenol) 

Non-polarizable 
TIP3P 

TIP4P 

Polarizable 

SWM4-DP 

SWM4-NDP 

SWM6 

EFP 

Small-basis QM 

MINIX basis set on water 

STO-3G basis set on water 

def2-SVP basis set on water 

ma-def2-SVP basis set on water 
 

Because the geometries come from a full-QM geometry optimization, the structure of the 

water molecule doesn’t adhere completely to a traditional water model approximation like 

TIP3P with regards to O-H bond lengths and the H-O-H angle.  The hydrogen bond is the 

interaction of interest, so the phenol-water O-H distance was kept constant while the 

coordinates of the other water atoms were shifted to fit the geometries of the models listed 

in the non-polarizable and polarizable sections of Table 4.  The small-basis approximations 

were calculated using the original optimized geometries. 

All calculations were carried out using ORCA 3.0.3 with the exception of those in the 

polarizable category; the SWM* (Drude) approximations were calculated using Chemshell 

3.7 and ORCA 4.0.0 and the EFP calculations were calculated with Psi4 1.0.  Due to a (now 

resolved) bug in Psi4, the ω parameter of the ωB97X method was incorrect, so the error bars 

reported for the EFP approximation are with respect to the full-QM treatment in Psi4 rather 

than the ORCA value used for all other approximations.  The data for the donor and acceptor 

systems are shown together in Figure 16 and Figure 17 for the HF and ωB97X calculations, 

respectively. 

As the data in these figures are so similar both qualitatively and quantitatively, discussion of 

the results focuses on Figure 17 but is easily generalizable to that of Figure 16. 

Analysis of the results is relatively straightforward.  The data from the “no water” 

calculations, where the water molecule is completely neglected, show that removal of the 

water in the donor system increases the VIE, indicating that the presence of the water is 

favorable for this VIE and its neglect introduces a rather large error.  Conversely, for the 

acceptor system the removal of the water decreases the VIE, indicating that the presence of 

the water is unfavorable for this VIE.  This is in accordance with the previous data from 

Arey et al. 

The first trend that is immediately apparent from the data is that the errors for the donor 

system are generally larger than those for the acceptor system, especially the removal of 

water.  This indicates that the phenol-donor interaction is stronger than the phenol-acceptor 

interaction, in line with data from Figure 6 and Figure 7 showing that the well-depth is lower 

(stronger interaction) for the phenol-donor system than the phenol-acceptor system. 
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Figure 16.  Comparison of water approximations for the vertical ionization energy (VIE) of HF phenol-1H2O 

systems.  Error bars are with respect to the full-QM system calculated at the HF/aug-cc-pVQZ level.  The 

“No water” bar for the donor system is truncated and the exact value is listed at the top of the bar. 

 

Figure 17.  Comparison of water approximations for the VIE of ωB97X phenol-1H2O systems.  Error bars 

are with respect to the full-QM system calculated at the ωB97X /aug-cc-pVQZ level.  The “No water” bar for 

the donor system is truncated and the exact value is listed at the top of the bar. 

The second trend is that, for both the donor and acceptor systems, the errors for the 

polarizable approximations are lower than those of the non-polarizable approximations.  

This is particularly true for the acceptor system, where the non-polarizable approximations 

predict the wrong “kind” of interaction; because having no water is stabilizing relative to 

having water, one would expect approximations of the water to also be stabilizing to a lesser 

extent.  However, the TIP3/4P approximations show incorrect destabilizing behavior.  This 

is also the case for both systems using the EFP method, where its errors – albeit low in 

magnitude – are of the opposite sign of their respective “no water” values.  The polarizable 
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Drude models, conversely, do show the qualitatively correct behavior with errors of the same 

magnitude of the EFP model, so this indicates that Drude models might be preferred here for 

accounting for polarization effects on VIEs.  The small-basis QM approximations show poor 

behavior with the minimal basis sets (MINIX, STO-3G) and markedly better behavior with 

the double-zeta basis sets ([ma-]def2-SVP).  These results demonstrate that a double-zeta 

basis set can be sufficient for describing solute-solvent interactions to maintain full-QM 

behavior, at least at the HF/ωB97X level. 

3.3.  PHENOL-2H2O MICRO-SOLVATION SINGLE-
POINT CALCULATIONS 

Short-range solute-solvent interactions are important to calculate correctly, and the systems 

in Section 3.2 may serve as a reasonable approximation to account for a first solvation shell.  

However, longer-range solute-solvent-solvent interactions, as a second solvation shell, are 

also important to calculate correctly and may highlight shortcomings in the water 

approximations that aren’t apparent with just a single water molecule.  Therefore four 

systems were further investigated to test these water approximations, shown in Figure 18 

through Figure 21, where different donor and acceptor geometries were explored.  As in 

Section 3.2, these geometries were optimized in ORCA 3.0.3 with HF using the cc-pVDZ 

basis set. 

 
  

Figure 18.  Phenol-donor water-donor (dd) 

geometry. 

Figure 19.  Phenol-donor water-acceptor (da) 

geometry. 

 

  
 

Figure 20.  Phenol-acceptor water-donor (ad) 

geometry. 

Figure 21.  Phenol-acceptor water-acceptor (aa) 

geometry. 
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All calculations were carried out using the same methods, approximations and computational 

chemistry codes discussed in Section 3.2, except only ωB97X was used for these single-

point VIE calculations due to its previous similarity to HF results.  The treatment of water-

model geometries is complicated by the addition of another water molecule.  As before, it is 

the hydrogen-bonding interaction that is of interest, so those pertinent hydrogen-oxygen 

distances are always kept constant, but in these systems only the distal water molecule 

geometry was altered to fit a water model if appropriate.  In order to more rigorously test the 

water approximations, each geometry was calculated in two ways: first with only the distal 

water molecule approximated; and second with both water molecules approximated, referred 

to as the “2mm” systems.  Both sets of results for ωB97X are shown in Figure 22 and Figure 

23. 

 

Figure 22.  Comparison of water approximations for the VIE of ωB97X phenol-2H2O.  Error bars are with 

respect to the full-QM system calculated at the ωB97X /aug-cc-pVQZ level. 

Analysis of Figure 22 follows the same trends as in Section 3.1, namely that the polarizable 

methods are more accurate than the non-polarizable ones, the Drude methods more faithfully 

reproduce the general trends of the “no distal H2O” error bars – and show slightly lower 

error bars in general as well – and the minimal basis sets show poor behavior while the 

double-zeta ones are significantly more accurate. 

The disparity in errors between the donor and acceptor systems has largely disappeared, 

likely because the additional water molecule helps mediate any artifacts of the 

approximations.  This is supported by the fact that removing the distal water from the “dd” 

and “da” systems leads to a lower VIE (indicating that the second water is destabilizing) and 

the opposite behavior is seen in the “ad” and “aa” systems.  This is the reverse of what adding 

the single water caused in these systems, signifying some compensatory behavior by the 

second water molecule. 

These trends are reproduced in Figure 23 as well; removing the distal water stabilizes the 

VIE in the “dd” and “da” systems, while removing both waters leads to an overall 
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destabilization of the VIE of these systems, indicating the difference in behavior of the first 

and second water molecules.  These reverse of these trends are seen for the VIEs of the “ad” 

and “aa” systems. 

 

Figure 23.  Comparison of water approximations for the VIE of ωB97X phenol-2H2O systems where both 

water molecules are treated with the listed approximations.  Error bars are with respect to the full-QM 

system calculated at the ωB97X /aug-cc-pVQZ level. 

The rest of the approximations shown in Figure 23 follow the same trends discussed from 

Figure 22, with the exceptions that now the EFP model is slightly more accurate than the 

Drude models and that the disparity in errors between the “dd”/“da” and “ad”/“aa” systems 

has returned.  This second fact indicates that accurate representation of water molecules 

closer to the solute is more important than water molecules further from the solute, and this 

is shown further in Section 5.4. 

3.4.  SUMMARY 

The results from this chapter give some insight as to how to most effectively and accurately 

perform MD simulation and full-snapshot single-point calculations, though further 

investigation of these are given in Chapters 4 and 5, respectively. 

Regarding solute-solvent interactions in MD simulations, the data suggests that one ought, 

with some generality, to be able use GFN-xTB with OPLS-AA LJ parameters, using 0.97-

scaling for oxygen and nitrogen solute-solvent interactions, to obtain reasonably-accurate 

dynamics.  It must be cautioned that the simple 1D PES comparison that was done isn’t 

necessarily accurate for other interactions that can occur during the MD simulation, even 

between those specific molecule types.  For the IE calculations, Sections 3.2 and 3.3 indicate 

that one needs to use a polarizable water model to obtain good accuracy for VIEs, at least 

for the small micro-solvated hydrogen-bonding systems we investigated, or use a small (at 

least double zeta) basis set and calculate the water molecule(s) at the QM level.  All of the 

Drude SWM* models and the EFP model gave similar results and, for reasons that are 
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discussed further in Chapter 5, the Drude SWM4-DP model was chosen for this protocol for 

capturing MM water polarization effects. 
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4.  QM/MM MD PROTOCOL 

The theoretical underpinnings of molecular dynamics are well-understood and given in 

Section 2.9, but the practical side of running a dynamics simulation is less clearly defined.  

In a perfect world, with infinite computing power and time, one could run simulations to 

whatever accuracy is desired.  Unfortunately, in our imperfect world, we need to rely on 

simplifications and approximations to be able to run dynamics simulations in any 

reasonably-useful length of time. 

The specific simulation parameters that need to be employed in a dynamics simulation 

depend on many factors, not least of which is the type of simulation being run.  This protocol 

utilizes the canonical NVT ensemble which preserves number of particles (N), volume (V), 

and temperature (T) throughout the course of the simulation.  Though the NPT ensemble 

may be, strictly speaking, more similar to experiment because atmospheric pressure is also 

generally constant in redox experiments, we would expect volume-dependent changes to be 

negligible for the reactions we’re investigating. The NPT ensemble is also more complicated 

due to the use of a barostat, so we instead use the canonical NVT ensemble.  For the purposes 

of this protocol the N and V parameters are related and are investigated in a slightly indirect 

manner by way of their snapshots and the effect on the final redox potential as covered in 

Chapter 5. 

Although the work in Section 3.1 suggests that GFN-xTB with scaled OPLS-AA LJ 

parameters is appropriate for MD simulations – and this is what is employed in the results 

given in Chapter 6 – the work in this chapter was conducted prior.  Therefore, although many 

of the simulation parameters discussed in this chapter are retained in the final protocol used 

in Chapter 6, some are outdated but are herein explained because they are also utilized in 

Chapter 5. 

Each of the following sections will discuss the reasons for the parameters tested and 

employed, specific computational details, and compare to work that others in the field use.  

Except for Section 4.5, all calculations in this chapter were done on a spherical system of a 

neutral phenol molecule (QM) surrounded by 782 TIP3P (MM) water molecules, for a total 

of 2,359 atoms and a radius of 19 Å.  The TIP3P water model was employed because of its 

simplicity and good performance in simulation bulk water effects,72 and because its shared 

basic geometry with TIP4P and the Drude SWM* models greatly simplifies the later 

snapshot calculations.  Previous work by Shaw et al. shows that TIP3P is an acceptable 

model for QM/MM simulations,73 and we note that this model has also been used by 

Tazhigulov and Bravaya in their work on explicit solvation for redox potentials.7 

To preserve generality certain MD parameters were kept consistent across all sections except 

where noted in the sections which investigate specific parameters.  All simulations were run 

using Chemshell 3.7 within the NVT ensemble and were 5 ps in length with a timestep of 1 

fs.  The semi-empirical OM3 method in MNDO was used for the QM calculation with 
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electrostatic embedding of TIP3P point charges.  DL_POLY Classic was the MM code, with 

no QM-MM or MM-MM interaction cutoffs.  Except as investigated in Section 4.4, LJ 

interactions are defined using Universal Force Field (UFF) parameters on the phenol atoms, 

and pair parameters were defined with the TIP3P LJ site on the oxygen using the geometric 

mean of their r0 and ε parameters.  Temperature was maintained at 300 K by use of a 

Berendsen thermostat with a time constant of 0.5 ps, except as studied in Section 4.1. To 

maintain overall system geometry, the outer 3 Å of the system were frozen and two spherical 

boundary condition potentials of 3 hartree/bohr2 were introduced: one at 1 Å outside the 

active-frozen boundary and another only for the phenol at 5 Å from the center of the sphere, 

except in Section 4.3 where these parameters are examined further.  All hydrogens in the 

phenol had their mass modified to that of deuterium to make their vibrations slow enough to 

be compatible with the 1 fs timestep.  Initial velocities were created randomly. 

4.1.  THERMOSTAT COMPARISON 

Much as in everyday life, thermostats are used in molecular dynamics simulations to 

maintain a constant temperature.  In theory thermostats could be used to sustain any arbitrary 

temperature, but here we maintain a temperature of 300 K to allow comparison to 

experimental values at room temperature as well as other computational work. 

The two thermostats investigated here are the Berendsen and Nosé-Hoover types.  To 

investigate differences between the two types of thermostat, and to determine what the 

effects of chain length and time constant are on the Nosé-Hoover thermostat, various 

simulations were run using different parameters and the temperature was measured each 

femtosecond.  One Berendsen thermostat simulation with a time constant of 0.5 ps was 

performed, and the Nosé-Hoover thermostat was tested with Nosé-Hoover chain lengths of 

1, 2, and 4, each also with various time constants ranging from 0.02 to 1.5 ps.  The mean 

signed and unsigned errors (MSE and MUE) and standard deviations (MSSD and MUSD) 

of each thermostat treatment with respect to the target value of 300 K are reported in Table 

5. 

Analysis of the results in Table 5 considers the MSE/SD separately from MUE/SD as they 

provide different viewpoints on the data.  The MSE represents the average error from 300 K 

of each step, and in theory one would want this number to be 0.  There is a general, but not 

absolute, trend towards a larger MSE with a larger time constant, and the lower-time-

constant Nosé-Hoover thermostats perform more accurately on this measure than the 

Berendsen thermostat.  The MUE is the absolute error from 300 K of each step, and these 

values are reasonably consistent among all tests, with lower MUEs being associated with a 

higher time constant.  This data combined with the MSSD results – which can be seen to 

represent temperature fluctuations – indicates that Nosé-Hoover thermostats, particularly 

those with lower time constants, have larger fluctuations in temperature per step but are also 

more effective at balancing out those fluctuations into an overall more-accurate temperature 

over time.  The 4-chain Nosé-Hoover thermostat with a 0.02 ps time constant was chosen 

because it performed well and is consistent with other work in the literature using similar 

parameters.3,4,7,74–76 
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Table 5.  List of mean signed and unsigned errors (MSE and MUE) and standard deviations (MSSD and 

MUSD) with respect to 300 K in thermostat simulations. 

  MSE (K) MSSD (K) MUE (K) MUSD (K) 
 Berendsen 2.0 7.5 5.7 5.2 

Nosé-Hoover 

chains 
Time constant (ps)     

1 

0.1 -0.2 9.4 7.3 5.9 

0.3 0.1 8.1 6.1 5.3 

0.4 -0.6 8.3 6.3 5.4 

0.5 -0.1 8.2 6.1 5.4 

0.6 -0.3 7.9 5.9 5.2 

0.7 -0.6 8.8 6.6 5.9 

1 0.8 7.9 5.9 5.3 

1.5 1.0 7.7 5.7 5.2 

2 

0.1 0.0 10.0 7.7 6.4 

0.3 1.3 9.5 7.4 6.1 

0.4 2.3 9.5 7.5 6.3 

0.5 -4.1 9.3 7.7 6.6 

0.6 -3.0 9.3 7.7 6.1 

0.7 -3.0 8.3 6.7 5.7 

1.0 -2.7 8.1 6.7 5.4 

1.5 -2.3 8.6 6.8 5.8 

4 0.02 -0.9 9.1 7.1 5.7 

 

 

Figure 24.  Temperature graph demonstrating temperature-ramping procedure.  The simulation was started 

at a temperature of 50 K maintained for the first 250 fs, ramped to 100 K for an additional 250 fs, 150 K for 

an additional 500 fs, 225 K for 1 ps, and then the thermostat holds at 300 K starting at 2 ps and remains for 

the length of the simulation. 
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All simulations performed in Section 4.5, Chapter 5, and Chapter 6 use a temperature-

ramping scheme in order to alleviate any bad dynamics that may result from artificial starting 

placements of the water molecules relative to each other or the solute molecule.  Therefore, 

the simulations were started at a temperature of 50 K maintained for the first 250 fs, ramped 

to 100 K for an additional 250 fs, 150 K for an additional 500 fs, 225 K for 1 ps, and then 

the thermostat holds at 300 K starting at 2 ps and remains for the length of the simulation.  

This is demonstrated in Figure 24, the temperature graph of the first 10 ps from the neutral 

simulation run in Section 4.5. 

4.2.  LENNARD-JONES AND COULOMB 
CALCULATIONS 

Because the dynamics simulation is done using the QM/MM framework, care must be taken 

to ensure that the interactions both between the QM and MM regions and within the MM 

region are physically accurate.  The MM model used in this protocol, TIP3P, contains one 

LJ site (vdW interactions) and three atomic charges (Coulomb interactions) which are used 

to interact with other TIP3P MM atoms and the QM region.  Accordingly, the QM atoms 

must have defined LJ parameters (as discussed previously in Section 3.1 and later in Section 

4.4) and a way to calculate Coulomb interactions, either with the electron density around the 

QM region (electrostatic embedding) or with explicit charges defined on each QM atom 

(mechanical embedding). 

To save computational time and effort, one might employ cutoffs in calculating LJ and 

Coulomb interactions if they are far away enough from an atom that their effects are 

sufficiently small.  There are two pertinent types of cutoff in the QM/MM framework: the 

cutoff between the QM and MM atoms, and the cutoff between MM and other MM atoms.  

It is important that both of these interaction types be calculated accurately; the QM-MM 

interaction ensures that there is good behavior of the solvent around the solute – which is 

one of the main motives for this explicit solvation protocol – while the MM-MM interaction 

ensures that correct bulk water behavior is preserved.  Some previous work has shown that 

neglecting Coulomb interactions can lead to artifacts in the system,77–79 but QM-MM 

vdW/LJ interactions are most influenced only by nearby atoms.80 

We do certainly acknowledge that there likely exist cutoff ranges for both Coulomb and LJ 

interactions that allow accurate, mostly-artifact-free dynamics while saving computational 

cost compared to full calculations.  However, it was decided that since there are already 

many parameters and approximations that are involved in this protocol as a whole – as 

discussed in the previous chapter, this chapter, and the next –the additional computational 

cost added by eschewing the use of cutoffs is outweighed by eliminating this as a potential 

source of error.  Therefore (with slight exception as explained in Chapter 5) the simulations 

investigated in Chapter 5 and the final protocol as used in Chapter 6 are run with arbitrarily-

large QM-MM and MM-MM interaction cutoffs for LJ interactions. 
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4.3.  SPHERICAL BOUNDARY CONDITIONS 

The simulations run throughout this thesis are conducted using spherical TIP3P water 

clusters to represent solvation equally around the entire solute molecule.  However, if a 

simulation was run without geometric consideration, that is, starting with a spherical 

geometry and let the dynamics go, the system would not stay spherical and instead all the 

water molecules would start evaporating.  This isn’t representative of real bulk water 

behavior, and as such would produce unphysical results.  Because we are running dynamics 

on a spherical cluster, we need some way of preserving the size and shape of the system 

during the MD simulation. 

One method for this size preservation is periodic MD, which tessellates a finite volume 

infinitely in space; this involves the use of periodic boundary conditions to define the 

volume, and this method isn’t discussed further in the thesis.  This method was not used 

because we could not do cutoff-free QM/MM dynamics in Chemshell with periodic MD, 

and because we would need a charge-balancing method for the oxidized trajectory to keep 

the cell with a net neutral charge.  Another method is the use of solvent boundary potentials 

to keep the solvent molecules in a spherical shape; these operate by defining a potential such 

that the molecules interacting with it behave in the same way as if they were interacting with 

actual full solvation.81  This is a type of implicit solvation model around the explicit-

molecule dynamics.  Again, this is not discussed further in this thesis.  A simpler method, 

the one used in this thesis, is the spherical boundary condition (SBC) which defines a 

potential that, acting some distance from a center point, applies a force on molecules outside 

that boundary to push them back towards the center.  A graphical representation of the use 

of SBCs in this protocol is given in Figure 25, where the black circle represents the total size 

of the sphere. 

Because we are interested in the redox potential of the molecule in the center of the sphere, 

the bulk behavior, and more specifically the boundary behavior, of the solvent is of interest 

mainly to the extent to which it influences the more inner water behavior and its interactions 

with the solute.  Thus, we implement a two-fold method for maintaining the overall spherical 

geometry of the system.  First we freeze the outer 3 Å of the sphere; this allows the inside 

of the sphere to move normally, while ensuring there is a boundary of explicit water 

molecules to approximate bulk interactions.  This is represented by the blue circle.  Second, 

we apply an outer SBC 1 Å out from the active-frozen boundary (i.e., 2 Å in from the edge 

of the whole sphere) to prevent any active water molecules from making their way through 

the frozen region and drifting away from the sphere.  This is represented by the orange circle. 

However, there is also a concern about the solute motion itself.  As the system is spherical 

in order to provide even solvation around the whole solute molecule, it is important to ensure 

that the solute can’t move too far in one direction and result in anisotropic interactions with 

the solvent, or worse bump into the active-frozen boundary.  To do this, we added an inner 

SBC defined at 5 Å out from the center of the sphere.  This is represented by the green circle.  

This SBC applies only to the solute, so as not to affect the solvent motion, but is chosen to 

strike an appropriate balance between allowing the solute to move somewhat freely while 
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constraining it near the center of the sphere to maintain full solvation.  One artifact from this 

is discussed later in Section 5.4. 

Though the relative sizes of the frozen region and SBCs are not explored in this thesis, the 

force with which they act on molecules is investigated.  The force constants for each SBC 

were investigated separately; the inner and outer SBC force constant were varied between 0 

and 9 hartree/bohr2 and the other force constant was kept constant at 3 hartree/bohr2.  The 

temperatures of the simulation were measured and are reported in Figure 26 and Figure 27.  

The graph of each force constant having a value of 0 provides insight as to the unaffected 

dynamics of the system, and we can then compare the graphs with higher force constant 

values to determine if it is having a noticeable artificial effect. 

 

 
 

Figure 25.  Picture of general MD simulation geometry with frozen region and SBCs.  The black circle 

represents the full size of the sphere, the blue circle represents the active-frozen boundary (3 Å distance from 

black), the orange circle represents the solvent SBC (1 Å distance from blue), and the green circle represents 

the solute SBC (5 Å radius from center of sphere). 

The data for Figure 26 show that the outer SBC is slightly more resilient to the effects of a 

higher force constant, because only at 9 hartree/bohr2 do temperature artifacts become quite 

noticeable.  However, the temperature errors are still lower with 3 hartree/bohr2, and should 

be sufficient to prevent escaping solvent molecules, so this value is used in the rest of the 

protocol. 
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Figure 26.  Temperature graphs when varying outer SBC force constant in hartree/bohr2 (inner force 

constant kept at 3 hartree/bohr2). 

Figure 27 shows the data for the inner SBC and indicates more sensitivity to the strength of 

force constant used, and this is likely because this SBC is invoked much more often during 

the simulation and its artifacts would be more readily apparent.  The simulation with 9 

hartree/bohr2 crashed after 4.94 ps due to the extreme fluctuations it was causing in the 

phenol structure.  The graph at 6 hartree/bohr2 is better but, again, not as good as the 3 

hartree/bohr2 simulation which matches the no-force simulation quite well.  Also, visual 

inspection showed that the 3 hartree/bohr2 simulation was effective at keeping the phenol 

relatively centered in the sphere.  Thus for both SBCs the value of 3 hartree/bohr2 was used 

as the force constant. 

 

Figure 27.  Temperature graphs when varying inner SBC force constant in hartree/bohr2 (outer force 

constant kept at 3 hartree/bohr2).  The 9 hartree/bohr2 simulation crashed after 4.94 ps. 
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4.4.  LENNARD-JONES PARAMETER 
COMPARISON 

The protocol needs to accurately capture solute-solvent interactions in dynamics 

simulations.  As stated previously the one of most interest between phenol and water is that 

of hydrogen bonding, which itself is mostly determined by way of electrostatic interactions.  

Although previously-referenced work by Cui et al. suggests that molecular properties such 

as redox potentials are relatively resilient to different LJ parameters used,67 it is still 

important to have an accurate treatment of LJ interactions.  This requires special 

investigation because LJ parameters are typically determined in conjunction with point 

charges in a forcefield model; applying them to QM atoms to represent only part of the MM 

forcefield interaction is using them for a different purpose than they were designed and the 

behavior may be different than it would normally be in a full-MM simulation. 

To that end, we compared dynamics simulations using two sets of LJ parameters on the 

phenol: the UFF parameters, as used in other simulations in this chapter, and those derived 

from the July 2016 CGenFF CHARMM parameter file for phenol.  The values of these 

parameters are given in Table 6, and RDF data is shown in Figure 28 and Figure 29. 

Table 6.  List of LJ r0 and ε parameters for phenol with UFF and CHARMM. 

 UFF CHARMM 

Atom r0 (Å) ε (kcal/mol) r0 (Å) ε (kcal/mol) 

C 3.851 0.105 3.9848 0.07 

Aromatic H 2.886 0.044 2.7164 0.03 

O 3.5 0.06 3.53 0.1921 

Hydroxyl H 2.886 0.044 0.449 0.046 
 

As Table 6 indicates, the largest differences between the UFF and CHARMM parameters 

are that CHARMM has a much larger ε value for oxygen, indicating a stronger interaction, 

and a much smaller r0 value for the hydroxyl hydrogen, indicating a much shorter-range 

interaction from this atom.  This is because UFF has only a single r0/ε pair for each atom, 

while CHARMM has various types for different atoms to account for differences in 

environment or bonding.  In this case, CHARMM seems on its face a more physical 

representation of this molecule because it indicates the electronegative oxygen atom 

absorbing much of the electron density from the hydrogen, resulting in a stronger oxygen 

interaction from its higher electronic density and consequently a smaller electronic radius 

around the acidic hydrogen.  However, we predict that the change to the O LJ site will be 

less important than the change to the H LJ site because the phenol O LJ site doesn’t 

participate in hydrogen-bonding with water directly, while the phenol H interacts directly 

with the TIP3P oxygen LJ site. 

Figure 28 shows a radial distribution function (RDF) plot of the distance from the phenol O 

to water H over the course of the simulation.  The data is in accordance with the predicted 

results above, namely that UFF and CHARMM have qualitatively similar RDFs with regards 

to the phenol accepting hydrogen bonds from the water.  The RDFs do indicate that the 

specific structure of the solvation spheres may differ slightly, particularly with regards to the 
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second and third solvation spheres (~3-6 Å), but as noted by Cui et al. this should probably 

not have a substantial effect on the final redox potential. 

 

Figure 28.  UFF and CHARMM RDFs of phenol oxygen - water hydrogen distances. 

Figure 29, on the other hand, demonstrates a clear difference in behavior between the UFF 

and CHARMM parameters with respect to the RDF and, therefore, the extent to which 

phenol donates a hydrogen bond to water.  The UFF RDF indicates that there are no 

appreciable interactions before about 2.5 Å, and those don’t peak until about 3 Å distance, 

interactions that are much too weak to interpret as hydrogen bonding.  The CHARMM RDF 

shows a picture much more in line with chemical intuition, that there is a clear early peak 

centered around 1.9 Å which represents interactions between the phenol hydroxyl hydrogen 

donating a hydrogen bond to the water oxygen. 

 

Figure 29.  UFF and CHARMM RDFs of phenol hydrogen - water oxygen distances. 
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On the basis of this data, it was determined that CHARMM parameters should be favored 

over UFF in the protocol, despite the latter’s ease of implementation in Chemshell and 

generality for different molecules.  This is why only CHARMM parameters were tested in 

Section 3.1 for the PESs, and these parameters are used for phenol in Section 4.5 and Chapter 

5 except where noted.  However, as previously discussed in Section 3.1.3, Chapter 6 uses 

OPLS-AA LJ parameters over those of CHARMM, due to the ability of the former to easily 

apply to arbitrary molecules via the LigParGen webservice while still giving parameters 

similar to those of CHARMM. 

4.5.  SIMULATION LENGTH AND SAMPLING 

In addition to running a dynamics simulation that accurately captures the correct physics of 

the system and pertinent solute-solvent interactions, it is important to ensure that our 

protocol is accurately sampling the system for use in the snapshot calculations that actually 

yield the numerical value of the redox potential.  Our MD protocol, like most other 

simulations, relies on the ergodic hypothesis, which states that the time average of states is 

equivalent to that of the probability space; roughly, this means that correctly time-sampling 

an ergodic system, i.e., sampling long enough, should yield results in accordance with the 

phase space of the system. 

There are a few considerations to keep in mind when sampling the simulation.  First is to 

allot some time to allow the system to properly equilibrate so it isn’t unduly affected by its 

initial geometry which may be erroneous in some way.  It’s also important to allow the 

thermostat to equilibrate to the chosen temperature.  Once the system is equilibrated, one 

must determine how long to run the simulation in order to appropriately map the phase space 

of interactions and to account for potential rare events.  Along with ensuring that the 

simulation itself describes these events, one must take care that the sampling of the 

simulation – taking geometries for analysis later – also describes these events and 

interactions properly, i.e., that a sufficient number of snapshots are taken. 

More specifically to our protocol at hand, due to the LRA, the redox potential is calculated 

almost entirely on the basis of a set number of snapshots taken from two dynamics 

simulations, one for each charge state of the solute.  This means that any solute-solvent 

interactions, such as weaker or stronger hydrogen bonding, that are not captured in these 

snapshots make no contribution to the calculated redox potential regardless of their actual 

physical influence.  Therefore we need to confirm that the sampling we employ in our 

protocol represents a sufficient selection of the system. 

Unfortunately – which is one of the impetuses for the development of this general protocol 

– there is no one-size-fits-all approach to answer any of these simulation-sampling concerns.  

Proper equilibration length, simulation time, and sampling procedures vary by work.  Some 

works cited here have equilibration lengths ranging from 5 to 20 ps and simulation lengths 

ranging from 15 to 1,000 ps.4–7,82,83  We ran our simulations for 100 ps (a length achievable 

with semi-empirical QM/MM MD but more difficult for DFT MD or DFT QM/MM MD) 

with a 60 ps equilibration period and 100 snapshots taken in the last 40 ps, one per 0.4 ps 

interval. 
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To test the accuracy of this sampling, this protocol was also run for 1 ns.  These 1 ns 

simulations were run differently than in the rest of this chapter – the Small system listed in 

Table 7 in Chapter 5 – and these differences are described here.  Simulations used a small 

spherical system of neutral or oxidized phenol surrounded by 857 TIP3P water molecules 

for a total of 2,584 atoms at a radius of 19 Å.  Also, the CHARMM parameters defined in 

Section 4.4 are used here for phenol. 

Snapshots were sampled in the last 40 ps of each 100 ps segments, e.g., 100 snapshots from 

60-100 ps, 100 snapshots from 160-200 ps, and so on, for a total of 1,000 snapshots per 

simulation, and a total of 2,000 snapshots between both.  The snapshots were used according 

to the LRA as explained in Section 2.10 to generate redox potentials for each 100 ps period.  

Each snapshot was calculated using Chemshell and ORCA 4.0.0 with only the phenol in the 

QM region.  The QM level was calculated using ωB97X with the RIJCOSX approximation 

with the def2-SVP basis set and the def2/J auxiliary basis set.  These values are compared in 

Figure 30. 

Figure 30 shows that there is approximately 0.1 V variance across the 1 ns timescale, and 

the average across the whole sample sits in the middle, as might be expected.  There is 

nothing to suggest that the snapshots from the first 100 ps are deficient in some way that is 

distinct from the other 100 ps intervals, as the final 100 ps range shows the same potential, 

and the error is only ~0.05 V from the full 1 ns average.  Although – all things being equal 

– a longer and larger sampling should in general be preferred, these data suggest that the 

basic 100 ps sampling gives satisfactory accuracy, and the small benefit that might be gained 

with a longer simulation isn’t sufficient to outweigh the multiplying computational cost in 

both simulation time and snapshot calculation time. 

 

Figure 30.  Comparison of oxidation potentials for various sampling periods in a 1 ns simulation.  100 

snapshots were taken from the last 40 ps of each 100 ps interval, e.g., from 60-100 ps, 160-200 ps, etc. 

Figure 31 shows the running average of the 0-100 ps snapshots over the course of all 100 

snapshots taken in the 60-100 ps interval.  This figure shows that the running average 
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stabilizes after ~50-60 snapshots, indicating convergence of the oxidation potential within 

that range and suggesting that the values reported in Figure 30 are representative of the actual 

oxidation potential as opposed to fortuitous error cancellation of over/underestimations. 

 

Figure 31.  Running average of oxidation potential for 100 snapshots taken during the 60-100 ps interval.  

The running average of the potential stabilizes after around 50-60 snapshots. 

4.6.  SUMMARY 

This chapter outlined the reasoning behind various parameters and settings employed in the 

QM/MM MD half of the protocol.  For clarity, the QM/MM MD simulation protocol in 

Chemshell as utilized in Chapters 5 and 6 is explained below. 

The solute of choice is inserted into the center of a TIP3P water sphere (discussed in Chapter 

5), with a frozen region of 3 Å from the surface and SBCs of 3 hartree/bohr2 are applied at 

2 Å from the surface and at a 3 Å radius from the size of the solute (5 Å from center in 

Chapter 5).  Simulations are kept at a constant temperature of 300 K within the NVT 

ensemble by use of a 4-chain Nosé-Hoover thermostat with a time constant of 20 fs.  The 

QM region contains only the solute atoms, while the MM region contains all TIP3P water 

molecules.  Two 100 ps simulations are conducted, one at each oxidation state, and snapshots 

are taken from each simulation in the last 40 ps at 0.4 ps intervals for a total of 100 snapshots 

per trajectory. 

In Chapter 5, focusing only on phenol, the QM atoms and QM-MM interactions are 

calculated using OM3 implemented in Chemshell with the CHARMM LJ parameters listed 

in Table 6.  In Chapter 6, OM3 was replaced with the GFN-xTB method and code with 

OPLS-AA LJ parameters due to the fact that GFN-xTB has much faster calculation speeds 

and is usable across the entirety of the periodic table. 

In general, the proper use of LJ parameters in this protocol is not a settled question.  

CHARMM and OPLS-AA are used here and throughout the rest of the thesis because they 
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perform well enough, and seem to match what chemical intuition might indicate, but other 

parameters, or even non-LJ equations, might be investigated.76,84,85  Similarly, the specific 

SBCs and frozen region used are employed because they perform well enough, but further 

use of the protocol might well highlight shortcomings not seen in the work thus far.  

Conversely, there likely exist Coulomb and/or LJ cutoff parameters that could be employed 

to improve the speed of the simulations without a notable lack of accuracy, something that 

can be investigated further. 

 





53 

5.  QM/MM SNAPSHOT PROTOCOL 

 

Figure 32.  Thermodynamic cycle for calculation of free energy of oxidation of molecule A in solution.  𝐼𝐸𝑔𝑎𝑠 

represents the adiabatic free energy change of oxidation in the gas phase, Δ𝐺𝑜𝑥
0  is the adiabatic free energy 

change of oxidation in solution, and Δ𝐺𝑠𝑜𝑙𝑣,𝑜𝑥/𝑛𝑒𝑢𝑡 are the free energies of solvation for the oxidized radical 

and neutral species, respectively. 

Figure 32 shows a thermodynamic cycle for the calculation of the free energy change of the 

solute being oxidized in solution: 

Δ𝐺𝑜𝑥
0 = 𝐼𝐸𝑔𝑎𝑠 +  ΔΔ𝐺𝑠𝑜𝑙𝑣 (5.1) 

ΔΔ𝐺𝑠𝑜𝑙𝑣 =  Δ𝐺𝑠𝑜𝑙𝑣,𝑜𝑥 −  Δ𝐺𝑠𝑜𝑙𝑣,𝑛𝑒𝑢𝑡 (5.2) 

And this is related to the oxidation potential by the Nernst equation: 

𝐸0 =
Δ𝐺𝑜𝑥

0

𝑛𝐹
− 𝑆𝐻𝐸 (5.3) 

where 𝑛 is the number of electrons and 𝐹 is Faraday’s constant.  These equations are written 

for the oxidation reaction as shown in Figure 32 but are easily applicable to reduction 

potentials.  On the right side of Equation 5.1, 𝐼𝐸𝑔𝑎𝑠  is the gas-phase ionization energy, the 

energy required to remove an electron from the molecule in a vacuum.  ΔΔ𝐺𝑠𝑜𝑙𝑣 is defined 

in Equation 5.2, and is referred to as the gas-solvent (redox) shift.  It represents the effect of 

solvation on 𝐼𝐸𝑔𝑎𝑠 to yield the oxidation free energy change in solution, as the difference in 

solvation free energy change between the oxidized and neutral molecules. 

What we would like to ideally do here is calculate all these terms at a very high level of 

theory, such as CCSD(T), rewriting Equation 5.1 as follows: 

Δ𝐺𝑜𝑥
0,𝐶𝐶 = 𝐼𝐸𝑔𝑎𝑠

𝐶𝐶 +  ΔΔ𝐺𝑠𝑜𝑙𝑣
𝐶𝐶 (5.4) 

𝐴𝑔𝑎𝑠                      𝐴𝑔𝑎𝑠
•+ + 𝑒𝑔𝑎𝑠

−  

𝐴𝑠𝑜𝑙𝑣                    𝐴𝑠𝑜𝑙𝑣
•+ + 𝑒𝑔𝑎𝑠

−  

𝐼𝐸𝑔𝑎𝑠 

 

Δ𝐺𝑜𝑥
0  

Δ𝐺𝑠𝑜𝑙𝑣,𝑛𝑒𝑢𝑡 Δ𝐺𝑠𝑜𝑙𝑣,𝑜𝑥 Δ𝐺 = 0 
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Calculating just the 𝐼𝐸𝑔𝑎𝑠
𝐶𝐶  term is actually achievable using modern local coupled-cluster 

implementations such as DLPNO-CCSD(T) in ORCA 4.0 but, for reasons explained 

previously, calculation of ΔΔ𝐺𝑠𝑜𝑙𝑣
𝐶𝐶  is not, for practical time reasons such as the sheer number 

of snapshot calculations and larger QM regions (explained in Section 5.3), but also due to 

the lack of gradients for DLPNO-CC methods in ORCA which are required for the Drude 

polarizable MM calculations.  The function of this snapshot protocol depends largely on the 

following assumption (the use of the specific functional ωB97X is elaborated on later in 

Section 5.1): 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝐶𝐶 ≈ ΔΔ𝐺𝑠𝑜𝑙𝑣

𝜔𝐵97𝑋 (5.5) 

Equation 5.1 can then be rewritten as follows for ωB97X: 

ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X =  Δ𝐺𝑜𝑥

0,ωB97X − 𝐼𝐸𝑔𝑎𝑠
ωB97X (5.6) 

Under the linear response approximation (LRA), Δ𝐺𝑜𝑥
0  can be calculated as the average of 

VIE and VEA, as explained in Section 2.10 and reiterated below in Figure 33 and Equation 

5.7. 

 

Figure 33.  Diagram of Δ𝐺𝑜𝑥
0  calculation and the LRA framework to approximate it.  The Δ𝐺𝑜𝑥

0  value over 

many snapshots should be approximated by the average of the VIE and VEA values from the neutral and 

oxidized trajectories, respectively.  The “E” superscripts refer to oxidation state and the subscripts to 

geometries. 

Δ𝐺𝑜𝑥
0 ≈ Δ𝐺𝑜𝑥

𝐿𝑅𝐴 =  
〈𝑉𝐼𝐸〉 + 〈𝑉𝐸𝐴〉

2
(5.7) 

Equation 5.7 is then combined with Equation 5.6 to yield: 

ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X ≈  

〈𝑉𝐼𝐸〉ωB97X + 〈𝑉𝐸𝐴〉ωB97X

2
− 𝐼𝐸𝑔𝑎𝑠

ωB97X (5.8) 

The 𝐼𝐸𝑔𝑎𝑠
ωB97X term is just a straightforward adiabatic gas-phase calculation which is constant 

for the supplied gas-phase geometries, charge states, and method.  Because of this, 

ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X is just a shifted version of Δ𝐺𝑜𝑥

0,ωB97X
 and so both fall under the purview of the 

LRA.  Unless otherwise specified, LRA-based calculations in this thesis make use of all 100 

  𝐸𝑛𝑒𝑢𝑡 𝑔𝑒𝑜𝑚
𝑜𝑥               𝐸𝑜𝑥 𝑔𝑒𝑜𝑚

𝑜𝑥  

𝐸𝑛𝑒𝑢𝑡 𝑔𝑒𝑜𝑚
𝑛𝑒𝑢𝑡               𝐸𝑜𝑥 𝑔𝑒𝑜𝑚

𝑛𝑒𝑢𝑡  

𝑉𝐼𝐸 𝑉𝐸𝐴 Δ𝐺𝑜𝑥
0  
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neutral-trajectory snapshots to calculate 〈𝑉𝐼𝐸〉 and all 100 oxidized-trajectory snapshots to 

calculate 〈𝑉𝐸𝐴〉. 

Representing the aqueous free energy change (and, by extension, the oxidation potential) 

using Equations 5.4-6 is useful because it separates gas-phase and solution-phase 

contributions, allowing us to independently use very expensive but accurate calculations for 

the gas-phase ionization energy and less-expensive methods which can accurately capture 

the gas-solvent shift.  This formalism allows us to be more computationally efficient, and 

select for methods/basis sets that correctly reproduce the gas-solvent shift without much 

regard for their absolute gas-phase calculation errors.  This chapter focuses on methods for 

systematically approaching the exact value of ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X via successive approxmations.  All 

of the data presented in Chapter 5 is in terms of gas-solvent shift ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X as calculated 

using Equation 5.8. 

An important effect to account for is the system-size effect, explored in Section 5.2.  To do 

this, we used four sphere sizes comprised of TIP3P water molecules for running the 

dynamics and calculating their redox potentials.  The details of these systems are given in 

Table 7, though it must be noted that, because insertion of the solute deletes water molecules 

whose geometries clash with the solute, the number of water molecules in each system 

during dynamics and in the snapshot calculations will be lower than that reported here. 

Table 7.  List of TIP3P sphere sizes used to account for system-size effects. 

Name Radius (Å) # Water molecules 

Tiny 16.2 509 

Small 19.0 866 

Big 32.8 4,618 

9k 40.7 8,984 
 

The data in Sections 3.2 and 3.3 show that polarization is also an important effect required 

to accurately calculate pertinent solute-solvent interactions such as hydrogen bonding.  This 

can be obtained using an actual QM method for these interactions by increasing the QM 

region, as explored for the short range in Section 5.3, or through the use of a polarizable 

water model, as explored for the long range in Section 5.4. 

The MD simulations referenced in this chapter were run as described in Section 4.5, except 

where noted, using the various sizes listed in Table 7. 

5.1  BENCHMARKING QM METHODS FOR 
VERTICAL GAS-SOLVENT SHIFTS 

Equation 5.6 deals with adiabatic systems, accounting for geometry changes between the 

two states.  However, we can also perform similar calculations with only a single geometry, 

called the vertical ionization energy.  This can be used to calculate the vertical gas-solvent 

shift ΔΔ𝐺𝑠𝑜𝑙𝑣
𝑉𝐼𝐸 , hereafter represented as ΔΔ𝑉𝐼𝐸𝑠𝑜𝑙𝑣 , which was explored in order to 

benchmark various QM methods with respect to a high-level coupled-cluster (CC) reference. 
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A selection of methods and basis sets explored for this quantity are given in Table 8. 

Table 8.  List of methods and basis sets calculated for vertical gas-solvent redox shift accuracy. 

Method Basis sets and approximations used 

DLPNO-CCSD(T) Extrapolate(2/3,def2), RIJCOSX 

ωB97X def2-SVP, def2/J, RIJCOSX, Grid4, FinalGrid5 

PBE def2-SVP, def2/J, RIJCOSX, Grid4, FinalGrid5 

HF def2-SVP, def2/J, RIJCOSX 

B3LYP def2-SVP, def2/J, RIJCOSX, Grid4, FinalGrid5 
 

VIE calculations were carried out using ORCA 4.0.1 on a single snapshot with phenol 

surrounded by 500 TIP3P H2O molecules, for a total of 1513 atoms and a radius of 16.2 Å.  

In each calculation a QM region is defined as a number of angstroms away from the phenol 

inside of which all water molecules are calculated at the QM level rather than the TIP3P 

forcefield.  These region definitions are explained more thoroughly in Section 5.3, and the 

difference from the gas-phase phenol calculation at each level of theory and QM region size 

is given as the vertical gas-solvent redox shift in Figure 34. 

 

Figure 34.  ΔΔ𝑉𝐼𝐸𝑠𝑜𝑙𝑣 for increasing QM regions with various methods and functionals.  The data show that 

both ωB97X and HF show comparable results to DLPNO-CCSD(T). 

The data in Figure 34 show that the HF and DFT methods have good accuracy with respect 

to the DLPNO-CCSD(T) values of ΔΔ𝑉𝐼𝐸𝑠𝑜𝑙𝑣  in accordance with their level of Hartree-Fock 

exchange: the HF and range-separated ωB97X method (which goes to 100% HF exchange 

at range) are much more accurate than the 20%-HF-exchange B3LYP, which is vastly more 

accurate than the pure-DFT PBE functional.  We believe that this is due to the poor long-

range behavior of pure or global hybrid DFT methods with the self-interaction error, a 

problem that is essentially fixed by including 100% HF exchange at long range. 

Overall the data show that both HF and ωB97X gives a faithful reproduction of the gas-

solvent shift with DLPNO-CCSD(T) as reference.  However, there were occasional SCF 
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convergence problems with the HF method that make it unsuitable for a hands-off method.  

Therefore, ωB97X as reported in Table 8 is used throughout this chapter and Chapter 6 in 

the gas-solvent shift calculations.  However, it is still infeasible to calculate whole solvated 

systems even using DFT with a relatively small basis set.  Instead, a few simple 

approximations are employed here which should still accurately capture the gas-solvent 

shift.  These are described in the following sections. 

5.2.  EFFECT OF INCREASING SYSTEM SIZE 

Implicit solvation models place the solute in a cavity inside of a polarizable dielectric 

medium defined by the dielectric constant of the solvent of choice.  The dielectric constant 

roughly represents the polarity of the solvent molecule, i.e., a more polar solvent is 

associated with a larger dielectric constant.  Both the solute and continuum solvent polarize 

each other via surface charges.  As discussed, this can be useful for representing bulk 

properties of the solvent but is insufficient in general for correctly capturing solute-solvent 

interactions. 

Instead, explicit solvation introduces actual solvent molecules into the system to calculate 

these interactions.  This can be successful with only a few well-placed molecules guided by 

chemical intuition when combined with implicit solvation for bulk effects, but one can’t 

truly know if they have an adequate number of molecules or when they have accurately 

sampled the phase space sufficiently with those molecules.  Indeed, the earlier results in 

Sections 3.2 and 3.3 demonstrate that effects can be quite large between calculating a system 

with 0, 1, or 2 water molecules, and these trends are found in other work employing micro-

solvation like this.2,6,31  The phase space problem can be somewhat circumvented by 

employing MD simulations and correctly sampling the dynamics, as discussed in Section 

4.5, but the question of system size required to adequately model full solvation still remains. 

Periodic MD sidesteps this to some extent with infinite tessellation of a cell, and the cell size 

itself can be extended, but the spherical water MD employed in this thesis has no such 

benefits.  Instead, we must manually define water spheres of various sizes.  As previously 

stated, for this protocol we are really only interested in the behavior of the water to the extent 

that it interacts with the solute (phenol in this chapter) and affects the redox potential; one 

would expect these effects to be stronger with closer solvent molecules and weaker with 

more distal ones (as suggested in Figure 17 and Figure 22) and therefore there should be 

some point at which adding more water molecules in a larger sphere will have a negligible 

effect upon the redox potential.  Figure 35 investigates the effect of increasing system sizes 

on the gas-solvent redox shift, ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X, calculated using Equation 5.8.  All 100 snapshots 

from each trajectory (400 total energy calculations) were calculated via single-point 

QM/MM with the phenol calculated using ωB97X with electrostatic embedding of all water 

molecules, which were represented with the TIP3P point charges. 
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Figure 35.  ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋 values for different sphere sizes. 

At first it appears that there are quite large system size effects to be accounted for, as the 

jump from the Tiny to Small system is -0.12 eV and from Small to Big is another -0.15 eV 

but, despite nearly doubling the volume of the system, there appears to be very little effect 

on ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X from the Big to 9k geometries, suggesting that we are approaching the bulk 

solvation point somewhere around a 33–41 Å system radius.  This is in line with other 

literature using similar dynamics parameters.5,6 

 

Figure 36.  Inverse radius bulk extrapolation effect on gas-solvent redox shift.  Also shown is the least-

squares line of best fit and r2 value. 

However, work by Bravaya demonstrates that solvation effects for this property are 

dependent on the inverse radius of the solvation sphere and that these effects are substantial; 

they suggest applying a simple 1-point extrapolation based on Born solvation theory.7  Here 
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the data from Figure 35 is plotted against the inverse radius of each sphere given in Table 7 

and found to exhibit linear behavior.  Therefore, a line of best fit is extrapolated to an inverse 

radius of 0, representing an infinitely large sphere.  This extrapolation is shown in Figure 

36. 

These extrapolation results from Figure 36 are expounded upon further in Section 5.3.  For 

now we note that the bulk effect even beyond the 9k sphere is a rather-substantial -0.27 eV, 

almost as large as the -0.26 eV change from the Small to the 9k spheres which represents an 

order of magnitude increase in number of molecules.  This gives a ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X of -2 eV as 

compared to ~-1.7 eV from the Big and 9k spheres which might have been assumed to be at 

the bulk limit previously.  The computational costs of trying to reach this effect with a normal 

simulation are too extreme to attempt, at least for us using DL_POLY in Chemshell. 

While this scheme does demonstrate that bulk solvation effects are significant and need to 

be taken into account beyond even a sphere of >40 Å radius, it is less-than-ideal to require 

four separate MD simulations at different sizes, especially with the 9k system already being 

quite computationally expensive.  To this end, we investigated if we could capture this effect 

by instead cutting smaller cluster sizes out of the Big sphere snapshots at radii similar to 

those of the Small and Tiny systems to save the time of running multiple simulations, and 

then extrapolate to the bulk limit.  These clusters are cut based on a distance from the center 

of mass of the system, which is not necessarily the center of the phenol molecule; this helps 

preserve any anisotropic effects that might have arisen from the phenol’s movement during 

the simulation.  The results of these calculations, again with the phenol calculated using 

ωB97X with electrostatic embedding of all water molecules calculated with the TIP3P point 

charges, are shown in orange in Figure 37. 

 

Figure 37.  Comparison of sphere-cutting/extrapolation methods for their bulk extrapolated effect on 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋.  Moving from a multi-MD approach (blue) to cutting smaller spheres from only the Big 

simulations (orange) (with the OM3 method used during the simulation) gives an 0.11 eV difference in the 

bulk extrapolated value.  Replicating the methodology of the orange line with a simulation using GFN-xTB 

as the QM method shows a decrease of 0.23 eV (green). 

y = 13.588x - 2.11
R² = 0.9998

y = 13.774x - 2.3436
R² = 0.9915

y = 10.373x - 1.9971
R² = 0.9929

-2.6

-2.4

-2.2

-2

-1.8

-1.6

-1.4

-1.2

-1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Δ
Δ

G
so

lv
ω
B
9
7X

(e
V

)

Inverse radius (1/Å)

Big cut spheres

Big cut spheres (GFN-xTB)

4 size spheres



60 

The results of Figure 37 show the blue (4 separate MD size extrapolation) and orange 

(cutting spheres from the big sphere) methods for deriving different system sizes have a 

difference of 0.11 eV.  It is not, however, immediately clear which method is the better one.  

Both slopes are larger than those reported by Bravaya in their extrapolation, and though the 

orange line is derived from a more-similar methodology it has a slope almost twice that 

reported by Bravaya for phenol. 

This was investigated even further using snapshots from another simulation where OM3 was 

replaced with GFN-xTB and the phenol LJ parameters were replaced with the scaled OPLS-

AA parameters as described for the final version of the protocol in Chapter 6.  Here 17 

smaller sizes were cut from a Big sphere simulation and the results shown in blue in Figure 

38.  The largest sphere is the original Big sphere with radius 33 Å, and each successively 

smaller sphere is cut down by ~1.5 Å. 

 

Figure 38.  Many-point extrapolation of GFN-xTB Big MD simulation for bulk solvation effects on 

 ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋. 

The figure shows that the spheres with radii very close to that of the original snapshots show 

an extremely steep slope which is mediated by the rest of the points with smaller radii.  This 

is likely just due to the method by which the code cuts the clusters down to their new sizes, 

which includes all molecules with any atom within the defined radius from the center of 

mass of the snapshot.  This is vulnerable to cutting artifacts where the new system might not 

be quite spherical.  However, the initial underestimation of the gas-solvent redox shift by 

these larger spheres is averaged out by the more well-behaved linear behavior of the smaller 

spheres.  Because the extrapolation plot using radii similar to those from the OM3 simulation 

cutting also results in nearly the same slope (shown in green in Figure 37) we believe the 

overall slope and value given in blue in Figure 38 is reliable. 

However, the data in blue in Figure 38 still requires 17 full redox calculations, each of which 

requires 400 single-point-geometry calculations.  Therefore, we determined a smaller set of 

7 radii to reproduce similar results with fewer distinct calculations required.  These results 
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are shown in orange in Figure 38.  As can be seen, the results using only the 7 spheres is 

nearly identical to that of the full data set, and this is the protocol used throughout Chapter 

6.  The difference between the shift calculated just using the original Big simulation 

snapshots with full electrostatic embedding of TIP3P point charges, ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔
ωB97X , and the 

bulk extrapolated value, ΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘
ωB97X , is referred to as ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘

ωB97X .  To a first 

approximation, we can now define ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X using the following equation: 

ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X ≈ ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔

ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘
ωB97X (5.9) 

5.3.  EFFECT OF INCREASING QM REGION 

The previous section treats only the phenol quantum-mechanically and all the water 

molecules using non-polarizable TIP3P point charges, but previous results in this thesis 

demonstrated that accounting for solute-solvent polarization is important in the calculation 

of redox potentials.  One method for doing this was explored in Sections 3.2 and 3.3 with 

the use of polarizable water models.  Though these were shown to reproduce the full-QM 

VIE for the micro-solvated systems with good accuracy, Figure 23 indicates that these errors 

could be compounding with larger numbers of MM atoms in the calculation.  Therefore, we 

opted instead to treat short-range polarization at the QM level, to capture important 

interactions like hydrogen bonding, by increasing the region that is described accurately 

quantum-mechanically with the ωB97X method. 

This is done by defining a QM region cutoff from the phenol.  In this and later sections, the 

“QM X” region refers to phenol and all water molecules with an atom within X Å of any 

phenol atom being calculated quantum-mechanically at the ωB97X/def2-SVP level and the 

rest of the water molecules being approximated as TIP3P point charges.  Figure 35 can now 

be recreated for the 4 different sphere sizes using a variety of increasing QM regions and 

these data are shown in Figure 40.  Representative images of these QM regions and their 

approximate average number of atoms across all sizes (which may not match the figure) are 

shown in Figure 39. 

Figure 40 shows that there is a large difference in the calculated gas-solvent redox shift with 

an increasing QM region, up to ~-0.4 eV.  This is hardly surprising given the demonstrated 

importance of polarization on the redox potential.  These results can now be treated as before 

in Figure 36 with the 4-point extrapolation, and this is demonstrated in Figure 41. 

Figure 41 indicates that the effect of increasing the QM region on the redox shift plateaus at 

~5–6 Å away from the phenol.  There are likely longer-range polarization effects that need 

to be accounted for, but doing these with larger QM regions is computationally infeasible.  

These long-range polarization effects are instead investigated in Section 5.4 using the 

SWM4-DP polarizable water model. 
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QM 0 Å (13 atoms) QM 2 Å (~16 atoms) QM 3 Å (~49 atoms) 

 
 

QM 4 Å (~103 atoms) QM 5 Å (~154 atoms) 

 
QM 6 Å (~232 atoms) 

 

Figure 39.  Representative images of QM region sizes around phenol.  Atom numbers represent approximate 

averages across trajectories and system sizes. 
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Figure 40.  Effect of increasing QM region on ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋 for different sphere sizes. 

 

Figure 41.  Effect of increasing QM region on bulk solvation effect extrapolation on ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋. 

Because the slopes of all the extrapolations in Figure 41 are so similar, the effect that larger 

QM regions has on the bulk-extrapolated gas-solvent redox shift can be very well 

approximated as the effect of increasing to that region using only one sphere size.  This effect 

is referred to as ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀
ωB97X  and can be added to Equation 5.9 to give an improved estimate 

of ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X: 

ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X ≈ ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔

ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘
ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀

ωB97X (5.10) 
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5.3.1.  INEXPENSIVE ESTIMATION OF INCREASING QM REGION 

EFFECT 

 

 

Figure 42.  Representation of inexpensive QM-region expansion effect estimation.  The 5 snapshots with 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋 values closest to the average over all 100 snapshots (black line) with a QM region of 0 Å are used 

to estimate the ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋 value with a QM region of 6 Å; the estimated average is shown with the red line. 

Although the results of the previous section show that including surrounding water 

molecules in the QM calculation can have a large effect on the calculated gas-solvent redox 

shift, it also indicates that a QM region of 5-6 Å is necessary for convergence.  However, 

these sizes can involve up to a couple hundred atoms in the QM region which results in 

expensive calculations even with the smaller double-zeta basis set.  This expense is 

especially exaggerated when considering that each redox potential value comes from 400 

energy calculations (100 snapshots × 2 trajectories × 2 energy calculations per geometry).  

Therefore, improvements to computational efficiency for these large-QM-region effects can 
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be very useful for the practical usability of the protocol.  A method for inexpensively and 

accurately estimating the effect of a large QM region calculation is shown in Figure 42. 

The general form of the estimation can be seen by comparing the shape of each snapshot 

gas-solvent shift (blue line) and the running average of the shift (orange line).  The black 

line in each graph represents the average gas-solvent shift over all 100 snapshots, and the 

red line in the second graph represents the average of the few calculated snapshots.  The 

estimation procedure rests on the assumption that the snapshots with shifts close to the full 

average are representative of the whole system, and that this representation should be 

conserved between calculations with different QM region sizes. 

This relationship is demonstrated graphically in Figure 42, where the snapshots from a 

simulation using the Tiny sphere were calculated with ωB97X in the QM region and TIP3P 

for the MM region.  The 5 snapshots closest to the average gas-solvent redox shift with a 

QM region of 0 Å (just the phenol treated with QM) are represented with red dots.  These 

same snapshots are then calculated with an increased QM region of 6 Å and this estimated 

average is compared to the full oxidation potential with all 100 snapshots using the 6 Å QM 

region.  The numerical results of this estimation procedure are summarized in Table 9. 

Table 9.  Gas-solvent shift data for QM 0 - QM 6 QM region expansion effect estimation. 

QM region 
Exact shift with 100 

snapshots (eV) 

Estimated shift with 5 

snapshots (eV) 
Estimation error (eV) 

0 Å -1.345 -1.345 0.000 

6 Å -1.734 -1.723 0.011 
 

To demonstrate that the accuracy of this estimation is generalizable, Table 10 shows the 

accuracy of the same estimation procedure with the various simulation sphere sizes.  The 

results from Table 10 demonstrate that this estimation procedure is robust to different sphere 

sizes and QM regions, indicating that we can very accurately account for large QM region 

effects at a fraction of the computational cost of calculating the entire system with that large 

region. 

 

Table 10.  Summary of QM region expansion estimation for various sphere sizes from the QM 0 Å region. 

Sphere 
QM region 

estimated (Å) 

Exact shift with 

100 snapshots 

(eV) 

Estimated shift 

with 5 snapshots 

(eV) 

Estimation error 

(eV) 

Tiny 

2 -1.462 -1.451 0.011 

3 -1.654 -1.631 0.023 

4 -1.706 -1.692 0.014 

5 -1.704 -1.681 0.023 

6 -1.734 -1.723 0.011 

Small 

2 -1.585 -1.596 -0.012 

3 -1.779 -1.803 -0.024 

4 -1.857 -1.860 -0.004 

5 -1.851 -1.845 0.006 

6 -1.883 -1.864 0.019 
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Big 

2 -1.811 -1.793 0.018 

3 -2.024 -2.009 0.016 

4 -2.076 -2.084 -0.008 

5 -2.063 -2.045 0.018 

6 -2.101 -2.116 -0.015 

9k 

2 -1.860 -1.847 0.014 

3 -2.051 -2.030 0.021 

4 -2.124 -2.096 0.028 

5 -2.124 -2.072 0.052 

6 -2.156 -2.116 0.039 
 

5.4.  EFFECT OF LONG-RANGE POLARIZATION 

Although increasing the QM region around the solute proves to be an effective solution to 

account for short-range polarization effects, it is infeasible and potentially unnecessary for 

calculating longer-range polarization effects.  There will be some error in the polarization of 

the boundary of the largest QM region interfacing with the static, non-polarizable TIP3P 

point charges that we aim to alleviate by creating another shell outside of the QM region that 

is treated with a polarizable water model, a few of which were explored in Sections 3.2 and 

3.3 and are expounded upon below. 

The Drude SWM* models were explained in Section 2.8.1, and are the models employed in 

this section and in Chapter 6, but another commonly-used polarizable water model is the 

effective fragment potential (EFP) which was also briefly explored in Sections 3.2 and 3.3.  

In contrast to the Drude water models, which add a Drude particle that can move to represent 

electronic polarization, the EFP model uses higher-order multipoles such as quadrupoles and 

octopoles to account for Coulomb interactions, polarization, and repulsion interactions.41 

EFPs have been used by others engaging in work similar to that conducted in this thesis,4–

7,86 but here we opted instead to use SWM4-DP as our polarizable MM water model.  The 

previous results from Figure 17, Figure 22, and Figure 23 show that all of these polarizable 

models have similar accuracy, and this is further confirmed in Table 11 and Table 12 for the 

SWM* Drude models. 

Table 11.  Comparison of polarizable SWM4-DP and SWM4-NDP models for ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋 on the Tiny sphere.  

Only the phenol is calculated quantum-mechanically. 

QM region SWM4-DP shift (eV) SWM4-NDP shift (eV) Difference (eV) 

0 Å -1.57 -1.61 0.04 

2 Å -1.64 -1.67 0.03 

3 Å -1.81 -1.86 0.05 

4 Å -1.88 -1.94 0.06 
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Table 12.  Comparison of polarizable SWM4-DP and SWM6 models for ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋on the Small sphere.  

Only the phenol is calculated quantum-mechanically. 

QM region SWM4-DP shift (eV) SWM6 shift (eV) Difference (eV) 

0 Å -1.67 -1.70 0.04 

2 Å -1.74 -1.76 0.02 

3 Å -1.91 -1.96 0.05 

4 Å -2.01 -2.08 0.07 
 

The SWM4-DP model was chosen over the other SWM* Drude models because it is 

computationally simpler and quicker and requires less modification of the original TIP3P 

geometry from the snapshots, without suffering a large loss in accuracy.  Similarly, it was 

chosen over the EFP model because, also having been shown in in Figure 17, Figure 22, and 

Figure 23 to be comparably accurate to EFPs, SWM4-DP has the advantage of being easily 

implemented in Chemshell with the already-used ORCA and DL_POLY codes, whereas 

EFP calculations involve the addition of another code, Psi4.  Also, from a more practical 

perspective, we had a lot of trouble with SCF convergence issues when trying to run large 

calculations using EFPs; this could be worked around in the short term when testing these 

models, but we could not find a general solution to this problem.  This is discussed further 

in Section 6.3.1. 

The extrapolation procedure and increased-QM-region effects demonstrated in the previous 

sections apply equally well to calculations where all non-QM water molecules are treated 

with SWM4-DP as shown in Figure 43.  The differences in the bulk solvation correction 

between the TIP3P bulk extrapolation (Figure 41) and the SWM4-DP bulk extrapolation are 

compared in Table 13.  Figure 43 also contains the TIP3P QM 0 extrapolation plot, which 

will be explained at the end of this section. 

 

Figure 43.  Bulk-solvation extrapolation for SWM4-DP calculations with increasing QM regions.  Addition 

of polarization causes approximately -0.2 eV change to ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋, and increase of QM regions shows the 

same trends as with TIP3P calculations. 
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Table 13.  Comparison of bulk-extrapolated gas-solvent redox shift between TIP3P and SWM4-DP water 

models for various QM regions. 

QM region 
TIP3P extrapolated 

shift (eV) 

SWM4-DP extrapolated 

shift (eV) 

SWM4-DP change 

(eV) 

0 Å -2.00 -2.24 -0.24 

2 Å -2.13 -2.32 -0.19 

3 Å -2.34 -2.51 -0.17 

4 Å -2.40 -2.61 -0.21 

5 Å -2.40 -2.60 -0.20 
 

The results from Table 13 indicate that there is still a large effect by including an effective 

polarizable water model even with a QM region of 5 Å which was showing diminishing 

returns for short-range polarization effects.  The effect is also greater for a QM region of 0 

Å than larger regions, which is in line with intuition that polarization of water molecules 

very close to the solute, such as those with hydrogen bonding, is the most important; once 

those are already accounted for in a QM region of ≥2 Å the polarization effect is less 

pronounced. 

However, these polarization calculations introduce many Drude particles into the system and 

greatly complicate each QM calculation.  This is because the Drude particles have their 

positions self-consistently optimized during the course of each calculation by minimizing 

the force acting on them from the QM atoms and other MM atoms.  This requires multiple 

expensive QM gradient calculations on top of the normal electronic SCF calculations, and 

this must be repeated for all 400 calculations.  Fortunately, the same estimation procedure 

outlined in Section 5.3.1 sees similar success when dealing with polarization, but iteratively 

solving many QM SCF and gradient cycles with the ωB97X/def2-SVP method is still quite 

expensive.  Therefore, we investigated the use of other, less-expensive methods for 

calculating the polarizable effect on the gas-redox solvent shift.  It was postulated that the 

effect should be largely due to the change in water model from TIP3P to SWM4-DP and 

somewhat insensitive to the QM method used.  We investigated a range of methods and basis 

sets, listed in Table 14, and the effect of increasing the size of the polarizable water region 

is reported in Figure 44.  Similar to how the QM regions are defined, the polarizable water 

regions are defined as a number of Å away from any atom in the QM region, and contain 

any molecule with a single atom in that range.  This is shown graphically in Section 5.5.  

These calculations were done on a single snapshot from a 9k simulation with phenol 

surrounded by 8,975 H2O molecules, for a total of 26,938 atoms and a radius of 41 Å.  The 

QM region was always 5 Å and the SWM4-DP regions are defined out from that. 

There are a few broad points to be made from the data in Figure 44.  First is that all of the 

methods, except GFN-xTB, are within approximately 0.1 eV of each other.  All of the DFT 

methods are ordered, similar to Figure 34, roughly by their level of Hartree-Fock exchange; 

HF has the largest effect, followed by the range-separated ωB97X, B3LYP, then PBE, the 

latter of which also performs very similarly to OM3.  It also appears that there is a relatively 

small effect on switching ωB97X from the double-zeta def2-SVP to the minimal MINIX 

basis set, and HF MINIX performs similarly to both as well.  These three methods are 

investigated in Chapter 6 for the polarizable correction. 
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Table 14.  List of methods compared for polarizable-region increase effect on gas-solvent redox shift. 

Method Code used Basis sets and approximations used 

ωB97X ORCA 4.0.1 
def2-SVP, def2/J, RIJCOSX, Grid4, FinalGrid5 

MINIX, def2/J, RIJCOSX, Grid4, FinalGrid5 

HF ORCA 4.0.1 MINIX 

PBE ORCA 4.0.1 def2-SVP, def2/J, RIJCOSX, Grid4, FinalGrid5 

B3LYP ORCA 4.0.1 def2-SVP, def2/J, RIJCOSX, Grid4, FinalGrid5 

OM3 MNDO - 

GFN-xTB xTB - 
 

The other broad point to be drawn from Figure 44 is the general shape of each graph.  All 

methods settle into a relative plateau by approximately 15 Å (a total of 20 Å out from the 

phenol) and remain until each has a sharp decrease around the 30 Å region.  Analysis of the 

snapshot geometry shows that, due to the phenol not being centered in the sphere, this is the 

size at which some of the outermost water molecules, which are in the vacuum, begin to be 

included in the polarizable region.  The combination of anisotropy and strange polarization 

effects due to the vacuum lead to spurious increases in the observed effect of SWM4-DP 

polarization.  Therefore, in the version of the protocol used in Chapter 6, the outermost ~5 

Å of the sphere are kept as TIP3P water molecules to provide a water-like boundary for the 

SWM4-DP model to better approximate full water solvation. 

 

Figure 44.  Comparison of methods and region sizes for effect of SWM4-DP polarization on ΔΔ𝑉𝐼𝐸𝑠𝑜𝑙𝑣.  

Calculations were carried out on a single snapshot from a 9k simulation with a radius of 41 Å.  Results show 

a plateau of ΔΔ𝑉𝐼𝐸𝑠𝑜𝑙𝑣 effects at a polarization region of ~15 Å on top of a QM region of 5 Å.  The decrease 

at 30 Å is likely due to erroneous vacuum effects on the polarization. 

Figure 43 demonstrates the effect that adding polarization can have on the gas-solvent redox 

shift.  As before in Section 5.3, because the slopes of the extrapolations are all so similar, 

calculating the difference in shift for any sphere size gives a very good approximation to the 

effect this has on the extrapolated value as well.  However, it must be noted that the QM 

region used for the calculation of the polarizable correction ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙
ωB97X  should be the same 
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as that used in the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀
ωB97X  correction in order to avoid double counting of polarization 

effects.  Equation 5.10 can now be further updated to include the effects of long-range 

solvent polarization: 

ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X ≈ ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔

ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘
ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀

ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙
ωB97X (5.11) 

This equation represents what is seen in the extrapolated value for the QM 5 graph in Figure 

43: the bulk extrapolated value of a large QM region using a polarizable water model.  The 

final estimated value for our phenol test system for the gas-solvent redox shift is -2.60 eV, 

which is in good agreement with the experimental value of ~-2.76 eV.2,4,5  However, thus 

far this equation and the corrections have only been tested on phenol; though we did not 

purposefully parametrize the protocol towards this in any way, the potential for unconscious 

bias remains, and some of our assumptions and approximations may only be valid for phenol.  

This necessitates testing of the protocol and Equation 5.11 on a test set of other molecules. 

5.5.  SUMMARY 

 

 

Figure 45.  Representation of regions used in snapshot calculations for ΔΔ𝐺𝑠𝑜𝑙𝑣 estimation.  The green oval 

is represents the ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔
ωB97X  calculation, the blue circle represents the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀

ωB97X  correction, the orange 

circle represents the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙
ωB97X  correction, and the arrows represent the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘

ωB97X  correction. 

This chapter has demonstrated the importance of properly accounting for bulk solvation 

effects, short-range polarization effects, and long-range polarization effects on redox 

potential calculations in our explicit solvation protocol.  Equation 5.11 outlines a method for 

ΔΔΔ𝑮𝒔𝒐𝒍𝒗,𝒑𝒐𝒍
𝝎𝑩𝟗𝟕𝑿  

ΔΔΔ𝑮𝒔𝒐𝒍𝒗,𝑸𝑴
𝝎𝑩𝟗𝟕𝑿  

ΔΔ𝑮𝒔𝒐𝒍𝒗,𝑩𝒊𝒈
𝝎𝑩𝟗𝟕𝑿 

ΔΔΔ𝑮𝒔𝒐𝒍𝒗,𝒃𝒖𝒍𝒌
𝝎𝑩𝟗𝟕𝑿  
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effectively but efficiently calculating the ΔΔ𝐺𝑠𝑜𝑙𝑣 quantity, which is what this protocol really 

focuses on.  This quantity can then be applied to very accurate DLPNO-CCSD(T) gas-phase 

calculations to reproduce the redox potential.  The final version of the protocol and methods 

for calculating each term in Equation 5.11 are explained in the following section.  The 

qualitative structure of how each region is defined to obtain their correction terms is shown 

in Figure 45. 

This represents how the terms in Equation 5.11 are calculated from the single simulation size 

snapshots.  ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔
ωB97X  comes from calculations on all 100 snapshots per trajectory from a 

Big simulation where only the phenol is treated with ωB97X and all waters are treated with 

TIP3P point charges; this is then corrected with the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀
ωB97X  term by adding the change 

in going from just the QM phenol to a larger QM region, but still with all non-QM waters 

treated with TIP3P, and is only done on the 5 representative snapshots per trajectory as 

outlined in Section 5.3.1.  This is then further corrected with the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙
ωB97X  term by adding 

the change when most of the outer sphere of water is calculated using the polarizable SWM4-

DP water model instead of TIP3P, also only calculated on the 5 representative snapshots per 

trajectory.  Finally, the spheres are cut down to the radii shown in Figure 38 and 

ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘
ωB97X  is evaluated with least-squares extrapolation of gas-solvent shift against 

inverse radius; this term involves all 100 snapshots per trajectory × 8 radii (ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔
ωB97X  data 

plus 7 smaller cut radii) for a total of 800 snapshots per trajectory.  All told, calculation of 

ΔΔ𝐺𝑠𝑜𝑙𝑣
ωB97X from Equation 5.11 involves 7,280 single-point energy calculations. 
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6.  PROTOCOL RESULTS AGAINST 

SMALL TEST SET 

In this chapter, we investigate the use of the protocol on a small test set of 19 molecules used 

previously by Pantazis et al.2  This test set was chosen because of the excellent work they 

did in collecting good experimental and high-level CCSD(T) data for both the gas phase 

ionization energy and oxidation potential of each species, giving a good basis for comparison 

with our own protocol.  It also features a wide variety of molecules: phenol itself, for 

benchmarking against all the data in the previous chapters, many phenol and benzene 

derivatives to test the applicability of the protocol to molecules slightly different from what 

was investigated previously, and a few non-aromatic and non-cyclic molecules to test the 

generality of the protocol further.  All these molecules and their respective experimental data 

for 𝐼𝐸𝑔𝑎𝑠 , ΔΔ𝐺𝑠𝑜𝑙𝑣, and Δ𝐺𝑠𝑜𝑙𝑣
0  are given in Section 6.1.  Here for the sake of clarity we 

outline the exact method by which the protocol operates to calculate the oxidation potential 

of the molecules in the test set. 

Geometries used were those provided in the SI in the study by Pantazis et al. for the gas-

phase-optimized species.  The neutral geometry for each species was fed into the OPLS-AA 

webservice LigParGen69–71 to obtain the CHARMM/NAMD *.prm file which provides LJ 

parameters for each atom in the solute and automatically neglects polarized hydrogens.  

These parameters were combined with the TIP3P LJ parameters on the oxygen using the 

geometric mean for r0 and ε interactions to create pair parameters for each atom type which 

define the forcefield along with the TIP3P point charges.  The LJ r0 pair interaction was 

scaled by 0.97 if the solute atom was oxygen or nitrogen as discussed in Section 3.1.  Solutes 

were inserted into the center of the Big sphere surrounded by approximately 4,618 H2O 

molecules. 

The simulation was run in our modified Chemshell 3.7 version (discussed in Section 2.11) 

with the solute treated quantum-mechanically with GFN-xTB using electrostatic embedding 

of point charges with the damping disabled, and the MM region consisting of all TIP3P water 

molecules calculated using DL_POLY.  No QM-MM or MM-MM interaction cutoffs were 

used.  Temperature was maintained at 300 K (with the temperature-ramping outlined in 

Section 4.1) using a 4-chain Nosé-Hoover thermostat with a time constant of 0.02 ps in the 

NVT ensemble.  The outer 3 Å of the sphere was kept frozen throughout the simulation.  

SBCs with a force constant of 3 hartree/bohr2 were maintained at a distance of 2 Å in from 

the outer edge of the sphere and a distance of 3 Å out from the radius of the solute from the 

center, the latter applying only to solute atoms.  Simulations were initiated using random 

starting velocities.  Two simulations, one with the neutral solute and one with the oxidized 

solute, were run for 100 ps each and the last 40 ps had snapshots taken at 0.4 ps intervals for 

a total of 100 snapshots per trajectory. 
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Methods used in the snapshot calculations were divided into three qualitative types: high-

level, mid-level, and low-level methods.  These are listed in Table 15 along with the MD 

method GFN-xTB.  Final redox potentials are calculated using Equations 5.4-8 and 5.11, as 

explored throughout Chapter 5, but a few specific equations are reproduced here for clarity. 

𝐸0 =
Δ𝐺𝑜𝑥

0

𝑛𝐹
− 𝑆𝐻𝐸 (6.1) 

Δ𝐺𝑜𝑥
0,𝐶𝐶 = 𝐼𝐸𝑔𝑎𝑠

𝐶𝐶 +  ΔΔ𝐺𝑠𝑜𝑙𝑣
𝐶𝐶 (6.2) 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝐶𝐶 ≈ ΔΔ𝐺𝑠𝑜𝑙𝑣

𝜔𝐵97𝑋 ≈ ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔
ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘

ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀
ωB97X + ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 (6.3) 

Only a few of the terms in these equations are calculated directly in this protocol.  𝐼𝐸𝑔𝑎𝑠
𝐶𝐶  was 

calculated using the high-level DLPNO-CCSD(T) method extrapolated to the complete basis 

set (CBS) limit.  ΔΔ𝐺𝑠𝑜𝑙𝑣,𝐵𝑖𝑔
ωB97X , ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘

ωB97X , and ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀
ωB97X  were calculated using the 

mid-level ωB97X/def2-SVP as the QM method, with QM regions of 0 Å in the former two 

and a QM region of 5 Å in the latter, all with electrostatically-embedded TIP3P point charges 

on non-QM water molecules.  The final ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 term was calculated three different 

ways using the three low-level QM method and basis set combinations listed in Table 15.  

The reasons for this are explained in Section 6.3 but this results in three separate values for 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  due to different ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 values, and therefore also three separate values for 

the redox potential 𝐸0 calculated in Equation 6.1. 

Table 15.  QM methods, basis sets, and approximations used for the final protocol as defined by Equations 

6.1 and 6.3. 

Type Method Basis sets and approximations used 

MD GFN-xTB 
Electrostatic embedding, removed point-charge 

interaction damping 

High-level DLPNO-CCSD(T) Extrapolate(2/3,def2), RIJCOSX 

Mid-level ωB97X def2-SVP, def2/J, RIJCOSX, Grid4, FinalGrid5 

Low-level 

ωB97X MINIX, def2/J, RIJCOSX, Grid4, FinalGrid5 

HF 
MINIX 

MINIX Smear (smear temp. 25,000 K) 
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6.1.  MOLECULES IN THE TEST SET 

 

Figure 46.  List of molecules used to test the final protocol accuracy. 

The reference data for 𝐼𝐸𝑔𝑎𝑠 and 𝐸0 for all molecules are obtained from Tables S4 and S19, 

respectively, from Pantazis et al. and are reported in Table 16, with the exception of the 𝐸0 

value for p-chlorophenol as discussed later. 

Table 16.  Reference values for 𝐼𝐸𝑔𝑎𝑠, ΔΔ𝐺𝑠𝑜𝑙𝑣, and 𝐸0 for test set molecules.  𝐼𝐸𝑔𝑎𝑠 values come from 

CCSD(T)/cc-pVTZ calculations with LPNO-CCSD[Q/5] extrapolation.  𝐸0 values come from experiment and 

ΔΔ𝐺𝑠𝑜𝑙𝑣 values are derived using the reference 𝐼𝐸𝑔𝑎𝑠 and 𝐸0 values with respect to the SHE (4.28 V) 

according to Equation 6.4. 

Molecule 𝑰𝑬𝒈𝒂𝒔 (eV) ΔΔ𝑮𝒔𝒐𝒍𝒗 (eV) 𝑬𝟎 vs. SHE (V) 

aniline 7.76 -2.46 1.02 

anisole 8.28 -2.38 1.62 

diethylamine 8.00 -2.36 1.36 

dimethylamine 8.39 -2.84 1.27 

dimethyldisulfide 8.10 -2.14 1.68 

dimethylsulfide 8.72 -3.05 1.39 

indole 7.83 -2.47 1.08 

N-methylaniline 7.47 -2.24 0.95 

p-chloroaniline 7.78 -2.82 0.68 

p-chlorophenol 8.46 -2.74 1.44 

p-cyanophenol 9.08 -3.09 1.71 

          

 

                     

 

          

 

                                  

 

aniline anisole diethylamine dimethylamine dimethyldisulfide 

dimethylsulfide indole N-methylaniline p-chloroaniline p-chlorophenol 

p-cyanophenol p-methoxyanline p-methoxyphenol p-methylaniline 

p-methylphenol phenol piperidine pyrrolidine thioanisole 
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p-methoxyaniline 7.12 -2.05 0.79 

p-methoxyphenol 7.70 -2.19 1.23 

p-methylaniline 7.49 -2.29 0.92 

p-methylphenol 8.20 -2.54 1.38 

phenol 8.54 -2.76 1.50 

piperidine 8.07 -2.45 1.34 

pyrrolidine 8.06 -2.52 1.26 

thioanisole 7.98 -2.25 1.45 
 

We note here that the 𝐸0 value reported for p-chlorophenol was obtained by Arey, derived 

from Wirz et al.3,87  This data is in line with that used by others.3–5 

The 𝐼𝐸𝑔𝑎𝑠 values reported in Table 16 come from a very-high-level composite approach 

consisting of LPNO-CCSD[Q/5] extrapolation calculations combined with a CCSD(T)/cc-

pVTZ correction, instead of the experimental data provided by Pantazis et al.  The MUE of 

the values reported in Table 16 with respect to the experimental data supplied by Pantazis is 

0.1 eV.  This is due to the experimental value for N-methylaniline being 8.43 eV, compared 

to the calculated value of 7.47 eV.  Replacement of this (possibly erroneous) experimental 

value to 7.38 eV88 reduces the MUE to 0.05 eV.  Our high-level gas calculations at the 

DLPNO-CCSD(T)/CBS level use the Ahlrichs def2 family of basis sets instead, which also 

gives a MUE of 0.06 eV with respect to experiment and 0.02 eV with respect to the Pantazis 

CC reference data.  This validates our choice of this method as accurate for the calculation 

of 𝐼𝐸𝑔𝑎𝑠
𝐶𝐶 . 

6.2.  IMPLICIT SOLVATION RESULTS FOR TEST 
SET 

Pantazis et al. supply their own implicit solvation data for their test set, but we opted instead 

to recalculate it ourselves using their provided gas-phase geometries for each species.  This 

was done because the protocol is largely based on ωB97X/def2-SVP, so we wanted to be 

able to directly compare our results to implicit solvation results with the same level of theory, 

as well as calculating the errors with the corrected reference value for p-chlorophenol. 

The gas-phase energies were calculated using their gas-optimized geometries, and the 

solvated energies were calculated using those same geometries embedded using the SMD or 

CPCM implicit models.  The difference between the oxidized phenol with the oxidized 

geometry and the neutral phenol with the neutral geometry is used to directly calculate 𝐼𝐸𝑔𝑎𝑠  

and 𝐸0, and ΔΔ𝐺𝑠𝑜𝑙𝑣 is calculated following: 

ΔΔ𝐺𝑠𝑜𝑙𝑣 = 𝐸0 − 𝐼𝐸𝑔𝑎𝑠 + 𝑆𝐻𝐸 (6.4) 

In Table 17 we report the MUE of both 𝐸0 and ΔΔ𝐺𝑠𝑜𝑙𝑣 for CPCM and SMD with respect 

to the values given in Table 16, along with the largest error (MUEmax) and species. 
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Table 17.  MUE and MUEmax for 𝐸0 and ΔΔ𝐺𝑠𝑜𝑙𝑣 values calculated using SMD and CPCM implicit solvation 

models. 

Solvation 

model 
𝑬𝟎 MUE (V) 

𝑬𝟎 MUEmax (species) 

(V) 

ΔΔ𝑮𝒔𝒐𝒍𝒗 

MUE (eV) 

ΔΔ𝑮𝒔𝒐𝒍𝒗 MUEmax 

(species) (eV) 

CPCM 0.23 0.87 (phenol) 0.30 
0.65 (p-

chloroaniline) 

SMD 0.20 
0.41 

(dimethylsulfide) 
0.25 0.63 (p-cyanophenol) 

 

Table 17 shows that, on the whole, SMD appears to be a more accurate model than CPCM 

on this test set, having a 0.03 V lower 𝐸0 MUE and 0.05 eV lower ΔΔ𝐺𝑠𝑜𝑙𝑣 MUE.  It also 

has a much lower MUEmax for 𝐸0, but is about the same for ΔΔ𝐺𝑠𝑜𝑙𝑣.  This is in good 

agreement with the results of Pantazis et al.  As the 𝐸0 MUEs for both models are lower 

than their ΔΔ𝐺𝑠𝑜𝑙𝑣 MUEs, this suggests that direct implicit calculation of solvated redox 

potentials would be more accurate than using a thermodynamic cycle with highly-accurate 

gas-phase calculations as employed in our protocol, but this is likely simply due to favorable 

error cancellation and lack of ZPE corrections and so in general this level of accuracy should 

probably not be trusted too much.  On the whole, this data sets a conservative goal of ~0.2 

V accuracy for the final redox potential that we hope to exceed, or at least match, with our 

much more complicated explicit solvation protocol over this same set. 

6.3.  PROTOCOL RESULTS FOR TEST SET 

This section discusses the results that were obtained by running the protocol as specified in 

the introduction to this chapter using Equations 6.1-3.  The calculation of each term on the 

right in Equation 6.3 was straightforward except that of ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙, for reasons that were 

touched on in Section 5.4 and are explained more in Section 6.3.1.  Because of this difficulty, 

the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 quantity was calculated using three methods/basis sets for the QM region: 

ωB97X/MINIX, HF/MINIX, and HF/MINIX/SMEAR, as listed in Table 15.  The relative 

merits of each are discussed in Section 6.3.1 as well.  Here we report the final MUE, MSE, 

and MUEmax for the whole test set using each of the three polarization methods considered, 

along with those same quantities calculated using the average ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 values and with 

neglecting the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 term altogether.  These data are shown in Table 18, and full table 

of all calculated terms from Equations 6.1-3 using the HF/MINIX/SMEAR ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 

value is shown in Table 19.  Additionally scatter plots, using those same values, of calculated 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  values against reference-derived ΔΔ𝐺𝑠𝑜𝑙𝑣 values and of calculated 𝐸0 values 

against the experimental 𝐸0values discussed in Section 6.1 are shown in Figure 47 and 

Figure 48. 

Table 18 shows that, even when completely neglecting the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 correction term, the 

results of this protocol are roughly on par with SMD and CPCM implicit solvation when 

comparing their 𝐸0 MUEs and markedly improved with respect to ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  MUEs.  These 

same trends are repeated even more strongly in all of the methods that actually account for 

ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙.  The 𝐸0 MUEs are now slightly better than those of SMD but more so when 
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compared to CPCM; similarly the improvement to the ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  MUEs is almost 0.1 eV 

for SMD and beyond that for CPCM. 

Table 18.  MUE, MSE, and MUEmax and species for the protocol results for 𝐸0 and ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋with different 

ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙  calculation methods. 

ΔΔΔ𝑮𝒔𝒐𝒍𝒗,𝒑𝒐𝒍 method 
𝑬𝟎 MUE 

(MSE) (V) 

𝑬𝟎 MUEmax 

(species) (V) 

ΔΔ𝑮𝒔𝒐𝒍𝒗
𝝎𝑩𝟗𝟕𝑿 

MUE (MSE) 

(eV) 

ΔΔ𝑮𝒔𝒐𝒍𝒗
𝝎𝑩𝟗𝟕𝑿 

MUEmax 

(species) (eV) 

ωB97X/MINIX 0.19 (0.08) 
0.49 (p-

cyanophenol) 
0.18 (0.06) 

0.48 (p-

cyanophenol) 

HF/MINIX 0.19 (0.05) 
0.48 (p-

cyanophenol) 
0.18 (0.03) 

0.47 (p-

cyanophenol) 

HF/MINIX/SMEAR 0.18 (0.02) 
0.40 

(dimethylsulfide) 
0.17 (0.01) 

0.36 (p-

chloroaniline) 

Average 0.19 (0.05) 
0.38 (p-

chloroaniline) 
0.18 (0.03) 

0.39 (p-

chloroaniline) 

None 0.22 (0.15) 
0.58 (p-

cyanophenol) 
0.21 (0.14) 

0.57 (p-

cyanophenol) 

     
Table 19.  Full data set for protocol using HF/MINIX/SMEAR for ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 .  The general trend for 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  corrections is ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀

𝜔𝐵97𝑋  > ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘
𝜔𝐵97𝑋  > ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 . 

 ΔΔ𝑮𝒔𝒐𝒍𝒗,𝑩𝒊𝒈
𝛚𝐁𝟗𝟕𝐗  

(eV) 

ΔΔΔ𝑮𝒔𝒐𝒍𝒗,𝒃𝒖𝒍𝒌
𝛚𝐁𝟗𝟕𝐗  

(eV) 

ΔΔΔ𝑮𝒔𝒐𝒍𝒗,𝑸𝑴
𝛚𝐁𝟗𝟕𝐗  

(eV) 

ΔΔΔ𝑮𝒔𝒐𝒍𝒗,𝒑𝒐𝒍   

(eV) 

ΔΔ𝑮𝒔𝒐𝒍𝒗
𝝎𝑩𝟗𝟕𝑿 

(eV) 

𝑰𝑬𝒈𝒂𝒔
𝑪𝑪  

(eV) 

𝑬𝟎 vs. 

SHE 

(V) 

aniline -1.93 -0.26 -0.42 -0.11 -2.73 7.74 0.72 

anisole -1.68 -0.18 -0.27 -0.21 -2.34 8.30 1.69 

diethylamine -1.77 -0.18 -0.44 -0.01 -2.40 8.02 1.34 

dimethylamine -1.96 -0.22 -0.46 -0.06 -2.70 8.38 1.40 

dimethyldisulfide -1.74 -0.31 -0.30 -0.02 -2.37 8.15 1.50 

dimethylsulfide -2.17 -0.20 -0.35 0.02 -2.70 8.77 1.79 

indole -1.83 -0.18 -0.33 -0.10 -2.43 7.82 1.10 

N-methylaniline -1.79 -0.25 -0.38 -0.14 -2.56 7.45 0.61 

p-chloroaniline -1.85 -0.14 -0.35 -0.12 -2.46 7.77 1.04 

p-chlorophenol -1.91 -0.20 -0.31 -0.27 -2.69 8.51 1.54 

p-cyanophenol -1.95 -0.20 -0.37 -0.41 -2.93 9.09 1.88 

p-methoxyaniline -1.59 -0.17 -0.28 -0.27 -2.31 7.16 0.56 

p-methoxyphenol -1.56 -0.17 -0.23 -0.15 -2.10 7.75 1.37 

p-methylaniline -1.82 -0.15 -0.37 -0.09 -2.43 7.48 0.77 

p-methylphenol -1.81 -0.14 -0.37 -0.09 -2.42 8.22 1.52 

phenol -1.93 -0.26 -0.37 -0.17 -2.74 8.55 1.53 

piperidine -1.71 -0.19 -0.39 0.00 -2.29 8.10 1.53 

pyrrolidine -1.77 -0.19 -0.39 -0.08 -2.43 8.08 1.36 

thioanisole -1.77 -0.26 -0.27 -0.27 -2.56 7.98 1.14 
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Figure 47.  Scatter plot of ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋 from HF/MINIX/SMEAR ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙  against reference-derived 

ΔΔ𝐺𝑠𝑜𝑙𝑣.  Total MUE is 0.17 eV.  The orange line represents unity. 

 

Figure 48.  Scatter plot of protocol 𝐸0 from HF/MINIX/SMEAR ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 against experimental 𝐸0.  Total 

MUE is 0.18 V.  The orange line represents unity. 

Although it is promising to see even a slight improvement compared to implicit solvation 

for the final 𝐸0 and ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  values, the real benefit from this protocol that should be 

gleaned from Table 18 is the general reduction in MUEmax values.  It’s difficult to say which 

polarization method should be preferred, as is discussed in Section 6.3.1, but all show great 

improvement in these values compared to CPCM and SMD except the SMD 𝐸0 MUEmax, 

where the polarizable methods give comparable results.  On the whole, these results are very 

satisfactory.  The p-cyanophenol molecule appears to be the most troublesome in this test 

set for us, but also shows up in the MUEmax for the SMD ΔΔ𝐺𝑠𝑜𝑙𝑣, and more notably was the 

most erroneous for Pantazis et al. in their wavefunction/implicit-solvation-based 
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calculations of the redox potential.  The addition of the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 correction lowers the 

value of the error for this species, and in the case of HF/MINIX/SMEAR makes it no longer 

the largest error.  It should be pointed out that Table 19 shows that this correction is in fact 

the largest for this molecule. 

The data overall indicates that we may be slightly beating implicit solvation results, and, 

more importantly, are likely doing so for the right reasons rather than fortuitous over-

/underestimation error cancellation of the 𝐼𝐸𝑔𝑎𝑠  and ΔΔ𝐺𝑠𝑜𝑙𝑣 terms with implicit solvation.  

This receives even stronger support when considering the MSEs; all of the methods used to 

approximate ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 have a MSE near zero, compared to 0.15 or 0.13 without that 

correction.  This indicates that without the correction there is a large systematic error 

occurring that the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 correction is fixing. 

It should also be noted that the difference in MUE between 𝐸0 and ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  should be due 

to the error in the DLPNO-CCSD(T) calculations and neglect of ZPE correction.  Still, the 

ΔΔ𝐺𝑠𝑜𝑙𝑣
𝜔𝐵97𝑋  error dominates and further research should aim to lower this even more. 

Table 18 shows the values of all calculated terms used in the protocol.  The relative 

magnitude of the terms from Equation 6.3 show that ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑄𝑀
ωB97X  is the largest contributor 

of the corrections, which makes sense because previous data indicated that short-range 

polarization was an important effect to capture.  This is in general stronger than the 

ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 which again is to be expected since longer-range polarization should affect the 

electronics of the solute less than short-range polarization.  Finally, ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑏𝑢𝑙𝑘
ωB97X  is on 

average ~-0.2 eV which is in line with the data in Section 5.2. 

6.3.1.  SCF CONVERGENCE OF POLARIZABLE CORRECTION 

The reason that three separate methods were employed in the calculation of the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 

term is due to SCF convergence issues.  As mentioned in Section 5.4, Drude polarization 

calculations tax the SCF procedure because, rather than a simple electronic SCF convergence 

with a static geometry as would be had if employing only non-polarizable TIP3P point 

charges, they involve multiple iterative SCF energy and gradient calculations in order to 

optimize the positions of the Drude particles, resetting the process until convergence is 

reached in their positions.  Therefore, though the accuracy of the HF/MINIX method was 

suggested by the data in Figure 44, the ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 correction calculations were found to 

often settle into an excited SCF solution where a water molecule was being oxidized rather 

than the solute.  This produced wildly different energies in the snapshot, ruining the accuracy 

of the LRA approximation of averaging vertical energy differences.  This could be worked 

around in testing, because we were able to manually find and eliminate these bad data 

sources, but a better fix is needed to ensure the protocol remains black-box. 

Thus we introduced two other methods for calculating ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙: ωB97X/MINIX and 

HF/MINIX/SMEAR.  The former of these methods proved to give results that closely 

matched the HF/MINIX hand-fixed results, in line with the results in Figure 44, but also 

occasionally encountered the same erroneous SCF behavior and was too computationally 
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expensive to be useful in the long term.  The latter seems the most promising, because it 

eliminates the specific SCF problem seen, but it does this by employing a finite temperature 

of 25,000 K that achieves a Fermi-like occupation number smearing over all the orbitals of 

the cluster.  This reduces the error due to converging in a local excited SCF state, but bring 

other artifacts as the spin density is delocalized over both the solute and water molecules.  

However, we believe this to be an improvement over the spurious errors seen without 

smearing, because the smearing is relatively consistent, and this seems borne out by the fact 

that the HF/MINIX/SMEAR data has the smallest MUE and MUEmax values, but this is 

uncertain at this time. 

All of these methods for calculating ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 are erroneous and insufficient, and more 

research needs to be done with them to determine how to best fix this problem.  However, 

we believe that they are still useful to some extent and are capturing essentially the correct 

behavior in the system, because they all have lower MUE and MUEmax values than when no 

ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 correction is included, and 𝐸0 and ΔΔ𝐺𝑠𝑜𝑙𝑣
ω𝐵97𝑋  MSEs very close to 0 compared 

to ~0.15 without it. 
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7.  CONCLUSION 

The goal of this thesis was to help bridge the gap between implicit solvation – easy to use, 

computationally inexpensive, not much user input required – and explicit solvation, which 

often has many system-dependent parameters and is difficult to use in general for chemists 

not well versed in it.  This thesis has proposed a multi-step protocol for the accurate 

calculation of redox potentials using explicit water solvation that, although currently 

considerably more expensive than implicit solvation, appears to be more accurate than 

implicit solvation and, notably, appears to be more reliably accurate than implicit solvation, 

in that the accuracy we see isn’t likely to be due in large part to favorable error cancellation, 

as was indicated by the implicit solvation data in Section 6.2, but rather because the physics 

and interactions of the system are being correctly described, as evinced by the very low 

overall MSEs for 𝐸0 and ΔΔ𝐺𝑠𝑜𝑙𝑣
ω𝐵97𝑋 . 

Perhaps equally important as its accuracy so far, the protocol as-is is a relatively-black-box 

code written almost entirely in TCL that can be easily used to test this protocol on a host of 

other molecules.  The protocol runs through a locally-modified version of Chemshell 3.7 

where we have had to fix a few bugs to allow proper calculation of ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 and the 

estimation procedure outlined in Section 5.3.1, as well as a couple added C functions for use 

with xTB.  Use of the protocol as outlined in Chapter 6 requires linking to xTB and ORCA, 

for which we have developed specialized interface files also written in TCL. 

The procedure for running the protocol and the specific methods, basis sets, and 

approximations used for both the MD simulation and snapshot calculations are set as default 

in the program and as such a user can run it almost entirely black-box with the input of gas 

phase geometries, LigParGen-generated .prm files, and charge/multiplicity information for 

each molecule. 

However, the program also has the ability to be quite modular.  Almost every parameter and 

approximation investigated throughout this thesis is easily changeable by the user if they so 

wish.  To name a few: the LJ interactions can be switched from OPLS-AA to CHARMM or 

UFF if the user supplies CHARMM type names or atom types for UFF.  The LJ scaling used 

can also be modified in strength or what atoms it applies to.  The QM code for MD 

simulations can be easily changed to a variety of semi-empirical methods, and the snapshot 

QM calculations can be done with ORCA, Psi4, or a variety of semi-empirical methods.  

Also the snapshot protocol, with regards to region definitions and MM models used, is very 

flexible among EFPs and the various Drude SWM* models. 

Overall, this protocol in its nearly-black-box implementation displayed in Chapter 6 

provides a general method for calculating accurate redox potentials.  In the near future we 

aim to publish this code so it can be more widely used. 

However, the ΔΔ𝐺𝑠𝑜𝑙𝑣
ω𝐵97𝑋  MUEs of ~0.16 eV, although a modest improvement over 0.25 eV 

and 0.30 eV for SMD and CPCM implicit solvation models, demonstrate that there is still 

much room for improvement in this protocol.  Two obvious choices are suggested from the 

data throughout the rest of this thesis: the MD simulation step requires further investigation 
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of vdW interactions, either with different LJ parameters, more scaling (which harms the 

generality and black-boxness of the protocol), or another method entirely; and the snapshot 

ΔΔΔ𝐺𝑠𝑜𝑙𝑣,𝑝𝑜𝑙 term requires further work to find a general method for quickly and accurately 

computing it.  This protocol operates under the LRA and the accuracy of this should be 

rigorously investigated.  Previous work has done so for similar solvation systems using 

purely classical MM periodic simulations to estimate the non-LRA effect which is generally 

<0.1 eV, but this should be calculated exactly for our protocol and molecules as well.5,7  

Additionally, we neglect ZPE considerations; these effects were assumed to be quite small, 

as shown by Pantazis et al. for this test set, but this should be confirmed.2  Recent work also 

suggest that nuclear quantum effects may also have some influence on redox potentials in 

solution.89 
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