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ABSTRACT

The current environmental situation, with respect to global warming and the ever—approaching
depletion of fossil fuel sources, places significance on the development of green fuel and
platform chemical production methods. In this context, processes that utilise biomass sources
as feedstock, are of great interest. Cellulose, which is the most abundant biopolymer in nature,
is a renewable low—cost carbon resource derived from harvest residues and sources like wood
and straw. Glucose generation from cellulose requires a saccharide conversion, whereby the /-
(1,4)-glycosidic bond linkages in the cellobiose polymer repeating units are cleaved. Problems
arise in the hydrolysis of cellulose as experimental and theoretical studies have shown cellulose
to have very low solubility in water and most other general molecular solvents. This results in
the use of harsh pre-treatments at high temperatures and pressures to extract cellulose from
lignocellulosic material and strong acids catalysts (pK. <—3.2). Room temperature ionic liquids
(RTILs) provide potentially environmentally friendly alternative. It has been shown that ILs
can dissolve cellulose under relatively benign conditions and can possibly be adapted into a

one-pot-like process of hydrolysis using acid-functionalised IL catalysts.

This dissertation investigated the effect of various ionic liquids on the thermodynamics of
cellobiose acid hydrolysis, as both a catalyst and as a solvent, using computational means. An
appropriate thermodynamic cycle protocol, a DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
[M05-2X/6-31+G** (SMD)] proton exchange cycle, was established through benchmarking
for the prediction of Brensted acid-functionalised ionic liquid pKa values in ionic liquids. The
sulfonyl-functionalised acidic IL was shown to be the most acidic IL resulting in a lower
protonation free energy. Solvation in ionic liquids resulted in higher protonation and barrier

height free energies relative to solvation in water.
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Introduction

The current environmental situation, with respect to global warming and the ever-approaching
depletion of fossil fuel sources, places significance on the development of green fuel and
platform chemical production methods.!? In this context, bio-refinery models, that utilise

biomass sources as feed-stocks,® are of great interest.

Starchy biomass or sugarcane related vegetation are efficient and cost-effective sources of
glucose, a versatile platform chemical base or bio-fuel source. However, their use infringes on
agricultural production and land usage.>~ Alternatively, cellulose, which is the most abundant
component of lignocellulose derived from harvest residues and non-food sources like wood
and straw,’ is essentially a renewable low-cost carbon resource.®’ However, their use in
glucose generation requires a saccharide conversion, whereby the B-(1,4)-glycosidic bond
linkages of the basic cellobiose units making up the long saccharide chains are cleaved.”® This

can be achieved through pyrolysis, enzymatic and acidic hydrolysis processes.>

Problems arise in the hydrolysis of cellulose where firstly, experimental and theoretical studies
have shown cellulose to have very low solubility in water and most other general molecular
solvents.”? This results in the use of harsh pre-treatments at high temperatures and
pressures.!®!! Additionally, a substantial energy barrier is observed for the uncatalyzed reaction
under aqueous conditions necessitating the use of strong acids, pKa < - 3.8 Overall, this renders

the process costly, inefficient and counteractive to its overall environmentally-friendly

purpose.

Recently, a favourable medium of cost efficiency and environmental “friendliness” has been
found in the use of ionic liquids (ILs). Typically consisting of organic cations and inorganic or
organic anions,!? ILs are considered eco-friendly, designer solvents.!? In relation to cellulose,
they allow for a reduction in activation energy compared to water and facilitate the use of
milder conditions.!*~!> Additionally, they improve the biorefinery processing through effective
dissolution and separation of lignocellulosic matter and possible application into a one-pot-like
process of hydrolysis.!? This has been proposed in the use of Brensted-acid functionalised ILs,

whereby the ILs serve as both the solvent and the catalyst.!!-16:17
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Thus, this study aims to theoretically investigate the effect ionic liquids have on the
thermodynamics of cellobiose acid hydrolysis, both as a solvent and as a catalyst. Specifically,
through the determination of a comparable measure of acidity in ionic liquids for different
Brensted acid functionalized ionic liquids used in cellulose hydrolysis; and assessment of the
effect of ionic liquid solvation on the cellobiose acid hydrolysis mechanism using implicit

models, such as the solvation model based on density (SMD).!#

1.1 Lignocellulosic Biomass

Lignocellulose is mainly composed of a chemically and physically bonded mixture of the
polymeric carbohydrates hemicellulose and cellulose, and the aromatic polymer lignin (Figure

1.1),'° and as previously stated can be derived from non-food source plant matter.?
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W7 ﬂ\n ‘«—/° m7‘\//-° *'EVO o7 ::—_j /‘Eva i
"°:,::f ’i“:..; m:f”s:\ *z::f/‘o R o

hemicellulose

TR ‘.

cellulose

Lignin-carbohyvdrate
complex

Figure 1.1 Structure of lignocellulose expanded to show the main components. '’

Lignin is composed of randomly arranged cross-linked phenylpropanoid entities, which induce
rigidity in the biomass structure through hydrogen bonding and covalent linkages. It is an
amorphous polymer that serves as a linker between hemicellulose and cellulose.!'® Lignin can
be used to directly produce chemicals like polyurethane, polyesters and biologically active
polyphenols, as well as derived products such as low-value heating fuels, binders and

dispersants.?’
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Hemicellulose is similarly amorphous,? it is a branched heteropolysaccharide with a B-(1,4)-
glycosidic linked backbone, whose saccharide constitution varies based on source plant matter
species group and climatic conditions.!®?! While this varied saccharide composition indicates
high diversity in potential processing products, it also complicates the processing of
hemicellulose sources. Nevertheless, chemical and biological studies have shown the ability to

produce furfural, lactones and xylitol.??

Conversely, the other polysaccharide component, cellulose, is a semi-crystalline
homopolysaccharide, that is linear and fibrous in nature.?>?3 The general structure is comprised
of a few hundred to thousands of D-glucose subunits joined into a chain by B-(1,4)-glycosidic
ether bond linkages,?! the repeating unit of which is cellobiose (Figure 1.2). The structure most
commonly found in plant matter, known as cellulose Ig,%* is one of seven polymorphs of
cellulose that are known presently, defined by their intermolecular hydrogen bonding network

(Figure 1.3).3
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Figure 1.2 Representation of the general structure of a cellulose (i) chain, (ii) basic cellobiose

repeating unit and (iii) D-glucose subunit.’

Side-by-side intermolecular hydrogen bonding between the cellulose chains allow the
formation of sheets (Figure 1.3).2* The sheets then stack on top of one another, kept together
through van der Waals forces and weak intersheet hydrogen bonding.?* Intrachain hydrogen
bonding between the pyranic oxygen and the vicinal hydroxyls of the rings further adds to the
extensive hydrogen bonding network (Figure 1.3),>* confining the cellulose chains to a flat

ribbon-like conformation.3
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Figure 1.3 Depiction of (i) variations in hydrogen bonding for the two cellulose polymorphs

commonly found in plant matter and (ii) specific intra- and intermolecular hydrogen bonding

networks found in I crystalline structure.”~
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Another contributing feature to the rigidity of cellulose is electronic effects, such as the
anomeric effect occurring in the acetal moiety.®?* This is due to the orbital interactions in the
0O-C-O linkage of the B-(1,4)-glycosidic bond, which in cellulose manifests in two forms: the
first is the endo-anomeric effect, which elongates the C-O bond in the glycosidic linkage, and
the second and dominant exo-anomeric effect, which shortens the bond. The shortening of the

bond has been proven to further hinder the hydrolysis.®?’

It is this dense hydrogen bonding network and rigid structure that makes cellulose highly
resistant to chemical and biological transformations, complicating its applicability in

biorefinery processes.

1.2 Ionic Liquids

One of the major problems encountered when using cellulose in a biorefinery model is its low
solubility in water and many common organic solvents. Many alternate solvent systems have
been tested, such as aqueous N-methylmorpholine-N-oxide (NMMO),!* or lithium
chloride/N,N-dimethylacetamide (LiClI/DMAc),?® however, these systems all have notable
disadvantages, many of which render them environmentally damaging, negating the purpose
of biorefinery processing.®!32%30 An alternative is presented in the use of ionic liquids, which

generally efficiently dissolve cellulose without derivatisation.

1.2.1 Background

Ionic liquids are generally defined as salts in the liquid phase but can also be described by a
variety of terms such as molten salts, liquid organic salts, fused salts or liquid electrolytes.®! A
further restriction defines room temperature ionic liquids as molten salts with a melting point
below 100 °C.3? They are typically comprised of a nitrogen or phosphorus containing organic

cation and a large inorganic or organic anion (Figure 1.4).
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Figure 1.4 Generalised structures of commonly used ionic liquid (i) cations and (ii) anions.***
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The high interest in ionic liquid solvents as replacements for molecular solvents is due in part
to the compositional versatility of ILs, but largely due to the non-volatile nature of ILs under
ambient conditions, which generally leads to lower accidental exposure risks due to
insignificant vapour pressures and reduced ecotoxicity. This property of ILs allows for the
possible design of safer, environmentally friendly solvents.3* Furthermore, ILs also possess
many other attractive physicochemical properties as well, such as low melting points, large

stable liquid ranges and good thermal and electrochemical stability.>

In terms of cellulose dissolution, the focus is predominantly on their ability to form strong
hydrogen bonds.?® As was detailed in Section 1.2, cellulose’s low solubility in most molecular
solvents has been attributed to its supramolecular structure. Ionic liquids, while neutral overall,
consist of two charged entities which are weakly bound and thus can act independently;
allowing each component to interact with a solute structure in a manner that favours their
hydrogen bonding capabilities.'>3¢ Hydrogen bonds that can form between the cellulose
chain and either the cation or anion of the ionic liquid may be significantly stronger than some
of the intermolecular or intramolecular hydrogen bonds already existing within the cellulose
chain. This allows for effective disruption of the hydrogen bonding network in cellulose

induced by the presence of the ionic liquid solvent.

Alternative molecular solvents, such as water and methanol, have also been shown to partially
disrupt cellulose’s intramolecular network through formation of hydrogen bonding.?3 The
compositional variability of ionic liquids, however, allows for the use of anions that are strong
hydrogen-bond acceptors. These anions can then form hydrogen bonds that are energetically
more favourable than those between the hydroxyls present in cellulose or hydrogen-bond

acceptor functionalities present in molecular solvents.

1.2.2 Functionalised lonic Liquids

ILs can also be functionalised to expand their applicability, allowing for possible use as
catalysts in reactions for which they already are a preferred solvent. Of interest to cellulose
biorefinery processes are acid functionalised ionic liquids or acidic ionic liquids (AILs),
characterised as low melting ionic salts with acidic properties.? These properties are due to the

presence of Brensted and/or Lewis functionalities in either or both solvent ions (Figure 1.5).3
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Figure 1.5 Examples of AILs with (i) Bronsted, (ii) Lewis and (iii) Bronsted-Lewis functionalities.*?

Acidity, according to Lewis acid-base theory, is defined in terms of nonbonding electron-pair
donation or acceptance, such that acids are electron-pair acceptors and bases are electron-pair
donors and thus Lewis AlLs result from an electron deficiency (Figure 1.5).3237 Likewise,
Brensted AlLs are proton donors in accordance with the Bronsted-Lowry theory of acids and
bases, which defines acidity in terms of proton donation or acceptance. In most cellulose
studies, acidity is limited to a singular functionality of a Brensted nature, localised to the cation

(Figure 1.6).
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Figure 1.6 Examples of Bronsted acid functionalised AILs used in cellulose hydrolysis and solubility

studies.'®!"38

Envisaged as a more efficient hydrolysis process, combining the dissolution capabilities of ILs
with the hydrolysis capabilities of mineral acids, Amarasekara and Owereh investigated
cellulose hydrolysis using Brensted acid functionalised AILs in [C4C1im][CI].!! Their findings
highlighted the first application of SO3H functionalised ILs, under mild reaction conditions.

Evaluation of alternative acidic functionalities or cationic cores, such as COOH and

triethylammonium, respectively, found that SOs;H functionalised cations considerably
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improved hydrolysis rates and total reduced sugar yields.!®!” However, many of the studies
evaluated performance of the acidic IL as a catalyst only, using a non-reactive IL as a solvent,
such as [C4C1im][Cl], thus not fully assessing the duality of the acidic solvent.”!” Furthermore,
there are only a few published reports on the detailed mechanistic effects of acidic IL catalyst,

thus limiting further modification based on a clearly elucidated method of action.”!°

1.3 Cellulose Hydrolysis: Mechanism to Medium

Effective dissolution of cellulose overcomes a significant hurdle to its use in biorefinery
processes by allowing access to the glycosidic linkages of cellulose chains for hydrolysis to
reducing sugar units. This hydrolysis can occur by a variety of means such as enzymes, solid
acid catalysts, metal salts and recently functionalised ILs; which all aim to cleave the glycosidic
ether linkage between glucose subunits.>!7-34! This follows a general path of protonation of a
glycosidic oxygen, breaking of a C-O bond and a nucleophilic attack by water at the anomeric
carbon. Mechanistic studies have determined that this path can vary in site of protonation,

presence of intermediates and transition states.

1.3.1 Enzymatic Hydrolysis

Literature tends to favour the biomimetic pathways, which are modelled after the mechanism
of action of glycoside hydrolase enzymes.* This gives rise to two specific mechanisms, the
retaining or double displacement mechanism and the inverting mechanism (Scheme 1.1),°

differing with regards to product stereochemistry.
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Scheme 1.1 Approximate representations of glycoside hydrolase enzymatic (i) inverting and (ii)

retaining mechanisms using carboxylic acid residues.®




1. Introduction

1.3.1.1 Inverting

An inverting mechanism inverts the configuration at the anomeric carbon, as shown in Scheme
1.1 (1).° This concerted mechanism proceeds through one transition state in which six bonds
are broken or formed, in unison.” The glycosidic oxygen is protonated by the acid moiety while
the basic moiety deprotonates the water, increasing its nucleophilicity, allowing it to perform
a concerted attack on the anomeric carbon. The simultaneous attack of the water and
protonation of the glycosidic oxygen causes the C-O bond cleavage and formation of a glucose
entity with inverted anomeric configuration.® In terms of reactants, this involves the use of a

charged system with two catalytic entities, an acid and a base.

In relation to functionalized ionic liquids, a catalytic cation would exist in a zwitterionic form
with a deprotonated basic functional group, to activate a water molecule. This is the case in a
theoretical study done by Li et al., in which the mechanistic details of cellulose conversion
using functionalized ionic liquids were investigated using a methyl glucose model.” Only
biomimetic mechanisms were investigated whereby [(HSO3)*C4Ciim][Cl] cations and anions
catalysed the glycosidic cleavage. The SOsH functionality acted as proton donor and its
conjugate base, SOs, acted as a proton acceptor, activating the water molecule. Furthermore,
an ionic liquid solvation medium (SMD-PGP, [C4C1im][Cl]) was used. It was found that under
these conditions the inverting mechanism is energetically more favourable than the alternative
retaining mechanism.” However, this mechanism is not often favoured in cellulose hydrolysis
studies and has not been extensively investigated, specifically in terms of ionic liquid solvation,

both implicitly and explicitly.

1.3.1.2 Retaining

Alternatively, the anomeric carbon configuration is maintained through a double displacement
or Koshland mechanism, as shown in Scheme 1.1 (ii).#? This is a stepwise pathway, consisting
of an inverted intermediary structure and two oxocarbenium-like transition states. Protonation
of the glycosidic oxygen and concomitant cleavage of the glycosidic bond result in a glucose-
enzyme or acid moiety-linked intermediate.’ Exemplified in the first transition state, four bonds
are simultaneously broken or formed, as the acidic moiety protonates the oxygen atom and the
anomeric carbon undergoes a nucleophilic attack from the basic entity.® The acid catalyst
reforms by abstracting a proton from water, initiating a nucleophilic substitution whereby the

basic or enzymatic entity is replaced by a hydroxyl group in an Sn2 like mechanism. This
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similarly proceeds through a oxocarbenium-like transition state, inverting the anomeric
configuration again and thus retaining the original configuration.*? In functionalized ionic
liquids, Li et al. proposed that the anomeric carbon undergoes nucleophilic attack from the IL

anion, not a basic moiety.’

The reaction to generate the intermediate is termed glycosylation, followed by deglycosylation
where simultaneous deprotonation of water and nucleophilic substitution at the anomeric centre

produce glucose. 4

1.3.2 Catalytic Hydrolysis

While biomimetic mechanisms have proven experimentally viable and applicable to other
systems such as ionic liquids, theoretical analyses of the mechanisms have shown the transition
state’s endocyclic oxygen and anomeric carbon bond length to be slightly double bond-like in
character.”6 This links to alternative mechanisms that have been proposed for cellulose acid
hydrolysis, illustrated in Scheme 1.2. These mechanisms undergo similar steps with acid
protonation of an oxygen and cleavage of the glycosidic C-O linkage. However, due to the
absence of a basic entity to block the inversion of stereochemistry, planar carbocation

intermediates are formed, producing both sugar anomers.?
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Scheme 1.2 Proposed glycoside acid-catalysed hydrolysis mechanistic pathways.’
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In pathway [, a cyclic carbocation intermediate is proposed. This mechanism, where formation
of the intermediate requires conformational changes in the ring, resulting in a ring-flip to a
half-chair conformation (Step 2, pathway I, Scheme 1.2), is favoured in theoretical studies of
cellobiose analogues in multiple reaction environments or systems.’?324434 However,
variations in the mechanism have been noted between implicit and explicit solvation models.?
In implicit solvation, the protonated glycoside first undergoes a conformational change,
forming a conformationally altered protonated intermediate, through three possible transition
states (Figure 1.7).>* This conformational shift activates the glycosidic bond towards

dissociation and allows formation of the cyclic intermediate.?*?’
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Figure 1.7 Transition states found for the conformational shift of the reactant when protonated.**

A stepwise path proceeding through envelope and half-chair intermediates, was found to be
most energetically favourable in CPCM water by Loerbroks et al. in comparison to the other

conformational alternatives investigated, shown below (Scheme 1.3).24
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Scheme 1.3 Stepwise mechanisms proposed by Loerbroks et al. that proceed through different cyclic

carbocation intermediate conformations.?*

In a later paper by Loerbroks et al., where implicit and explicit cellulose hydrolysis in water
were compared, it was found that in explicit solvation, protonated intermediates were unstable
and those with a non-chair conformational change were not found at all.® Thus, a concerted
mechanism with fewer stationary points and similar non-chair transition states as seen in
implicit solvent, as well as some novel structures, is possible.® However, the mechanistic choice
was found to depend heavily on water proximity to the anomeric carbon. Consequently, the
stepwise mechanism was determined to be more likely due to the position of water in relation
to the ring being further away than found in explicit solvent calculations, due to the

hydrophobicity of the ring.3

An alternative mechanism, where acid catalysed protonation occurs at the pyranic oxygen,
(pathway II, Scheme 1.2), is also possible.*” It proceeds through an acyclic intermediate and is
more often associated with systems of higher ring strain and weaker leaving group abilities

than cellulose,?* and thus is not often considered for cellulose hydrolysis theoretical studies.

1.3.3 Dissolution Studies: Medium Effect on Mechanism

To utilise cellulose as a fuel and chemical feedstock, the lignocellulosic biomass must be
processed into a form suitable for hydrolysis.!® These pre-treatment processes deconstruct the
complex biomass structure, separating cellulose from the other lignocellulosic components and

allowing access to the sugar polymer glycosidic linkages in a manner that facilitates hydrolytic

12
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cleavage of the B-(1,4)-glycosidic linkages, resulting in the release of the glucose subunits from

the fibrils for fermentation or further chemical conversions.%°

However, the complexity of cellulose’s supramolecular structure, detailed in the preceding
sections, further complicates this process by hindering effective dissolution in most typical
solvents,®® limiting chemical modification to sugar polymers located at the surface.*® As such,
many experimental and theoretical studies have been conducted into the mechanism of
cellulose dissolution with a consensus being reached that effective dissolution is a result of a
solvent’s ability to disrupt the inter- and intramolecular bonding networks.?*>° Accordingly,
proposed mechanisms of action for common cellulose solvents, illustrated in Figure 1.8,%% are

centralised around solvent interaction with the hydroxyl groups of the biopolymer.
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Figure 1.8 Common cellulose solvents.”®

Solvents that chemically modify the hydroxyl groups through covalent interactions forming
soluble and labile ether, ester, or acetal intermediates, are classified as derivatizing solvents.>!
Most early cellulose solvent systems, such as sodium hydroxide/carbon disulfide, used in the
viscose process, are derivatizing.?®?*32 The alternative non-derivatizing solvents, such as
NMMO, do not form intermediates.?® Instead, the solvent interacts with the hydroxyl
functionality through intermolecular hydrogen bonding, cleaving the intramolecular hydrogen
bonds of cellulose to form stronger hydrogen bonds with the active solvent moiety, creating a

soluble complex.?

While the first dissolution studies of cellulose in room temperature ILs was reported in 2002,
by Rogers et al.,'* cellulose solubility in molten salt systems had been suggested before in
1934, but was not considered feasible at the time.'3?%3 Conversely, Rogers et al.’s
investigation into the cellulose non-derivatizing dissolution properties of 1-butyl-3-
methylimidazolium ILs launched numerous studies of the solvation abilities and mechanism of

ILs, specifically with regards to their applicability to biorefinery processes. '3

13
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While these studies have explored the compositional versatility of ILs and discovering high
solubility systems with other industrially attractive properties,*® opinions on the action and

significance of each of the ionic species still vary.*’

Many experimental and theoretical solvation studies of common IL cellulose solvents have
indicated the importance of the anion.!330-%3 13C and 3%37C] NMR relaxation measurements
of [C4Ciim][Cl] have shown strong stoichiometric hydrogen bonding interactions between
cellobiose equatorial hydroxyl groups and the solvent chloride anions with little noticeable
effects for the cation.’> This was extended in a QM/MD study by Xu et al. of [C4C,im][C]]
solvation of cellulose oligomers, which assessed the role of each ionic component in the
disruption of the intramolecular hydrogen bonding network.>” It was found that the chloride
anions predominantly occupied the immediate space around the cellulose segment. This was a
result of their stronger interactions with the cellulose hydroxyl groups, decreasing the distance
between the proton acceptor anions and proton donor hydroxyl groups.’® However, the cations
were noted to interact with the hydroxyl groups to a lesser degree as proton donors, inducing a
proton acceptor/donor duality in the cellulose hydroxyl groups.>” A few other studies have also
indicated that cations, specifically methylimidazolium and methylpyridinium cores, do
contribute to dissolution, but to a far lesser extent than the anions.?>?%3%38 This has been
postulated to be due to weaker hydrogen bonding with cellulose hydroxyls and significant van
der Waals interactions with the top and bottom surfaces of the cellulose chain, which disrupts

the stacking of the sheets in crystalline cellulose.3#

Studies comparing various anions used in IL solvents, have identified promising solvents to
contain strong hydrogen-bond acceptor anions, such as chloride, carboxylates and dialkyl
phosphates. This finding ties in with the general consensus that cellulose dissolution is largely

governed by the hydrogen bonding abilities of solvent molecules. !3-28:30

1.4 Aims and Objectives

The principle aim of this study is to assess the effect an ionic liquid has on the mechanism and
thermodynamics of cellobiose acid hydrolysis, both as a solvent and a catalyst. To this end, the
study is split into two parts, each focusing on a specific effect. The first aims to measure the
catalytic activity of various Brensted acid-functionalised ionic liquids through prediction of

pKa values in ionic liquids. This is accomplished through the following objectives:

14
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Establishment of a computational protocol (this includes the procedure by which
solvation is modelled in the thermodynamic cycle as well as the level of theory
associated with each step) for the prediction of pK, values in ionic liquids.
Benchmarking of a series of computational protocols using structurally related
compounds with known pK, values.

Application of the most accurate, precise and efficient protocol(s) to a series of
Brensted acidic ionic liquid catalysts.

Comparison of pK, trends with known experimental trends in acidity, activation energy

or yield.

The second aim focuses on the solvation effect of various imidazolium-based ionic liquids on

free energy requirements of the Loerbroks et al. cellobiose hydrolysis mechanism,?* through

O

O

Replication of the original study.

Evaluating the effect of calculation specifics (level of theory and solvent model).
Determination of free energy changes in ionic liquid medium for each step in the
mechanism.

Comparison of ionic liquids to aqueous free energies, generated using equivalent
calculation specifics (level of theory, solvent model), to assess any structural or free

energy changes.
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Theoretical Background

2.1 A Brief Foray into Quantum Mechanics

The fundamental postulates of quantum mechanics (QM) states that systems at the atomic scale
must be described by wave mechanics. With QM as a base, the observable chemical properties
of these molecular systems can be predicted theoretically using wave functions.’® For

computational chemists this all starts with the time-independent Schréodinger equation®

HY = E¥ 2.1)

where W represents the molecular wave function, H is the Hamiltonian operator and E is a
scalar energy value. In QM, an isolated system state is mathematically described by a wave
function, which characterises the properties of the system state. Operators act on wave
functions to yield physical observables. Equation 2.1 is an example of an Eigen equation

making ¥ an eigenfunction and E the eigenvalue for the Hamiltonian.

The Hamiltonian describes nuclear and electronic interactions and for a system with N

electrons and M nuclei is
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i 2m, ' - 2M, 4 L Amegriy L e 4meory; ) ATty Tap

l

92 92 92
et (2.3)

h 2
with Vo= 52 T o2

Where i,j and 4,B correspond to electrons and nuclei respectively, and % is Planck’s constant
divided by 27, m. the mass of an electron, M4 the mass of nucleus 4, V2 the Laplacian operator
which differentiates with respect to all coordinates of the considered particle (Equation 2.3), e
the charge of an electron, Z charge of the nucleus, &9 is the permittivity of free space, and lastly

r is the distance between two particles.

The first two terms describe the kinetic energies of the electrons and nuclei separately,
expressed in a wave formulation. The remaining terms describe the Coulombic attraction or

repulsion of the particles. Thus, the Schrodinger equation describes the motion and interaction
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of electrons and nuclei in a molecular system, but no analytical solutions exist beyond simple
cases like a hydrogen atom and applications to more complicated systems require
simplifications to be made to some of the individual terms present within the Hamiltonian

operator.

Molecular nuclei have far greater masses than electrons and hence move much slower.
Assuming this mass and subsequent speed disparity to be great enough that nuclei can be
considered stationary relative to the electrons, allows for particle motions to be decoupled.

Called the Born-Oppenheimer approximation (BO),%! this simplifies the system to electrons

2
moving in the electric field of fixed nuclei. In this system the nuclear kinetic energy (3% ﬁ v2)
A

2
€ AB
4regrap

is neglected and the nuclear-nuclear repulsion energy (V,,,= >4 ¥ , ) is constant for a

specific nuclear geometry.5? The resultant terms form the electronic Hamiltonian (Hetectronic),
which when substituted into Equation 2.1 forms the electronic Schrodinger equation (in atomic

units)!

Helectronictpelectronic = Eelectronicqjelectronic (2'4)
iT _ 2
e =3 301 - Y Y 245 S L e
Tia - Tl}
i j>i

In Equation 2.5, the first term is the electronic kinetic energy, the second is the electron-nuclear

attraction energy and the final the electron-electron repulsion energy.

The expectation value of Helectronic applied to the normalized Welectronic 1 thus the electronic

energy (Eelectronic)

(E ) f lectronlc electronic qJelectronic dt
electronic 2.6
f lectronlc electronlch ( )

=1 for a normalised wave function

which combined with ¥, yields the total energy.

Despite this simplification, solutions are still limited to one-electron systems due to the final

term in Equation 2.5 (the Coulombic pairwise interaction), the electron-electron repulsion

"In a system of atomic units, physical quantities are represented as multiples of fundamental constants which have
been assigned a value of 1. These constants are the mass of an electron (m.), electron charge (e), the permittivity

of free space (4ey), and angular momentum (4= 7T) 232
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energy. Approximate solutions are divided into two approaches, wave function-based and
density functional theory. Wave function-based approaches expands the electronic wave
function as a linear sum of Slater determinants, simplest of which is the Hartree-Fock (HF)
method. Alternatively, density functional theory (DFT) by-passes the use of wave functions by
using electron density. Both approaches will be detailed in Sections 2.2-2.4. It should be noted
that given that all further approximate solutions are only concerned with solving the electronic
Schrodinger equation, the electronic subscript is dropped from all wave functions, eigenvalues

and operators.

2.2 Hartree-Fock Method

While the BO approximation has simplified the system through separation and exclusion of
nuclear correlation, the remaining electron interactions still prove problematic. Electrons affect
each other’s motion through repulsion because of their like charges. One can assume that for
stabilised systems electrons move to minimise the repulsive forces between them, hence

correlating their movements.

Finding a wave function to represent this system of highly correlated electrons is extremely
challenging. Wave function-based methods attempt to solve the problem of electron-
correlation by employing an independent-particle model, where each electron acts
independently of the others motion. Thus, each has its own wave function and the total wave
function can thus be constructed from these one-electron wave functions. This is based on the
variational principle which states any trial wave function (¥) produces an energy (E) greater
than or equal to the exact ground state energy (£o). Minimisation of this energy with regard to

all eligible N-electron wave functions will give the true ground state energy Eo

Eo = min E[P] 2.7
with E[@] = (E) = j T APde 2.8)

Given the impracticality of this search, further application of the variational principle to a
subset of all viable functions gives a best approximation of the Eo, without determination of
the exact wave function. Wave function-based approaches apply this through construction of
trial wave functions from Slater determinants (SDs) of the one-electron wave functions, also

called molecular orbitals (MOs). The use of SDs ensures the trial wave function produced is
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antisymmetric, as an exchange of any two rows or columns results in a sign change. Physically
this represents the interchange of any two electrons resulting in a sign change, satisfying the
fermion nature of electrons and Pauli’s exclusion principle. Thus, ensuring the trial wave

functions are physically viable.

The simplest of these approaches, Hartree-Fock, approximates the trial wave function as a

single SD (@),

1 x1(x1)  x2(x) o xn(xq)

_ _ x102)  x2(x) - xn(x2)

‘l’sn—chp—ﬁ e e AN (2.9)
x1(en)  xa2(xy) o xn(xy)

where N electrons occupy N one-electron spin-orbitals (x;(x;)) or MOs, consisting of a spatial
function (W(r)) and an orthonormal spin function (a(s) or B(s)).%® Thus, x; is a coordinate

composed of both the three spatial and one spin coordinates of the electron 1.

The variability of the SD trial wave function is limited to that of its spin-orbitals. It therefore
follows that the lowest energy wave function is determined through optimisation of the one-
electron spin-orbitals (y;(x;)). This is done by minimising the Hamiltonian expectation value

of Wsp with respect to the spin-orbitals, giving the HF energy as follows®

N N N
— ~ 1
e = | Weo Mooz = Y (iRIE) +5 )" Y Gilif) = Gl (2.10)
i i
(i716) = [ 2 GohxGeax, 1)
1
Gilin) = [[ % GG -1 G e dxdx, @.12)
12
1
@i = [[ % @) = exGdndx, @.13)
12

Equation 2.11 defines contributions from the electron kinetic energy and the nuclear-electron

attraction energy, where / is the sum of the operators dependent on one electron coordinate

1 "z
R(n) =572 = ) =
- "a

(2.14)
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Equations 2.12 and 2.13 represent contributions due to electron-electron interactions. The
Coulomb integral (2.12) represents the classical electrostatic repulsion between electron
densities. The exchange integral (2.13) is an artefact of the antisymmetry of the wave function.
It describes the QM interaction between electrons of the same spin and eliminates self-

interaction introduced by 2.12 when i = j.

However, Equation 2.10 only holds provided the spin-orbitals remain orthonormal throughout
the minimisation. To this end, Lagrangian multipliers (g;) are introduced, resulting in the

integro-differential Hartree-Fock equation (2.15)

f(x1))(i(x1) = € xi(x1) (2.15)
f(xl) = E(x1) + v (xy) (2.16)

which identifies the best spin-orbitals to minimise the Enr, where €; is the orbital energy
determined using the Fock operator (f). A one-electron energy operator, f consists of the one-
electron Hamiltonian (%) and a one-electron potential operator called the HF potential (v/F).
Composed of the Coulomb (J;) and exchange (K;) operators, v/ simplifies explicit electron-

electron interactions to interaction with the averaged potential field of all other electrons.

vHF (xy) = Z (i) = By(x) 2.17)
J
A 1
G = | | 20 —yGedda| i) 2.18)
- 1
R = [ | 26 =1y n) 2.19)

The Coulomb operator (2.18) defines the average local Coulomb potential at position x; due to
the average charge distribution of an electron in orbital b Summed over all non-equivalent
orbitals this yields the total averaged potential at a point (x;) generated by the N-1 other
electrons. Thus, it approximates repulsion between all electrons. 1?] (2.19) incorporates the

exchange potential arising from correlation same spin electrons, due to the antisymmetric

nature of the SD wave function.

The final solutions found would correspond to the exact HF spin-orbitals, however the equation

can only be solved exactly for atoms. However, when it is necessary to describe molecular
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systems, through the use of molecular orbitals (MO), the spin-orbitals, for such systems, are

expressed as a linear combination of known basis functions called atomic orbitals (LCAO)

Xi = z Cadu (2.20)
u

where ¢ﬂ are generally atom-centred functions and CL are MO expansion coefficients

determined using the variational method. Inserting equation 2.20 into the integro-differential
Hartree-Fock equation (2.15) and converting it into a matrix form results in the Roothaan-Hall

equation

FC = SCe 2.21)

where F is the Fock matrix, C the matrix of MO coefficients CL, and S the overlap matrix.
Exact descriptions of the orbitals are a result of using infinite basis sets, but this is not
computationally viable. Finite basis sets are thus used, introducing basis set truncation errors
accuracy. Regardless, even at the limit of a complete basis set, energies produced by HF only
represent approximately 99% of the exact non-relativistic BO electronic energy.®® The
difference is attributed to the insufficient approximation of electron-electron correlation. Post-
HF methods are divided into two categories, semiempirical methods and electron correlation
methods. Semiempirical methods make use of experimental data and fitting parameters to solve
the deficiencies of HF. Electron correlation methods remain ab initio and build upon HF by
introducing additional determinants to more accurately represent electron-electron correlation

and approximate the exact solution.

2.3 Electron Correlation Methods

Electron-electron correlation consists of two indivisible parts, a static and dynamic part.
Dynamic correlation is the “instantaneous” interaction between electrons in the same spatial
orbital. Physically, this represents how an electron moves to avoid areas close to the
instantaneous positions of all the other electrons. On the other hand, static correlation relates
to interactions between electrons in different spatial orbitals. Sometimes called a near-
degeneracy effect, it is significant in systems with nearly degenerate states.®> While HF
includes correlation for parallel spin electrons both dynamic and static correlation are poorly

addressed, leading to an overestimation of the exact energy.
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Use of a single determinant insufficiently describes molecular systems with degeneracies, and
approximation of electron-electron interactions using an averaged potential field neglects
movement due to instantaneous electron repulsion. Therefore, both static and dynamic electron
correlation are neglected, resulting in a variation from the exact non-relativistic BO electronic

energy. This difference is called the electron correlation energy (Ecorr).

Ecorr = E — Enp (2'22)

where E is the exact non-relativistic electronic energy, within the BO approximation, and Enr
is the HF limit. While only contributing approximately 1% to the total energy, Ecor is
significant in the accurate prediction of chemical quantities such as binding energy.®’
Furthermore, as the number of electron pairs increase so will the correlation effects, decreasing
the accuracy of HF for larger more complicated systems. Electron correlation is therefore

required for the accurate description of large chemical systems.

While HF is limited in application, it provides a basis from which better approximations can
be built, which attempt to account for electron correlation. Most standard post-HF methods,
detailed in the following sections, construct a trial wave function from multiple determinants,
including the HF single determinant. These additional determinants account for the neglected

electron correlation effects.

2.3.1 Configuration Interaction

Configuration interaction (CI) methods are the simplest version of this multideterminant
expansion technique.’® In the same manner that MOs were improved using a LCAOs, CI

improves the trial wave function using a linear combination of determinants

— agpa ab gyab abc gabc abcd gyabcd
Wer = ag@Ppp + zai o7 + Z ai; @i + Z ag P + Z agrr Pijr T 2.23)
ia i<j i<j<k i<j<k<l :
a<b a<b<c a<b<c<d

where a, and af'." are expansion coefficients determined using the variational method,
ensuring the resultant energy is a minimum. @y is taken as the reference term, representing

the upper bound of the exact lowest energy molecular state. The determinants that follow the

HF SD are called excited determinants.

CI works through consideration of alternative electron arrangements/configurations. The

reference or HF calculation generates the MOs, both occupied and unoccupied or virtual, used
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to construct the subsequent determinants. This is done by replacing occupied orbitals in the
reference (P ) with virtual orbitals. @ is therefore, the substitution of occupied spin-orbital
i with virtual orbital a, or the excitation of one electron. This makes Y;, af ®@{* the sum of all
possible single excitations. Denoting all occupied orbitals with i, j, £ ... and all virtual orbitals
with a, b, ¢ ...; it follows that the subsequent terms are the sums of all possible double, triple,

quadruple and so on electron excitations. As the number of virtual orbitals generated for a
system N electrons and M basis functions is M — g, the number of determinants in 2.23 is only

limited by the basis set size. At this limit, called full CI, the correlation energy is recovered
yielding a numerically exact wave function for the specific basis set. Consequently, under
infinite or complete basis set conditions, full CI results in the exact solution to the electronic
Schrodinger equation. A feat that is however not computationally viable for anything but the
smallest of molecular systems, given the factorial scaling of computational cost with system
and basis set size. Applications to larger systems thus require Equation 2.23 to be limited to a
specific excitation level. Truncating both the determinant and basis set expansion results in

approximate methods like CISD, limited to single and double excitations only.

As with the basis set limitation, truncating of the determinant expansion induces errors. The
size-consistency and size-extensivity of full CI is not maintained for the truncated methods.
Thus, correlation energy no longer scales in a linear manner with number of particles in the
system (size-extensivity); and the energy of infinitely separated particles is no longer
equivalent to the sum of each’s individual energy (size-consistency). Chemically, the loss of

these properties is significant, limiting the applicability of truncated methods like CISD.

2.3.2 Perturbation Theory

One of the simplest manners in which electron correlation is addressed makes use of
perturbation theory, which approximates a solution to an insolvable or unanswered problem
from the exact solution(s) of a simpler related problem. When applied in QM, it is termed
Rayleigh-Schrédinger perturbation theory, where a complex operator is split into a more
applicable form composed of a solvable related operator and a series of mapped perturbations.®’
In this manner, corrections can be added to independent electron energy approximations as a

perturbation, with the Hamiltonian (complex operator) split into

A=A + 0 (2.24)
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where H(® is the zeroth-order Hamiltonian, with all eigenfunctions and eigenvalues known, ¥/
the perturbation operator and 1 a parameter representing the strength of the perturbation,
varying from 0 to 1. Increasing the perturbation would result in continuous change in the wave
function and energy. The exact wave function and energy can therefore be expressed in terms

of a Taylor expansion in powers of 1
Y =209O 4 21y 4 229@) 4 PP 4 .. (2.25)
E=2E@ + 1EM 4 22E@) 4+ B3EG) 4 ... (2.26)
making the exact energy and wave function an infinite sum of the corrections from each order.

Applying Equations 2.25 and 2.26 to the electronic Schrédinger equation and grouping all
terms of the same order of 4, leads to the derivation of the following set of equations for

calculating the energies at different orders (using Bra-Ket notation)

EO® = (y©|FO|p©) (2.27)
EW = (y©|7|p©) (2.28)
E® = (y©|p|yp®) (2.29)

EM = (y©|p[p@-) (2.30)

When applied in the context of electron correlation as the correction, the zeroth-order operator

(H©®) is defined as the sum of the one-electron Fock operators (f;)

O = z fi 2.31)

in a method called Moller-Plesset (MP) Theory.%%% This however results in electron-electron
repulsion being counted twice, necessitating the inclusion of a correction term. This correction
is the perturbation operator V, the difference between the true electronic Hamiltonian (2.5) and

the reference (2.31)

iiAlso called Dirac notation, a standard notation often used in Quantum Mechanics. The right part, denoted the
ket, is typically a column vector. The left is thus the bra, the Hermitian conjugate of the ket vector, often a row
vector. When written with an operator, it often used as a representation of matrix multiplication.
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0 =ZZ% ZZ(J,-(D—K,-(D) 2.32)

=i Y ==
Under these conditions (2.31 and 2.32), the first-order wave function is @ and thus the first-
order energy, the sum of the zeroth- and first-order corrections, equal to the HF energy. This
dictates that electron correlation correction effects are only present from second-order onwards.
However, given that second-order (MP2) still recovers about 80-90% of the correlation energy
with costs just above that of HF, perturbation is generally truncated at second-order.
Furthermore, it remains size-consistent and size-extensive, increasing applicability beyond that
of more accurate methods like CISD. Increasing beyond MP2 however results in costs
comparable to more accurate methods like CI and coupled cluster. Furthermore, MP, methods
can show slow convergence, oscillation or complete divergence of the series expansion;’® this
is attributed to the non-variational nature of the method and choice of the HF Hamiltonian as

the unperturbed operator.

2.3.3 Coupled Cluster

Known to be one of the most robust methods for the prediction of atomic and molecular
electronic structures, coupled cluster maintains size-consistent and size-extensive despite
truncation. Truncation errors are rectified through the use of an exponential form of the full CI

wave function

W, = el 2.33)
LT TP TP OTk
with e _1+ﬁ+i+§+m_ZE (2.34)
k=0

Where e” is a Taylor expansion of T, a series of excitation operators (T;)

which when applied directly to the reference wave function generates all the excited SDs in

Equation 2.23.
A+ T)Pyr =Yg (2.36)

TIi®yr = Z ti' o} 2.37)

ia
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— ab s ab
T,®yr = z tij Pij
<]
a<b

t{." are amplitude terms determined variationally such that Equation 2.33 holds true. However,

coupled cluster does not treat excitations in the additive manner like CI. Excitations are treated

in a multiplicative manner, making the coupled cluster version of Equation 2.36

[ﬂ(l YT

Where can be simplified to e”. It is this Taylor series expansion of excitation operators that

Cpup = Yec (2.38)

ensures size-consistency is maintained in coupled cluster through the generation of excitation
operator products or disconnected states. For example, for a CISD method, the coupled cluster

exponential term is

T2 T3 T? T, T? T
el = 1+ T, + <Tz +71> + <T2T1 +—1> + <—2+ 21 +—1> + o (2.39)

6 2 2 24

CISD would be only the first three terms of 2.39, the reference, singly (T;) and doubly (T5)
excited states. The additional terms are the products of excitation operators or disconnected

excited states. Disconnected terms correspond to the movement of non-interacting electrons or
. TZ o .
electron pairs. For example, both T, and 71 represent double excitations, the first representing

the movement of two interacting electrons (an electron pair) and the second the excitation of
two non-interacting electrons. These product excitations facilitate inclusion of higher order
excitations than dictated by the connected (7;) operator, as in 2.39 where triple, quadruple and
so on excitations are present for a method limited to a double excitation operator. It is this
property that allows CC to remain size-consistent regardless of truncation, expanding beyond
the operator limit. This is beneficial because like CI, CC scales factorially with system size, so
truncation is once again necessary for practical application. Once again, improvement from HF
is only notable from double excitations (CCSD) but impractical beyond that point due to
scaling. Alternative methods have been used to expand to triple excitations using perturbative
approximations as in the CCSD(T) method, increasing accuracy while maintaining
applicability in terms of computational cost. Considered the “gold standard” for QM methods,
CCSD(T) using a large basis set can predict chemical properties with near experimental

accuracy.
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2.3.3.1 Domain-based Local Pair Natural Orbital Coupled Cluster Method

As stated above coupled cluster remains one of the most accurate ab initio methods used in the
study and evaluation of chemical systems however its associated extreme costs limit its
applicability in terms of system size and complexity. The system sizes that coupled cluster
calculations are limited to often fall outside of the sphere of chemical interest, making the
technique redundant in most computational chemistry research. However, given the possible
accuracy that can be achieved by incorporating this level of electron correlation many avenues
of improving these computational costs while minimally impacting accuracy have been

explored.

In terms of hardware, parallel implementations on supercomputers have been investigated and
shown impressive results. However, the high cost of the required hardware (and often also

software) leads to limited use by the broader computational chemistry community.”!

Another avenue looks at modifications to the method itself to reduce calculation complexity.
One of the most successful of these is based on the short-range nature of the electron correlation
covered in CC methods. These approaches apply approximations of locality to the electron
correlation, allowing for the use of localised molecular orbitals limiting the space of interest to
a concentrated region of the molecule or atom. One such method of interest in this study is the
DLPNO or domain based local pair natural orbital approach. Applied to CCSD the method
shows near linear-scaling with regard to system size in terms of computational costs, like time

and disk and memory requirements, while maintaining an accuracy of about 4 kJ mol-!.72

Developed by Neese et al. the method is based on the combined use of pair natural orbitals
(PNOs) with projected atomic orbitals (PAOs).”! This is based on the popularity of pair natural
orbital use in local correlation methods, which assigns a separate set of natural orbitals to each
electron pair. When applied to an electron pair, PNOs are localised to the same region of space
as the electron pair. Thus, PNOs can broadly represent the locality of actual bonding
environments of electron pairs under study while efficiently compacting the space needed to
recover correlation. Incorporating these PNOs with approximations based on locality lead to
the formation of accurate and efficient correlation treatments like LPNO-CCSD.” However,
these correlation treatments (LPNO-CCSD etc) are still limited to systems of 100 atoms or less,
due to the use of canonical virtual orbitals in the expansion of the PNOs. To improve upon this,
expansion is done instead using a set of PAOs that span the external space. A comprehensive
theoretical background of the general local pair natural orbital and domain based local pair
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natural orbital approaches can be found in the base literature by Neese et al.”’7>7* Within the
context of this study only the general steps involved in the application of this process to

CCSD(T) calculations will be addressed.

In accordance with the CCSD(T) version of this approach, localised orbitals are created from
the occupied orbitals of a single determinant wave function, usually HF of nature, using the
Foster-Boys localisation method.”> The correlation energy is then determined by summing over
all the electron pair correlation energies of the localised orbitals. These energies decrease with
distance between the orbital centres which allows for weaker pairs with negligible
contributions to be excluded. This exclusion gives rise to a linear scaling in the number of

remaining electrons pairs.

Exclusions are performed based on whether pair correlation energies, approximated using a
multipole estimate followed by a semicanonical local MP2 (SC-LMP2) calculation, are above
a certain threshold (Tcutwairs).”*’® The SC-LMP2 densities of the remaining pairs are used to
construct the PNOs. These are once again trimmed based on an occupation number threshold
(Tcurno).”77 The final resulting PNOs with occupation numbers larger than the cut off are
expanded using a set of PAOs of a domain whose initial size is determined according to a final
truncation parameter (Tcuvkn).”” This cut off is based on atom Mulliken population size of the
localised MO of interest. This overall allows the wave function to be compacted while incurring

minimal costs due to the introduction of the electron pair specific sets of correlating orbitals.

2.4 Composite Methods

As has been illustrated throughout the preceding sections, the accuracy of ab initio methods is
dependent upon the level of correlation included and the basis set size, with an exact solution
the result of taking both to their limit. However, there is an inverse relationship between the
accuracy of these calculational methods and the number of electrons or complexity of the
studied system.”®”® Unfortunately, time and computational costs scale drastically as each
increase, forcing both to be truncated. Truncation introduces significant errors, decreasing
accuracy. Thus, only small systems can be tested at a high level of accuracy or correlation and

basis size must be limited according to system size (Figure 2.1).
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Level of theory

g CCSD(T)
o g HF / SCF MP2 MP4 QCISD(T) CCSD(T)-F12 Full CI
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s P full correlation
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- double excitations
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: Larger basis set increases flexibility
to describe wave function / electron density
Dunning basis sets
- Valence electrons
(aug)-cc-pVDZ - diffuse functions (long-range effects)
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Figure 2.1 Variation of a Pople diagram illustrating the relationship between the level of theory/basis

set combination and accuracy for ab initio methods.”*

By assuming that different properties converge at different rates, and that basis set extension
effects are additive, various procedures have been proposed to approximate the correlation
energy and correct for a finite basis set size. A high-level calculation can be split into many
lower cost and thus lower level calculation steps which can be optimised according to the
required accuracy. For realistic and chemical significance, accuracy is generally defined as ~
4 kJ mol!, termed “chemical accuracy”.®! Thus, high-accuracy multilevel methods or QM
composite methods were developed, defining a series of steps which cumulatively resulted in
a “chemically accurate” final energy, approximating the infinite correlation/basis set energy.
The two most commonly used are Complete Basis Set (CBS) and Gaussian-n (Gn) methods.
Both methods follow similar steps of optimisation and frequency calculations at low levels
followed by a series of single-point calculations at increasing correlation level and/or basis set
with appropriate corrections for any inherent approximations. They differ however in how they

extrapolate electron correlation energy.

2.4.1 Gaussian-n Theories

Originally developed by the Pople group,®” the Gaussian-n (Gn) theories have three main
objectives. The first is to theoretically determine experimentally reproducible energies to a
prescribed accuracy. The second is to be broadly applicable in terms of molecular system nature

and size. And the third, in accordance with the main objective of all composite methods, is to
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maintain computational efficiency regardless of system complexity or calculation level. This
is done by approximating the energies of expensive calculations by combining a high-level
correlation method (CCSD(T) or CISD(T)) at a moderate basis set (6-31G(d)) with a series of

energies calculated at lower levels (MP2-MP4) with larger basis sets.

There are many iterations of the method, called families of methods (G1-G4). Each build on
the previous correcting for past errors, widening applicability and increasing accuracy while
maintaining or decreasing computational cost. First developed to achieve an accuracy of ~ 8.4
kJ mol! for G1,% constant improvements have led to accuracies of ~ 3.5 - 5.8 kJ mol™! for
currently used methods (G4 — G3(MP2)).8? This accuracy is determined in terms of a mean
absolute deviation (MAD) from experiment, with experimental references collected in a test
set. The test sets contain series of experimental enthalpies of formation, ionisation potentials,
electron and proton affinities. Values in the set are chosen according to the main Gn objectives.
Thus, test set values are for molecular species containing various elements and bonding
environments to ensure wide applicability, determined experimentally to ensure no theoretical
bias and at a specific experimental accuracy. The first formal set, G2, contained a total of 125
energies for small molecules at an experimental accuracy limit of ~ 4 kJ mol! or better.?*85 As
the families of methods were developed, additional species were added to the test set. These
additions aim to correct applicability deficiencies in the methods through inclusion of larger
more complex species containing heavier atoms and various bond types. The latest test set,
G3/05, consists of 454 energies, adding energies from nonhydrogen species, molecules

containing third row elements and hydrogen-bonded complexes to the existing test.3¢

Later iterations like G3 and G4 have mostly rendered G1 and G2 series obsolete (Table 2.1) in

terms of accuracy, applicability and cost.

Table 2.1 Mean absolute deviations (MAD, in kJ mol!) from experiment for various base Gn methods
according to the G2/97 test set.*?

Energy (kJ mol™) Gn Method
G2 G3 G4
ITonisation energies 5.90 4.69 3.89
Electron affinities 5.90 4.06 4.35
Proton affinities 4.52 5.61 4.23
Enthalpies of formation 6.57 6.57 2.93
Overall 6.19 4.14 3.35

Regardless of iteration, the same general procedure is followed, which consists of the following

steps (representation adapted from references 81 and 87),
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1) A geometry optimisation and frequency calculation at a low level of theory (HF/6-
31G(d))

2) A geometry optimisation at a MP2 (higher correlation level) and same basis set as
previous calculations (6-31G(d)), to be used as the reference geometry for the following
calculations

3) A single-point calculation at target correlation level (QCISD(T)) with the same basis
set used in steps 1-3

4) A MP4 basis set expansion consisting of

a) A single-point calculation at MP4 with a diffuse expansion of the basis set
(6-31+G(d))

b) A single-point calculation at MP4 with a higher polarisation version of the basis
set (6-31G(2df,p))

5) A correction for the larger basis set effects and assumption that basis extensions could
be treated separately, consisting of

a) A single-point calculation at MP2(FU) with a targeted large basis set, defined
by Gn method (G3Large)

b) Single point of diffuse extension at MP2

c) Single point of polarisation extension at MP2

6) Addition of atomic spin-orbital corrections and higher level corrections (HLC), both of
which can sometimes have empirical origins.%?

Through combination of these steps the energy at high correlation level with a large basis set

(QCISD(T,Full)/G3Large) can be determined for a MP2 optimised geometry. Represented

mathematically, using the correlation levels and basis set examples for G3 given in steps 1-6,%8

E[Gn] = E[QCISD(T)/6-31G(d)] + E[plus] + E[2dfp] + E[AG3L] + E[SO] + E[HLC]

2.40

+ E[ZPE] (2:40)

E[plus] = E[MP4/6-31+G(d)] — E[MP4/6-31G(d)] (2.41)

E[2dfp] = E[MP4/6-31G(2df,p)] — E[MP4/6-31G(d)] (2.42)

E[AG3L] = E[MP2(Full)/G3Large] — E[MP2/6-31+G(d)] - E[MP2/6-31G(2dp)] -

+ E[MP2/6-31G(d)] (243)

E[HLC] = {—6.386113 —2977(ng —ng) -+ for molecules 2.44)

—6.219n5 — 1.185(n, — ng) -+ for atoms

where E[QCISD(T)/6-31G(d)] is the energy calculated at QCISD(T)/6-31G(d) using the
MP2/6-31G(d) optimised geometry (Step 3). The other terms, expanded in Equations 2.41 —
2.44, correspond to the steps listed above as follows. Both E [plus] and E[2df, p] are energies
associated with basis set expansions for diffusion (Step 4 (a)) and polarisation (Step 4 (b))
respectively. E[AG3L], corresponding to Step 5, corrects for large basis set effects and the non-

additivity associated with treating the basis set expansions separately. It contains the overall
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calculation targeted large basis set, G3Large, which expands on the G2 target large basis set of
6-311+ G(3df,2p). It is done at a MP2(FU) level to include core-related contributions. The final
terms relate to the spin-orbital (E[SO]) and higher level (E[HLC]) empirical corrections
applied, calculated in relation to the species of interest (Step 6). Spin-orbital corrections are
only applied in the case of atomic species. Lastly E[ZPE] is the scaled zero-point energy,

calculated at the specified low level of theory (Step 1).

Families are the results of each iteration (G2, G3, G4) being altered to improve efficiency with
minimal accuracy loss. Gn theory with reduced order perturbation theory methods or Gn(MP2)
alter the basis set expansion to reduce computational cost, either performing the basis set
expansions and corrections at MP2 level only or contracting the E[plus], E[2df, p] and
E[AG3L] calculations to the difference between the large basis set and the low level basis set.
This generally results in a reduction in accuracy of about 1.31 kJ mol! (G2-G4 average of
G2/97 test set evaluations).**! Furthermore, taking advantage of the cost efficiency and
accuracy of DFT methods, steps 1 and 2 can be performed using B3LYP with negligible loss
in accuracy, in methods denoted by GnB3. These modifications can be combined, using
reduced perturbation to improve efficiency and DFT to reduce accuracy loss. Table 2.2 below
compares these modifications for G3 and G4, detailing the key procedure changes and the

resultant accuracy.

Table 2.2 Procedural specifications and mean absolute deviations (MAD, in kJ mol ") from experiment for specific
variations of G3 and G4 methods according to the G2/97 and G3/99* test sets.?¢21-

¢)] 2 3) &6
i MAD
Gn Method  Zero-point energy Geometry C(I;;fl}; iisct)n Basis set (kJ mol™)
[scaled by] optimisation energy expansion
3 HF/6-31G(d) MP2(FU)/ QCISD(T)/ 663? g(gd(gi)) 4.14
[0.8929] 6-31G(d) 6-31G(d) G3Large (4.44)
HF/6-31G(d) MP2(FU)/ QCISD(T)/ 5.36
G3(MP2) [0.8929] 6-31G(d) 6-31G(d) G3MP2Large (5.48)
6-31+G(d)
G3B3 B3LYP/6-31G(d) 3y ypys 3 1G(d) QCISD(TY/ 6-31G(2dfp) 4.06
[0.96] 6-31G(d)
G3Large
B3LYP/6-31G(d) QCISD(T)/
G3B3(MP2) [0.96] B3LYP/6-31G(d) 631G(d) G3MP2Large 5.19
B3LYP/ 6-31+G(d)
G4 6-31G(2dfp) 6_5%&*; ) %gsllé((g/ 6-31G(2dfp) (3.35)
[0.9854] P G3LargeXP
B3LYP/
B3LYP/ CCSD(T)/
G4(MP2) 6-31G(2df,p) _ ) G3MP2LargeXP (4.31)
10.9854] 6-31G(2df,p) 6-31G(d)

aShown in brackets
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2.4.2 Complete Basis Set Methods

Complete basis set (CBS) methods vary from Gr methods in that they make no assumption of
basis set additivity. Instead they aim to explicitly extrapolate the basis set to an infinite limit or
the complete basis set limit (mentioned in Section 2.2). This is done through extrapolation of
the N! asymptotic convergence of MP2 pair energies calculated using pair natural orbital

expansions (of size N) to the CBS limit.%>%

As a multilevel or composite method, like Gn methods, CBS methods are procedures which
make use of a series of calculation steps to build up the desired correlation/basis set limit

energy. These steps are as follows (adapted from references 81 and 87):

1) A geometry optimisation and frequency calculation at a low level of theory
(HF/3-21G(d) or HF/6-31G(d")), yielding an unscaled ZPE.1i
2) A geometry reoptimisation at a higher correlation level, MP2/6-31G(d"), establishing
the reference geometry for the following calculations.
3) Estimation of finite basis set error through
a) A MP2 single-point calculation at a basis set larger than step 2 (6-31+G(d") or
6-311+G(3d2f,2df,2p))
b) Pair natural orbital extrapolation of this MP2 result to the CBS limit.
4) Estimation of higher-order electron correlation level effects, consisting of one or both
of the following steps depending on CBS method
a) A MPx order expansion consisting of a
i. A single-point calculation at MP4(SDQ) using a 6-31G, 6-31G(d") or
6-31+G(d,p) basis set
ii. A single-point calculation at MP2 using the same basis set
b) A QCI expansion consisting of a
i. A single-point calculation at MP4(SDQ) using a 6-31G or 6-31+G(d")
basis set
ii. A single-point calculation at QCISD(T) using the same basis set
5) Corrections for remaining electron correlation effects and possible spin contamination,
which are calculated empirically.
The resulting total energy is calculated as follows (using the CBS-Q method as an example),®’

E[CBS-x] = E[MP2] + E[CBS] + E[MP4] + E[QCI] + E[emp] + E[spin] + E[ZPE] (2.45)
E[MP4] = E[MP4(SDQ)/6-31+G(d,p)] — E[MP2/6-31+G(d,p)] (2.46)

E[QCI] = E[QCISD(T)/6-31+G(d")] — E[MP4(SDQ)/6-31+G(d")] (2.47)

i For d 6-311G(d,p) polarisation exponents are used for 6-31G sp functions to give a modified version of
6-31G(d).
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2
Elemp] = =0.00533 ) | "G, | IsI2 (2.48)
i u

E[spin] = —0.0092A(S?) (2.49)

where E[MP2] is the energy calculated at MP2/6-311+G(3d2f,2df,2p) using B3LYP/6-
31G(dt) optimised geometry (Step 3), which is extrapolated to the complete basis set limit
accounted for in E[CBS]. Finally, like for the Gn methods, E[ZPE] is the scaled zero-point
energy, calculated at the specified HF or B3LYP level of theory (Step 1). The other terms,
expanded in Equations 2.46 — 2.49, correspond to the estimation and correction steps listed
above. Both E[MP4] and E[QCI] are energies associated with correlation level expansions at
the Mgller-Plesset (Step 4 (a)) and CI (Step 4 (b)) levels respectively. E[emp] accounts for
any other correlation corrections needed using a size extensive empirical expression, which
involves the trace of the first-order wave function coefficients for the natural orbital pair

specified (Cy;,), the absolute spatial overlap between spin components of the specified

molecular orbital (|S|;; ), and a fitting constant determined using a reference data set.”® E [spin]
on the other hand, is an empirical correction for spin contamination, added to select CBS

methods where the UHF method is used for open-shell species.?!

Variation of these steps gives rise to the several core iterations, CBS-4, CBS-Q and CBS-
APNO; arranged here in order of increasing accuracy and computational cost. A summary of

these variations and their effects on accuracy is shown below (Table 2.3).

Table 2.3 Procedural specifications and mean absolute deviations (MAD, in kJ mol™'") from experiment for various
CBS methods according to the G2 and G2/97* test sets.?!.97-9:100

) 2 (3) 4)
CBS -poi MAD
Zero-point Geometry . Correlation level -1
Method energy [scaled S PNO extrapolation . (kJ mol™)
by] optimisation expansion
CBS-4 UI—E(I;/; i 2 ;?](d) UHF/3-21G(d) MP2/6-31+G(d") MP4(SDQ)/6-31G 8.3
(a) MP4(SDQ)/
CBS-0 UHF/6-31G(d") MP2(FC)/ UMP2/ 6-31+G(d(f),p) 41
[0.91844] 6-31G(d") 6-311+G(3d2f,2df,2p)  (b) QCISD(T?/ )
6-31+G(d")
(a) MP4(SDQ)/
B3LYP/
B3LYP/ UMP2/ 6-31+G(d(f),p) 3.6
CBS-0B3 6-31 %OG ng;l,d,p) 6-311G(2d,d,p)  6-311+G(3d2f,2df,2p) (b) CCSD(T)/ (4.6)
' 6-31+G(d")
UHF/ QCISD/ UMP2/6- (a) n/a
CBS/APNO 6-311G(d,p) 6-311G(d.p) 311+G(6s6p3d2f,4s2pl  (b) QCISD(T)/6- 2.2
[0.9251] P d) 311+G(2df,p)

aShown in brackets
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The 4% order extrapolation method, CBS-4, limits the correlation expansion to MP4 only,
excluding Step 4 (b). This makes it the least computationally expensive, increasing
applicability in terms of systems size. Generally, the minimum population localisation
expansion, CBS-4M, is more commonly used, given its applicability to systems of ~ 20 heavy
atoms.”® However, the efficiency does come at an accuracy cost, with both methods giving
mean absolute deviations (MAD) from experiment (according to the G2 test set) of 8.3 kJ mol"

"and 9.0 kJ mol! respectively.””%

At the other end of the scale CBS-APNO, where APNO stands for asymptotic pair natural
orbitals, is extremely accurate, yielding a G2 MAD of 2.2 kJ mol'.°"!1°! This accuracy is
achieved by using higher correlation levels and larger basis sets for the majority of the steps
listed above. The geometry is optimised at QCISD/6-311G(d,p) (step 2) and the correlation
correction limited to only a QCISD(T) single point (step 4 (b) only) at a larger basis set of 6-
311+G(2df,p). This however does impose severe limits on system of interest size and

complexity, limiting the number of heavy atoms possible to ~ 5.

A happy medium is found in quadratic CI CBS (CBS-Q),”” which generally follows the
procedure described in the aforementioned steps exactly. This expands the correlation
correction to include a QCISD(T) calculation while also maintaining lower level geometry,
ZPE and basis limit extrapolation steps. The MAD is greatly improved compared to CBS-4
methods (4.1 kJ mol') while maintaining a greater system size applicability than CBS-
APNO.!'% This performance is further improved through the incorporation of DFT. DFT
functionals like B3LYP have a good accuracy to computational cost ratio, decreasing electron
correlation errors while remaining widely applicable, making their use in the optimisation and
frequency steps of composite methods very attractive. To this end the CBS-Q method was
modified to use B3LYP/6-311G(2d,d,p) for steps 1 and 2, as it gave more accurate geometries
than those found previously using MP2. Furthermore, the QCI expansion from MP4 was
changed to a CCSD(T) expansion, as it was shown to perform better than QCISD(T) when
combined with B3LYP geometries and frequencies. This expanded applicable system size to ~
10 heavy atoms while also lowering the G2 MAD to 3.6 kJ mol™!.!% This generally results in
CBS-QB3 being the most widely used CBS method, performing on par with G3 methods in
terms of accuracy and speed. It still has a greater limit on system size than the equivalent Gn
methods, resulting in a general preference for Gn methods overall given their extensive method

families and consistently good accuracy to cost ratio.
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2.5 Density Functional Theory

As is clearly illustrated above, the implementation of electron correlation and exchange are
both key to improving calculation or model accuracy but also detrimental to computational
costs and thus system applicability. An alternative to these electron correlation methods is
presented in the form density functional theory (DFT), which has been shown to replicate the
accuracy of high correlation level methods like MP2 while maintaining computational costs

similar to HF.

The key to this technique is the abandonment of the many-electron wave function in favour of
a function of electron density, a function itself dependent on the three spatial coordinates. This
function of a function, or functional, reduces the number of variables to 3 from the 3N needed
for wave function-based methods and allow the implicit incorporation many-body correlation
and exchange effects. This increases the accuracy with which the method describes many body

systems like molecular systems, while lowering computational costs.

The method maintains the same QM background as the previously detailed ab initio methods,
with the fundamental difference in the descriptor of the system. Thus, the independent-particle
and BO approximations remain but implementation requires the derivation of the Hamiltonian
in terms of electron density (p(r)). This involves the derivation of the kinetic and potential
energy components according to electron density. The Thomas-Fermi equations, shown below,

were the first iterations of this, done in terms of a classical system.!%?

Zup(r)

Vaelp()] = - P (2.50)
1 1 2
]ee [P(T)] = E'[I%dﬁdrz (2.51)
3
Trelp()] = 15 GBn2/* [ o33 )ar 2.52)

The first two equations correspond to the nuclear attractive (V;,,) and electron-electron
repulsion (J..) potential energies. The final equation corresponds to the kinetic energy
contributions (Tyr) in relation to a continuous charge distribution. This necessitated the
establishment of a fictious substance called the uniform electron gas, originally jellium. It is
characterised by uniformly distributed positive charge and composed of infinite electrons

moving in an infinite volume.
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However, given their classical basis these models proved highly inaccurate when applied to
molecular systems, with the exchange and correlation effects completely ignored, necessitating
the development of a more rigorous foundation and method. This led to the Hohenberg-Kohn

theorems and Kohn-Sham DFT.

2.5.1 The Hohenberg-Kohn Theorems

To show that the energy is dependent on the density, Hohenberg and Kohn, had to show that
the Hamiltonian could be uniquely determined by electron density. They did this by employing
two theorems. The first, called the existence theorem, defines the external potential (V,,,) as a
functional of the ground-state electron density (p(r)).!9 Taken with the definition of total

number of electrons (N) as the integration of the electron density over all space,

N = fp(r)dr (2.53)

this fully defines the Hamiltonian, dependent only on the nuclear positions and atomic numbers
(encapsulated in the external potential) and total number of electrons. By fixing the
Hamiltonian, the ground state energy can also be assumed a unique functional of electron
density. This is proven by showing that all observations to the contrary are impossible, called
proof by reductio ad absurdum, the details of which are touched on in more comprehensive

texts like Cramer’s Essentials of Computational Chemistry.!%4

The second theorem applies the variational principle to ensure the density considered truly
describes the ground state system, and hence is called the variational theorem. This theorem
states that a well-behaved trial ground-state density (p.(r)), that is one which obeys Equation

2.53, will minimise energies such that the following relationship occurs,

E¢[pe(r)] 2 Eolpo(r)] 2.54)

This relationship states that said trial density produce expectation electronic energies that are
upper bounds to the true ground-state energy, until the trial density is equal to the true ground-
state density (po(1)).'9 At this point the trial expectation energy is equal to the real ground-

state energy of the system.

These theorems thus surmise the existence of an energy functional dependent on density
(Fyg[p(r)]) that can accurately predict the exact ground-state energy but not how to determine

it. This is solved in the Kohn-Sham methodology, which puts these theorems into practice.
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2.5.2 The Kohn-Sham Method

Fundamental to this methodology is the assumed existence of a reference system of non-
interacting electrons. This is to account for problems in defining the kinetic energy operator
and electron exchange-correlation effects.!% This reference system has a ground-state electron

density equal to that of a real system, with energy functional defined as follows,

Elp()] = Tuilp@)] + Vao ()] + Juolp ()] + Exclo ()] (2.55)
¥relp()] = [ poViwedr (2.56)
Exc[p()] = AT[p(P)] + AV [p(P)] 2.57)

T,,; is the kinetic energy operator for a non-interacting or uncorrelated system. The introduction
of the non-interacting system helps to solve this issue in terms of kinetic energy, allowing it to

be treated as a sum of one-electron functions or orbitals (y;).

1

N
Tulp()] = =3 ) (V21 2.58)

The true ground state density can then be defined in terms of y;as,

N
po) = ) Il (2.59)

The remaining operator terms (V;,, and J,.) correspond to potential energy contributions. V,,,
and /.. are the classic nucleus-electron attraction and electron-electron repulsion operators.
Equation 2.56 shows classic Coulomb attraction potential energy operator (Equation 2.50)

rewritten in terms of electron density and the external potential (V,,;) or potential due to

. . . . z
interactions between electrons and nuclei at a distance r (TA)'

The last term, called the exchange-correlation functional, is the sum of the corrections needed
to account for deviations of the reference from the real system, caused by the lack of electron-

electron interactions in the reference system.

AT[p(")] = Trea[p(r)] = Tni[p(r)] (2.60)

AVee[p(N)] = Vee [0 (1] = Jeelp(1)] (2.61)
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AT[p(r)] is the deviation of Ty,; from the real kinetic energy (Tyeq: [p(1)]), while AV, [p(1)]
corrects for the presence of non-Coulombic electron-electron interactions like exchange and

Coulomb correlation and self-interactions.

Substituting Equation 2.59 into Equation 2.55 allows it to be rewritten in terms of these KS
molecular orbitals. Through application of the variational principle the orbitals that minimise
this energy expression can be determined. This is provided that the orbitals are orthonormal

and obey the following equations,!%

1 nuclei 7 ( )
1, A P, : (v = XS (1.
[ ) | e i) | i) = ) 262
EKS
Exc[p(ry)]
Vv ) = 2t i 2.63
e (1) ap(ry) ( )

These are the KS equations, which can be solved iteratively to give both the electronic energy
and corresponding molecular orbitals. AXS is defined as the KS one-electron operator. It
contains the derivative of the exchange-correlation functional according to density or
exchange-correlation potential (V). The exact form of this term is not known and is thus
approximated using known functions of density. And thus, the exact equations of DFT are
solved in an approximate manner, with the accuracy dependent on how well Ey. is

approximated.

2.5.3 Exchange-Correlation Functionals

For approximation of the exchange correlation energy, Ex.[p(r)] is usually split into its
individual correlation and exchange contributions as shown below allowing each to be

designed individually.

Exclp®)] = [ pzxlp@dr+ [ p0Ieclp@ldr (2.64)
Where each contribution is defined in terms of an energy density (€).'

These functionals are arranged into a hierarchy based on sophistication according to a
classification method proposed by Perdew et al.'%1% The hierarchy is conceptualised as a
ladder of five rungs, with each proceeding rung building upon the previous through new or

modified approximations. The lowest rung, simplest approximation, is the local density
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approximation (LDA), which assumes that the local density changes slowly or is a uniform

electron gas.!%” The exchange energy is then be determined as,

EPA = —¢, J p3(r)dr (2.65)

Which is expressed in terms of individual densities when the spin densities are unequal, called
the local spin density approximation (LSDA). Correlation cannot be expressed explicitly in the
same manner is instead determined analytically using various methods depending on the
density-limit or neglected completely. Overall these functionals have been found inappropriate
for many chemical problems and thus have been displaced by more accurate approximations

like the generalized gradient approximation (GGA).!'?

GGA functionals improve on LDA by
also incorporating the first derivative (Vp(r)) of the density as a variable, making the functional

depend on density and its gradient (Equation 2.66).

B2 = [ p)efA (p 1), Vp(r)) dr (2.66)

This allows for better description of inhomogeneous electron density systems, which is more in
accordance with real molecular systems. These functionals can be expanded and improved through

addition of the second derivative (V2p(r)) to give meta-GGA, the third rung of functionals.

B S = [ pG)ef ¥ (o), Tp (1), V2 p () dr (2.67)

This is generally altered to be dependent on the kinetic energy density (t(r)) instead, which is

the kinetic energy summed over all occupied orbitals, as it effectively contains the same

information as the second derivative but is more numerically stable.!'?’

B0 = [ pGIef ¥ (o), T (1), ) dr 2.68)
@) =5 ) IPHOF 2.69)

An example of this functional class would be the Tao-Perdew-Staroverov-Scuseria (TPSS)

exchange-correlation functional.!'”

The next rung of the ladder, hybrid functionals, calculate portions of the exchange energy using

HF theory with KS molecular orbitals. This is due to the ability of the HF equations to offer
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the true exchange energy if the KS orbitals were equivalent to that of the real wave function.
Given that the exchange is the far larger contribution this would greatly improve the accuracy
of the method. Furthermore, adding the HF ‘exact energy’ is a reduction in the self-interaction
error present in all DFT methods which results from expressing the Coulomb interaction as a
double integration over independent electron densities. The energy is thus calculated as a

weighted sum of HF exchange energy and DFT exchange-correlation energy as shown below,

Ef2PT = (1 — ¢ )ERFT + cxEFF + ERFT (2.70)

The B3LYP functional is a prominent example which combines GGA (B88'!!, LYP'!?) and
LSDA (VWN!13) exchange and correlation functionals with HF exchange using various scaling

factors.! 14115

For the last rung, hybrids are improved through the full usage of KS orbitals, including both
occupied and virtual. Called double hybrid methods, these functionals include real’ electron
correlation contributions through usage of post-HF, like MP2, method equations with KS
orbitals. However, these methods have very high computational costs, associated with use of

perturbation expressions, and thus are limited in application.

2.6 Continuum Solvation Models

It has long since been established, both thermodynamically and experimentally, that the
environment or surroundings effect the state of a system. An example of this would be the

effect of solvation.

A solvated system, called a solution, consists of the solute (the molecule or molecules of
interest) surrounded by numerous solvent molecules. The solvent molecules can be divided
into shells with the effects diminishing the further they are from the solute. The closest shell,
where molecules directly interacting with the solute, is called the first solvation shell. The
effects of this solvent shell on the solute are often larger and more specific than the outer
solvent shells that encapsulate it. Each layer of solvent molecules shields the solute, thus
reducing the effects of additional solvent shells on the solute. The effects of the solvent can
thus be divided into two types, non-specific or long-range effects and specific or short-range

effects.!1®

Specific effects are related to the interaction of the first solvent shell with the solute and include
intermolecular interactions, structural effects, charge transfer effects and solvent-solute
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dynamics. These effects are dependent on the nature of the specific solvent molecules, affected
by molecular structure and bonding abilities. Likewise, non-specific effects are related to the
effect of the bulk solvent and include polarisation and dipole orientation. Computationally, the
way to model the solvent such that all of these effects would be accounted for would be to
represent the solvent as box of multiple individual solvent molecules which is then statistically
sampled. Called explicit solvation, these techniques are extremely accurate, provided all
interactions are realistically described, but prove to have a high computational cost, leading to
the development of simpler more cost-effective techniques called implicit models. Under
implicit modelling conditions the solvent is reduced to a homogenous continuum defined
primarily by a dielectric constant. This takes into account non-specific effects while negating

the need to sample a many-body explicit phase space.

Implicit models are far more compatible with high accuracy QM techniques, like those
mentioned above, which already incur high computational costs at large system sizes if any
accuracy is to be expected. To this end a brief background is given below, followed by

descriptions of two model types relevant to this study.

2.6.1 Background

As was stated above, the continuum or implicit solvent model simplifies the modelling of
solvation by capturing the solvent effect using continuum and not multiple explicit solvent
shells. The solvent is reduced to a uniform, continuous polarisable field. Vectors along this
field represent the gradient of the electrostatic potential.''” As an initial step, a specifically
shaped cavity is created in the field into which the solute is placed. The field reacts to the
charge distribution of the solute, leading to the formation of a so-called reaction field that needs
to be solved self-consistently. The creation of the cavity costs energy as the solvent medium is
destabilised. This, along with contributions from solvent-solute interactions, forms part of the

overall solvation free energy,

AGsoly = AGeay + AGygw + AGeiec (2.71)

AG,q, is the cavity formation energy or destabilisation cost of creating the solute cavity in the
dielectric medium, accounting for the reorganisation of the solvent molecules around the
cavity. AGyqw 18 the energy attributed to van der Waals interactions between the solute and the
solvent. The final term is the electrostatic stabilisation or interaction of the solute charge
distribution with the solvent medium. This is due to the polarisation of the medium by the
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solute charges and its subsequent polarisation due to the polarised medium. How these effects
are modelled and defined can vary, leading to a variety of reaction field models which in turn

define various types and families of implicit models.!'

The dominant free energy contribution for implicit models is due to electrostatics, given that
the solvent medium is defined according to its dielectric constant and how it interacts with a
solute charge distribution. This can be described using the Poisson equation, which describes
the response of a dielectric medium to the embedding of charge. For a position-independent

charge distribution or density, the equation is as follows,

4np(r) @2.72)

&

Vip(r) = —

where ¢ is the dielectric constant of the solvent continuum, p(r) the charge density of the
solute, shown here as an electron density, and ¢ () the electrostatic potential. However, for a

continuum solvent model Equation 2.72 is written as

Ve(r) -Vo(r) = —4mp(r) 2.73)

Due to the presence of the solute cavity in the continuum creating two regions, within and

outside the cavity, to which Equation 2.72 can be applied.

These equations are only applicable for neutral solvents. For ionic solvents the equation

becomes,

Ve(r) - Vo (r) — eAK2 2  sinh [‘”’ (r)] — —4mp(r) Q2.74)
q kgT
_ 8mq?l
= 2.75)

Called the Poisson-Boltzmann (PB) equation, this considers how ions will accumulate based
on the potential. q is the charge magnitude of the solvent ions and A is a switching function
that is zero in solvent inaccessible regions and one everywhere else. The k? term is the Debye-
Hiickel parameter, which measures the extent to which electrostatic effects reach in the

solution, with I corresponding to the solution’s ionic strength.

How a cavity is created can vary based on cavity size and shape. The simplest models make
use of spherical and ellipsoid shapes, called ideal cavities, as they allow the solute-medium
electrostatic interactions (Equations 2.73 and 2.74) to be calculated in an analytical manner.
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However, cavity shape is important, with more realistic shapes leading to better accuracy when
compared to experimental data. Thus, other models like van der Waals surfaces and solvent
accessible surfaces (SAS),!'81"” employ more realistic shapes based on the solute’s molecular

structure and are more widely utilised.

A van der Waals surface creates a surface using interlocking spheres localised on each nucleus
with sphere size decided by a factor of atomic and van der Waals radii. However, these surfaces
can allow for the creation of gaps in the surface where solvent molecules can enter. The
alternative SAS approach which traces the surface of the solute using a spherical particle of a
given radius often based on water. This method provides marginal improvements in terms of
accuracy but greatly increases the computational costs, leading to van der Waals surfaces being
more commonly used. Cavities can also be sourced directly from the wave function. For these
surfaces solving the Poisson/PB equation is more complicated. The surface is divided into 7
tesserae of a fixed area s;, over which solute charge density is spread evenly. The electrostatic
potential is then calculated numerically for each of these areas in an iterative manner and all

non-zero areas summed to solve the PB equation.

The actual energy needed to create this cavity or hole in the dielectric medium along with the
energy introduced by solute-solvent dispersion interactions is generally calculated in relation
to the surface area. This can be done by either taking the energy as directly proportional to the
total SAS, using a single proportionality constant, or using empirical solvation data to apply

fitting parameters specific to each atom.

2.6.2 Conductor-like Polarizable Continuum Model

The conductor-like polarization continuum model (C-PCM) is an iteration of the conductor-
like screening model (COSMO) that uses the framework of the polarizable continuum or PCM
solvent model.'?%!2! As such it is a conductor-like apparent surface charge method. Within
these models the cavity is molecular in shape, created using as a van der Waals surface with
additional non-atom centred spheres added to form a solvent-excluding surface. Dispersion and
cavity formation contributions are parameterised according to surface area according to

expressions derived by Pierotti, and Floris and Tomasi respectively.!'?>125

According to the C-PCM and COSMO documentation the solvation free energy is defined as,
AGsolv = AGcav + AGdis + AGelec + AGrep (2'76)
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with AGgjec defined as,

tesserae
AGelec = (lp|ﬁsolute|lp> + E Z q;V; 2.77)

i
where V; is the electrostatic potential at tessera i. This evolves as product of treating the

solvation as a perturbation of the Hamiltonian of the isolated solute by operator I7,126

)

= ﬁsolute +V (2.78)

Operator V encapsulating all electrostatic solute-solvent interactions. Polarisation charges, for
each tessera are then determined according to the conductor-like boundary condition. This
condition ensures the total electrostatic potential cancels out on the cavity surface by treating
the surrounding dielectric medium as a conductor, through assumption of an infinite dielectric
constant. Defining V in terms of apparent polarisation charges (g;) present in each tessera (i),

the electrostatic potential (V) is then determined as,'?

tesserae

V@) + Z v, (# =0 (2.79)

where V is due to the solute and V,; the polarisation charges. Using the matrix A with

elements!20:126

4
Ay =107 |2 (2.80)
Si
P
iy = |Fl _ ?}| (2.81)

where S; is the tessera area, the vector (V) of the polarisation charges (Q), which includes
electrostatic potential due to solute tesserae, can be defines as!26
AQ=-V (2.82)

If the solvent dielectric is considered then Q is scaled as follows to represent the real charges

(q)’121

Q (2.83)

45



2. Theoretical Background

2.6.3 Solvation Model based on Density

Based on the SMx models of Cramer and Truhlar, the solvent model based on density (SMD)
is a universal solvent model,'?” which varies from other self-consistent reaction field models
by using solute charge density or electron density instead of partial atomic charges.
Electrostatics are treated using a generalised Born type approach, while dispersion terms are

parameterised based on the solvent exposed surface area.!?”-128

Its universality is due to its ability to be applied to any solute-solvent system if the key solvent
descriptors for the model are available. These key descriptors are as follows,

e Dielectric constant

e Refractive index

o Bulk surface tension

e Acidity and basicity parameters — defined as Kamlet-Taft hydrogen bond donor and acceptor

parameters
The SMD model uses these descriptors to split the solvation free energy into two main

contributions based on electrostatics or cavity creation, solvent structure and solute-solvent

dispersion interactions, '?’

AGsoly = AGgnp + AGeps (2.84)

The first term encapsulates electrostatic contributions, accounting for all electronic, nuclear
and polarization interactions. In situations where the geometry remains the same through the
phase transition, this term reduces to represent electronic polarisation contributions only
(AGgp). This is determined through a molecular self-consistent reaction field calculation of the
Poisson equation (Equation 2.73). The boundary or cavity shape is a SAS made up of
interlocking nuclear-centred spheres with radii, called intrinsic Coulomb radii, dependent on
each atom’s atomic number.'?’ As such the Poisson equation is solved as a sum over tesserae

of the surface.

The AGcps term accounts for free energies associated with cavity creation and the resultant
changes in dispersion energy and local solvent molecule structure. It is intended to describe all

specific solute-solvent interactions and is calculated according to the following equation, '’
atoms atoms

AGCDS = z O'kAk(R, {Rzk + Ts}) + O'[M] z Ak(R, {Rzk + Ts}) (2.85)
k k
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14

oM g1V
1 cal mol—1A2

+ 69712 + gl¥ly2? + 516152 (2.86)

Where A, is the solvent accessible surface area (SASA) of the atom 4, which is reliant on the

solute geometry R which is set {Rzk} of all atomic van der Waals radii plus the solvent radius

(r5). o™ is the molecular surface tension, calculated as a function of solvent macroscopic
surface tension (y), carbon aromaticity (¢), electronegative halogenicity (i) and Abraham
hydrogen bond basicity (f) all multiplied by empirical parameters. Carbon aromaticity and
electronegative halogenicity are the fraction of solvent molecule atoms that are aromatic
carbons atoms or halogen atoms respectively. g;, is the atomic surface tension of atom k,

calculated as shown below, %’

atoms

O =Gp+ ) G2, Te(Z Ric) (2.87)

T} is a switching function that is dependent on geometry, and 67, and 6, ;, are parameters that

depend on the atomic number of a specific atom or atoms. These parameters are defined by a

set of solvent descriptors (Equation 2.88), making both surface tensions dependent on the

solvent.!8:127

&z, 0T 67,7, = 6Mn + 6%a + 5lF1p (2.88)

These solvent descriptors are the room temperature refractive index (n) and Abraham hydrogen
bond acidity («) and basicity parameters, which all multiplied by various specific empirical

parameters (G, gl glAly,
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3.

Computing Ionic Liquid Acidity using

Thermodynamic Cycles

This chapter details investigations of acidity calculations in and of ionic liquids, specifically
of Bronsted functionalised ionic liquids, which can be used as cellulose hydrolysis catalysts in
another ionic liquid solvent. This includes a brief background on the use of various
thermodynamic cycles to calculate a theoretical pK., establishment of a preferred cycle and
calculation of the relative acidity of acid functionalised ionic liquids in comparison to a known

highly effective molecular acid catalyst.

Initial testing indicated a proton transfer thermodynamic cycle is significantly more accurate
(compared to experimental values) and precise (consistency across levels of theory) than a
direct cycle, whereby the accuracy and precision of pK. prediction is highly dependent on the
gas phase level of theory. Benchmarking indicated that DLPNO-CCSD(T)/cc-
pVTZ//TPSS/def2-TZVP performance fell within the range of commonly used high level
methods and thus was acceptable for use in larger systems. Application to the acidic ionic
liquid systems of interest produced high pKas relative to the molecular acids with the sulfonyl
IL far more acidic than the other functionalities. This matched relative acidity trends seen
experimentally, correlating well with available Hammett acidity functions. Thus, the sulfonic
acid functionalised ionic liquid was shown to have the highest relative acidity in an ionic liquid

solvent of the cationic acids tested.

3.1 Background

The chemical transformation of cellulose is a serious challenge to its use in biorefinery
processes,? specifically due to the structural protections present that necessitate harsh
conditions.®° These problems have been addressed from both a solvation and catalytic point
of view, focusing on low-cost acid hydrolysis techniques over costlier enzymatic routes. Past
experimental studies of cellobiose hydrolysis in traditional solvents, such as water, have

indicated a stepwise mechanism, with the protonation of the glycosidic linkage oxygen atom
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as a prerequisite step.®?* However, due to the rigid crystalline structure of cellulose and
protective nature of the ring hydroxyl positioning, this step is the most energy intensive. Thus,
the acidity of the catalyst or rather its free energy of protonation in solution can be hypothesised
to correlate to the efficacy of cellulose hydrolysis or glucose production,'® given the high

energy requirement for the protonation of the glycosidic linkage.'>2*

This step can be performed by solid catalysts, avoiding issues of erosion and by-product
formation, but issues occur in later processing in terms of separation and effective access to
reaction sites inside the cellulose crystal.*® Dissolution, discussed further in the following
chapter, breaks up the supramolecular structure of the cellulose crystals. This increases
exposure of the glycosidic linkages for hydrolysis to take place. Using traditional strong
mineral acids, the linkage can be protonated but necessitates the use of harsh reaction
conditions making the process less “environmentally” advantageous.3® Furthermore, separation
would remain an issue. A one-pot synthesis process would be more attractive overall for
industrial application due to reduced synthetic steps and processing.'® Given the preferred use
of ionic liquids in cellulose solvation and their structural versatility, the viability of acidic ionic
liquids as catalysts has been investigated experimentally.!!16:17:38.39.129-131 Thege experiments
only indicate efficacy in terms of glucose or total reducing sugar (TRS) production but give no
direct indication of the acidity of these acids, which is of significance in terms of effective

application and development of the biorefinery process.

Thus, to investigate the viability of an ionic liquid based one-pot synthetic processing of
cellulose, the acidity of three Bronsted-functionalised imidazolium based ionic liquid cations
was assessed (Figure 3.1). Cations were chosen based on experimental cellulose hydrolysis
findings to allow for comparison to total reducing sugar yields.’® However, given the lack of
experimental data on the acidity in ionic liquids and acidity of functionalised ionic liquids in
general,'3>713* a protocol needed to be established, which would allow for the accurate

computation of acidity in non-traditional solvents.
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Figure 3.1 Structures of the acid-functionalised cations of the IL catalysts of interest (i) 3-methyl-1-
(4-sulfobutyl)-1-imidazol-3-ium ([IL-SOsH]"), (ii) 1-(2-hydroxyethyl)-3-methyl-1-imidazol-3-ium
([IL-OH]"), and (iii) 1-(2-carboxyethyl)-3-methyl-1-imidazol-3-ium ([IL-COOH]").

Two types of thermodynamic cycles, predominantly found in literature, were used to assess the
relative acidity of three acid-functionalised imidazolium cations, 3-methyl-1-(4-sulfobutyl)-1-
imidazol-3-ium ([IL-SO3H]"), 1-(2-hydroxyethyl)-3-methyl-1-imidazol-3-ium ([IL-OH]"),
and 1-(2-carboxyethyl)-3-methyl-1-imidazol-3-ium ([IL-COOH]") (Figure 3.1). Counterions
were excluded from calculations. Given that they are generally similar in nature to the solvent
IL anion (halides and/or basic), their effect cannot be distinguished from the solvent anion

stabilisation effect assessed in Chapter 4.

3.1.1 pK, Determination and Thermodynamic Cycles

Gas phase acidity can be defined in terms of the dissociation reaction of an acid HA, as shown

below:

HA (g) » A (g) + H*(g) 3.1

Solution phase acidities are often represented by the negative base-10 logarithm of the acid

dissociation equilibrium constant (Kj,), or simply pKa,'*

PKa = log10(Ka) 3.2)
with K, = % 3.3)

which is related to the reaction Gibbs free energy in solution (AGg,,) of the acid dissociation

reaction as follows (See Appendix A for the derivation):

_ AGs*oln
PKa = RTTn(10) -4
where AGs*oln = goln (H+) + Ggoln (A_) - s*oln (HA) (3'5)
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The superscript * in Equations 3.4 and 3.5 indicates that the terms are calculated at a standard
state concentration of 1 mol L. This contrasts with a reference state of 1 atm (*), commonly
used for calculating gas phase energies and can be converted to a 1 mol L' reference state

using the following correction term (see Appendix B for the derivation)

AG*™* = AnRT In(RT) (3.6)

where An is the change in moles across the reaction and R and R are the universal gas constant
in units of J mol! K-' and L atm K mol"!, respectively. This is of great significance in
thermodynamic cycles where correct application demands all components to be in the same

standard state.!3¢

While many experimental techniques exist to determine the acidity of a compound in either gas
or solvent phase, they are not easily applied in an accurate manner and limited in application
to compounds at the extremities of acidity (super acids or very weak acids).'3” These limitations
have spurred the development of in silico procedures for accurately predicting acidities of novel

compounds in any solvent.

In general, computational methods require calculation of the reaction Gibbs free energy change
in solution (AG¢,), ), Which can be directly determined using continuum solvation models, such
as the conductor-like polarizable continuum model (C-PCM) and the Solvation Model based
on Density (SMD). These models have been shown to accurately predict solvation energies
(AG,),) but are limited in terms of total free energies in solution (AG¢,;,,) prediction accuracy
by the original design, which used less accurate low levels of theory (basis set size and
correlation level) and specific compound classes.!3%!38 Furthermore, given that an error of 5.7
kJ mol! in AG{,;,, results in an error of 1 pKa unit,'* accurate pK, predictions require highly
accurate energy calculations. However, unlike gas phase protocols, condensed phase protocols

are typically dependent on empirical parameterisation, and have no way of systematically

improving the computation based on a well-defined and convergent theoretical framework. '3

Thermodynamic cycles provide an alternative that seeks to improve the accuracy of the
condensed phase reaction by coupling it to the equivalent gas phase reaction, which can be
experimentally determined or calculated using high accuracy computational methods.'3” The
solvation free energy, which is the change in free energy associated with the solute moving

from gas to solvent phase,'# links the reactions, completing the cycle as illustrated below in

Scheme 3.1.
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*

AGsoln -—
HA (S, 1M) » A~ (S,1M) + H* (S, 1M)
A A

_AG;olv(AH) AG;O]V(A_) AG;O]V(H+)

v AGgas

HA (g, 1M) » A" (g,1M) + H* (g, 1M)

Scheme 3.1 Absolute or direct thermodynamic cycle for generic acid HA.

The free energy change in solution (AGg,;,) can then be calculated as follows:

MGy = AGgas + AAG, (3.7)

solv

where for the cycle shown in Scheme 3.1

AAG 1y = MG (HY) + AGL, 1 (A7) — AGg,), (HA) 3.8)

solv solv solv
AGtc:;as = Ggas (H") + Ggas (A7) - Ggas (HA) 3.9

Using this process, each component of AG,,,;,, can be calculated at their optimal levels of theory
for greatest accuracy.'®’ Thus, the solvation terms can be calculated using continuum models
at their original parameterisation levels of theory, producing the most accurate solvation
energies; and the gas phase energies can be calculated at higher levels of theory that are more

suitable for the calculation of reaction energies. '3’

Aside from allowing independent improvement in accuracy for each reaction phase, various
thermodynamic cycle types can be used to allow for the use of available empirical data and
cancellation of method (solvent model or level of theory) errors through structural or charge
conservation across the reaction or phases.!'3° Most however, tend to be extensions of two key
cycles.'"*! The first deals with the dissociation reaction in its simplest form and thus attempts a
direct calculation of the acidity.!*>13713 It is aptly named the direct or absolute cycle, an
example of which is shown in Scheme 3.1. The second determines the acidity indirectly by
using a reference acid/base system and calculating the reaction Gibbs free energy of a proton

transfer reaction. Essentially, the acid of interest protonates the reference base (Ref ™), forming
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the respective conjugate base (A7) and reference acid (HRef) in what is called a proton

exchange cycle (Scheme 3.2).135:137

AGgg -
HA (S, 1M) + Ref™ (S, 1IM) ——————— A~ (S, 1M) + HRef (S, 1M)
' a2
—AG o), (AH) —AGg,, (Ref™) AG o (A7) AGg,), (HRef)
v v Ggas

HA (g, 1M) + Ref™ (g, 1M)

»A~ (g, 1M) + HRef (g, 1M)

Scheme 3.2 The proton exchange cycle for generic acid, HA, and reference acid, HRef.

The pKa is calculated relative to the known pK, of the reference acid (pK, (HRef)),'*? such that

_ AG:oln
pK, = RTIn(10) + pK, (HRef) (3.10)

AG;,, 1s once again calculated using Equation 3.7, but the solvation and gas phase terms are

defined in accordance with the proton exchange cycle as:

AAG:O[V = AG;O]V(HRef) + AGs*olv(A_) - AG:olv(HA) - AG;O]V(REf_) (3'11)
AGgas = Ggas (HRef) + Ggas (A7) — Ggas(HA) - Ggas (Ref™) 3.12)

While both cycles have been shown to produce accurate results, each has its advantages and
disadvantages, making the choice often dependant on the availability of experimental quantities
for the systems of interest. The direct cycle has been shown to be very accurate for systems
solvated in water or other commonly used solvent systems,'#~1% due to the availability of
experimental values for the solvation free energy of the proton. Since the bare proton lacks
electron density, this latter quantity cannot be computed by implicit solvation methods that rely
on a description of the electronic structure of the system.!3° However, the accuracy of the cycle
is clearly dependent on this value, which is often limited by experimentally available data and
within said data subject to a fair amount of variation.!*>!3%145 Moreover, charge is not
conserved across the reaction, with a neutral reactant producing two charged products (Scheme
3.1). This may result in significant errors in the solvation terms as implicit solvation treatment
poorly represents intermolecular short-range interactions,'*® thought to be crucial to

ion/charged solute solvation, 47148
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The proton exchange cycle is also reliant on experimentally available quantities, specifically
with regards to the choice of reference acid, which is also limited by the need for a structurally
similar compound to the acid of interest, for greatest accuracy. Two reasons can be given for
this. First, the implicitly calculated solvation free energy depends on the overall electron
density and empirical atomic descriptors; thus, if these are similar, the errors in calculated free
energy should be similar.!3%147:149 Second, there is in inherent error in correlation energy in the
electron structure calculation, and compounds with a similar number of bonds and bond types
can be assumed to have errors of the same order (this concept is the core of so-called “isodesmic
reactions”).!3%-152 Thus, the same problem as seen for the direct cycle is encountered, whereby
effective use is limited by availability of external data. Furthermore, the cycle generates equal
numbers of charged components and thus allows for a cancellation of errors introduced by
deficiencies in the treatment of charged solutes.!#¢ This cancellation would not occur in most
direct cycle cases as both products are charged while the reactant typically has an overall charge

of zero.

In summary thus, the choice of a thermodynamic cycle is often dependant on the availability
of experimental data for the systems of interest, limiting solvent system choice to more
commonly used systems; or accuracy of theoretical means used to circumvent these

shortcomings, one of which is discussed below.

3.1.2 Cluster Solvation Using Thermodynamic Cycles

The use of a direct thermodynamic cycle requires a value for the proton solvation free energy.
These values are often not readily available in non-traditional solvents and if available highly

contested due to large variation seen in experimental values available in literature.!33:143:145.153-

157 Proton solvation values are therefore often estimated using computational techniques;
however, besides the inability of electronic structure methods to compute the bare H*
nucleus,'3? the protocol is further complicated by inherent inadequacies in continuum charged
solute (ion) solvation.'*® Thus, proton solvation free energies are often calculated using purely
explicit methods or hybrid explicit-implicit methods.!37:13%:156 Explicit solvation can be time

consuming and has a high computational cost; thus, hybrid explicit-implicit methods such as

the cluster-continuum approach are often used. 418

Explicit-implicit techniques work on the assumption that intermolecular solute-solvent
interactions decrease in significance with distance from the solute, with the most significant

interactions occurring in the first solvation shell. 143158159 Thus, the deficiencies of continuum
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models can be addressed by the introduction of explicit solvent molecules around the solute,

which also better approximates the specific solute-solvent intermolecular interactions that

might be absent in the implicit model (Figure 3.2).!%8

5 E. . &
NV
. & xx aEB .
/.\
£ € € -

Figure 3.2 Simplified visualisation of hybrid explicit-implicit solvation, where an ion (X%) is

clustered by explicit solvent molecules (blue ovals) encapsulated in a dielectric continuum (g, pale

purple). Picture adapted from Xue et al. (2015).'

The cluster-continuum model, as proposed by Pliego and Riveros, surrounds the system of
interest with an explicit cluster of solvent molecules, which is then embedded in a
continuum.'*® It was specifically designed for the calculation of the solvation thermodynamic
properties of ionic species. The explicit cluster represents the first solvation shell, integrating
strong solute-solvent interactions that affect the solvent behaviour at small distances into a
continuum model.'3>137 The technique is based on the notion that the cluster ([X(S),]¥) is a

rigid species whose formation can be treated as a separate chemical reaction

X* (g) +nS (g) - [X(S)al* (8) (3.13)

where X* is the ion of interest and S an explicit solvent molecule, which can then be modelled
using ab initio methods.'*® The cluster formation reaction (3.13) is then solvated by the bulk

solvent, represented by the continuum model, resulting in the following overall reaction!43:160

X* (g) + nS () = [X(S)al* (5) (3.14)

Approximating the cluster solvation process as a reaction allows for the application of
thermodynamic cycles in cluster-continuum calculations. Using the above reaction, the

thermodynamic cycle shown below can be constructed (Scheme 3.3).
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AGclust

xt(@ + nS(g) > [X(S)nlT (9)

AG;olv(Xi) nAG;olv(S) AG;olv([X(S)n]i)

\ 4 v

xE (s,1M) + nS (I, 1M)

A 4

nRT In|[S] +
> [X(S)n]~ (S, 1M)

Scheme 3.3 Cluster-continuum monomer cycle, with the solvent treated as individual non-interacting

monomers (nS).?%!48

The solvation free energy, according to the above cycle, is calculated as follows:

AGs*olV(Xi) = AGcolust([X(S)n]i) —nAG"" + AGgolv([X(S)n]i) - l'1AGs*olv(S)

3.15)
— nRT In[S]

The solvation free energy of an ion X* can thus be determined from the solvation free energy
of the solvent (AG.,;, (S)), the concentration of the pure solvent (RT In[S]), the solvation free
energy of the cluster (AGg,, ([X(S)n]*)) and the cluster formation free energy at a standard
state concentration of 1 mol L™ (AG s ([X(S)nl¥) = AG st ([X(S)a]¥) — nAG°™*), which is

equal to the reaction energy of reaction 3.13.

AGgas(3-13) = AG:lust([X(S)n]i) = Ggas([X(S)n]i) - Ggas(xi) - nGgas(S) (3'16)

This approach employs a monomer treatment of the solvent cluster, whereby the clustering
reaction is treated as a reaction between the solute and n number of non-interacting solvent
monomers (S).13¢ Aptly named the monomer cycle (Scheme 3.3), this represents the simplest
cluster cycle. However, it disregards changes in solvent-solvent interactions that occur when

the solute is introduced.

Thus, an alternative method treats the reactant form of the solvent as an interacting cluster
((S)p), reacting the solute with the entire solvent cluster and not individual monomers (Scheme
3.4).136 This approach is intended to include the solvent-solvent interactions and changes in

solvent-solvent interactions with the introduction of a solute, neglected by the monomer cycle.
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o

xt(@ + (nlg) == > [X(S)nl (9)
AG;olv(xi) AG;olv((s)n) AG;OIV([X(S)n]i—)
v v RTln([S]/n) v
xE (s, 1M) + (S)n (I, 1M) > [X(S)nlE (S, 1M)

Scheme 3.4 Cluster-continuum cluster cycle, with the solvent treated as an interacting cluster

((S)n).136’148

Termed the cluster cycle, this technique allows the solute solvation free energy to be calculated

according to

AG;olv(Xi) = AGZlust([X(S)n]i) —AGTT + AG:O]V([X(S)n]i) - AGS*OIV((S)n)

— 0RTIn ([S] /n) (3.17)

where the equivalent of reaction 3.13 now becomes
X* (g) + (S (&) = [X(S)nl* (8) (3.18)

with the cluster formation free energy calculated as:
AGgas(3.18) = AGayst(IX(S)n]®) = Ggas ([X(S)n]F) — Ggas(XF) — Ggas((S)n) (3.19)

Bryantsev et al. found this solvent cluster representation to be far more accurate for aqueous
solvation of selected cations.!* However, literature still largely favours the use of the monomer

cycle, which has been shown to be reasonably accurate, without comparison to other cycle

160-164

types.

The cluster-continuum model has since been expanded upon by Xue et al. and used for the
solvation of ions by ionic liquids, referred to as the ion-biased cluster-continuum model. This
technique is based on the cluster-continuum method but assumes that for ion-based solvents
(like ionic liquids), solvent clusters consist of only the ionic liquid component (cation or anion)
of opposite charge to that of the solute.!®® This is based on various studies which indicate that
for some ionic liquids, solvent ion pairs are ephemeral due to weak association between the

165-167

charged ions. The solvation of positively charged ion, X*, in a generic ionic liquid (IL),

can then be represented by the chemical reaction,
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X* () + n[A]” (IL) = [X(A),]'™" (L) (3.20)

Where IL represents the full ion pair, composed of a generic cation ([C]*) and anion ([A]7).

The solvation free energy, according to a monomer cycle, is calculated as follows:

AGs*olv(X*-) = AGcolust([X(A)n]l_n) - nAGOH* + AG;olv([X(A)n]l_n) - nAGs*olv([A]_)

3.21)
— nRT In[IL]

As observed above, methodology to theoretically predict solvation free energies of ions using
thermodynamic relationships and cycles is highly variable. Aside from the choice of gas phase
level of theory and implicit solvent model, there are now extra factors to consider related to the
explicit solvent cluster. As illustrated above, how the cluster is represented is significant and
one should consider whether the solvent molecules interact, which components of a solvent are
present and the size of the solvent cluster. Key to all solvent and solute systems considered is
n, the number of explicit solvent molecules used or size of the solvent cluster. Original cluster-
continuum literature and subsequent studies usually determine this number variationally,
selecting the n corresponding to the lowest solvation free energy. However, the value can also
be chosen as a convergence point of increasing values of # (seen for cluster cycles) or to match
experimental first shell coordination numbers,'48157.162,168 Fyrthermore, Xue et al. raised the
possibility of steric issues and Coulombic interactions, whereby solvent molecule size and
charge dictated where solvent ions would be placed and how many could be fitted around the

central ion of interest.!%8

3.2 Computational Details

Thermodynamic cycle calculations were done at different levels of theory to benchmark the

most accurate combination of gas phase and solvent phase methods. Accordingly, AGg,s and

AAG,,,, were calculated using various levels of theory.

3.2.1 Gas Phase Calculations

Highly accurate gas phase calculations are usually performed using correlated methods such as
configuration interaction (CI) or coupled cluster (CC), ideally with corrections including
single, double and triple excitations to the reference determinant. In addition, extrapolation to
the basis set limit can be done to correct for basis set deficiencies. However, these methods are
computationally expensive and tend to have high calculation run times, more so for large

molecules, such as cellobiose. Thus, based on evidence of high accuracy with reasonable time
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efficiency for larger more complex chemical systems,”!-76:82,97,100,139,142,143,169.170 for high level
(HL) methods were chosen, namely CBS-QB3, G3B3(MP2), G4(MP2) and DLPNO-
CCSD(T).71:90.91.94100 The first three are composite methods, described in Chapter 2, and the
last is a coupled cluster method shown to have near-linear scaling for large chemical systems.”!
Given the computational cost of composite methods, a lower level DFT method was used for
all geometry optimisations. All structures were initially optimised using TPSS/def2-
TZVP'"1:172 and the resultant conformations used as initial geometries for all subsequent CBS-
QB3, G3B3(MP2), G4(MP2) and DLPNO-CCSD(T) energy calculations. Note that composite
methods have an optimisation and frequency calculation built into their standard protocol, in
order to include appropriately scaled zero point energies, and the use of TPSS/def2-TZVP!7!:172
initial geometries was only to assure consistent conformations in each case. More details of the
specific levels of theory (LoTs) and scaling factors used are given in Chapter 2: Section 2.4.
At the time of study, DLPNO-CCSD(T) was only implemented for electronic energy
calculations or single point calculations. DLPNO-CCSD(T) electronic energies were thus
converted to free energies using the TPSS/def2-TZVP thermal corrections. The scaling factor
for TPSS/def2-TZVP is approximately 1 (1.002) and thus the thermal corrections were taken

as calculated.!”

All optimisations and the composite method free energy calculations were run using
Gaussian09.'7* Tight convergence criteria (for both the SCF and geometry convergence
criteria) and an ultrafine grid for numerical integration of the exchange-correlation energy were
used. DLPNO-CCSD(T) has only been implemented in the ORCA package and thus all
DLPNO-CCSD(T) single-point calculations were run with ORCA 4.0.1,'7* in conjunction with
the cc-pVTZ!76-180 basis set, and aug-cc-pVTZ!81-183 fitting basis set for the calculation of the

correlation energy and tight SCF convergence criteria.

3.2.2 Solvent Phase Calculations
The calculation of AAGg,,, involves the determination of each reactant and product’s solvation
free energy (AG.,,,) according to the following equation for a generic acid HA:

AGgory (HA) = Ggo1n (HA) — Ggas(HA) (3.22)

The conformations resulting from initial optimisation using TPSS/def2-TZVP!71172 were used
as input geometries for gas phase optimisation and frequency calculations (to determine

Ggas(HA)). The level of theory was changed to B3LYP/6-31G* and M05-2X/6-31+G**,!12
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115,184 hoth chosen out of the list of levels of theory used to originally parameterise the SMD
solvent model to remain consistent with the original parameterisation.'?’” The resultant
B3LYP/6-31G* and M05-2X/6-31+G** 1127115184 o545 phase optimised geometries were used as
initial geometries for subsequent solvent phase optimisation and frequency calculations using
the SMD model at the same levels of theory.'®136 All calculations were performed using

Gaussian09'"* with the same convergence criteria used as for the gas phase leg calculations.

3.2.3 Cluster Calculations

All quantities required for cluster calculations, see Section 3.1.2, were determined using the
B3LYP/6-31G* and M05-2X/6-31+G** levels of theory. Structures were optimised in both

gas and solvent phase with tight convergence criteria applied.

While cluster-continuum theory provides the theoretical framework for the solvation of ions
with ionic liquids, the practicalities of efficiently generating viable clusters require the use of
an automated procedure that can globally optimise cluster geometries. Consequently, the
software package ABCluster,'®® which implements an artificial bee colony algorithm, was used
to generate ionic liquid clusters of various sizes (determined by 7, the number of solvent
molecules). For each solvent molecule type (full ion pair or anion) a series of 250 different
optimised proton-solvent arrangements were generated. Clusters were generated using an

initial structure guess of sphere with a radius of 10 A.

To reduce computational expense, the 250 solute-solvent cluster arrangements were initially
optimised using GFN-xTB.!3¢ The five lowest energy arrangements were then reoptimized at
the selected levels of theory. Some clusters were altered before optimisation to more closely
resemble arrangements found in literature.'®” For example, when examining the clusters
generated for a proton surrounded by a two [NTf>]™ anions, it was noted that all the lowest
energy arrangements had the proton covalently bonded to one of the sulfonyl oxygen atoms
and the bonding configuration of the anion altered (e.g. Figure 3.3 shows changes in the
configuration around the nitrogen atom). This is inconsistent with what would be expected

from the structure of the conjugate acid.'®°
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Figure 3.3 ABCluster GFN-xTB lowest electronic energy [H(NTf,),]~ clusters.

Analysis of a [H(NTf,)] complex was used to assess the viability of GFN-xTB to describe the
protonation. A series of structures were created, each with a different site protonated, and
optimised using GFN-xTB, B3LYP/6-31G* (through a G3B3(MP2) protocol) and TPSS/def2-
TZVP to assess which produced the lowest energy structure. Anion conformation and

orientation to each other based on NMR observations and the findings of Xue et al.!60:188

The protonation of the nitrogen atom was indeed most favourable in all cases, specifically also
when using GFN-xTB. The anomalous configurations produced in the cluster generation were
thus an artefact of the procedure and not due to an inherit shortcoming of the semi-empirical

method.

3.2.4 SMD Extended for Ionic Liquids

The SMD solvation model, explained in more detail in Chapter 2, is termed universal in that it
can be applied to any solvent so long as certain macroscopic solvent parameters are
available.'?” However, given the limited experimental data available for ionic liquids, Bernales
et al. formulated a procedure that converts available experimental data to allow SMD
simulation of more ionic liquids.'® This involves the determination of a correlation between
two sets of scaled hydrogen bonding parameters and the generation of generic solvent
parameters from a series of ionic liquids to supplement known values or create a general ionic

liquid solvation environment.

The hydrogen bonding parameters needed for SMD input are the Abraham parameters (Zai!
and 2S5, determined in terms of free energy data of solute behaviour, and are often not
available for ionic liquids. Rather, Kamlet-Taft hydrogen bonding parameters (@ and f),
determined in terms of solvent behaviour data, are more commonly available. Bernales et al.

thus determined a linear correlation between the parameters using a series of organic solvents
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for which both sets of hydrogen bonding parameters were available. Their predictive

relationships, with corresponding coefficients of determination (R?2), are

Yai = 0.4098a + 0.0064

263 = 0.61388 + 0.0890

R? = 0.94

R? = 0.61

(3.23)

(3.24)

To address cases where the remaining solvent parameters are also not known (or known

partially), two further protocols were created. The first uses averages of all solvent descriptors

across a series of ionic liquids, for which all measurements are available in literature, to create

a generic ionic liquid solvation model (SMD-GIL). The other model serves as a compromise,

where generic values are used to supplement existing descriptors, resulting in a partial generic

parameters SMD model (SMD-PGP).

The ionic liquid solvents used throughout the study with their SMD solvent descriptors are

displayed in Table 3.1 below. They were chosen based on experimental studies that have been

done on acidity in ionic liquid mediums and cellulose solubility.

Table 3.1 Ionic liquid solvents and their respective experimental solvent parameters used for all implicit
calculations performed throughout this work.

Gaussian input

[C4Ci1im][BF4]

[C4C1im][C]]

[C4C1im][MeSO4]

[C4C1im][NTH2]

eps = ¢ (dielectric constant)
epsinf = n? (refractive
index)?

HBondBasicity =Zp}!
(Abraham's hydrogen bond
basicity)

HBondAcidity = Zal
(Abraham's hydrogen bond
acidity)
SurfaceTensionAtInter
face =y (surface tension) [cal
mol' A2 (298 K)]
CarbonAromaticity =
¢(fraction of non-hydrogen
atoms that are aromatic carbon
atoms)
ElectronegativeHaloge
nicity =1 (fraction of non-
hydrogen atoms that are
electronegative halogen atoms)

11.70°
2.0207¢

0.320¢

0.2638

67.07°

0.200

0.267

15.00°
2.0449"

0.605h

0.187

69.37

0.273

0.091

14.80°
2.1818¢°

0.501

0.230!

62.32k

0.188

0.000

11.52¢
2.0366"

0.238¢

0.259¢

53.97*

0.120

0.240

*Solvent-independent generic refractive index average'®

2Ref 189
bRef 190
‘Ref 191
dRef 192
‘Ref 193

Ref 194

gKamlet-Taft parameters taken from Ref 195
"Kamlet-Taft parameters taken from Ref 196
iKamlet-Taft parameters taken from Ref 197

Ref 198
kRef 199
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3.2.5 RMSD Calculation and Hydrogen Bond Analysis

The changes in structure and intermolecular bonding were assessed using RMSDs and
comparing differences in the number and geometry of intramolecular hydrogen bonds. RMSDs
were generated using the Mat ch functionality for all heteroatoms and carbon atoms present in
the structure, using UCSF Chimera 1.13.1.2°0 Possible hydrogen bonding present was
determined using the Chimera FindHbond functionality with the bond angle restrictions

widened by 60°.20!

3.2.6 Graphics Generation

Line structures graphics were generated using PerkinElmer ChemDraw Professional
15.1.0.144. UCSF Chimera 1.13.1?%° was used to generate images showing overlaid
conformers as well as some individual conformer images displaying the predicted
intramolecular hydrogen bonding. Other images were created using CYLview v1.0.565

BETA.?%?

3.3 Results and Discussion

3.3.1 Establishing a Thermodynamic Cycle Protocol

The AIL cations were chosen to represent common Brensted acid-functionalities observed in
experimental cellulose hydrolysis studies (Figure 3.1).3® However, their experimental pKjs in
ionic liquids are not known. Thermodynamic cycles can be employed to predict these values;
however, the quality of the results would depend on the cycle used. In such cases, known
systems can be used to test the accuracy and precision of a protocol/technique indicating the
error associated with values predicted for related (but unknown) systems.??* Thus, by using a
series of N-base amine conjugate acids (Figure 3.4) with known pK, values in [C4C1im][NTf3]
and [C4C1im][BF4],>** total error and probable sources of error associated with each protocol

can be determined.
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SNH* o

(®H (ii) (iii)
[C4CHim][NTF,] 10.5 18.4 16.6
[C4C1im][BF 4] 8.6 15.6 13.9

Figure 3.4 Structures and experimental pK,s, in [C4C1im][NTf;] and [C4Ciim][BF4], of the N-base
amine conjugate acid model systems (i) pyridin-1-ium, (ii) piperidin-1-ium and (iii) morpholin-4-

ium, used to test thermodynamic cycle protocol viability in ionic liquid pK, prediction.”**

As detailed in Section 3.1.1, each of the cycles of interest has inherent sources of error.
However, the accuracy of a thermodynamic cycle is dependent on the level of theory and thus,
a protocol, in the context of this study, is defined as a gas/solvent phase level of theory

combination applied to a specific thermodynamic cycle.

Solvent phase accuracy is dominated by the solvation model, in this case limited to an implicit
SMD model. Thus, to optimise solvent model performance, solvent phase level of theory

options were chosen to match those used initially to test and parameterise the solvent model.!'?’

Gas phase levels of theory are chosen to deliver high accuracy. However, as was discussed in
Chapter 2, increases in accuracy are typically a result of larger basis sets and an improved
treatment of electron correlation, which places constraints on the size of the system due to the
computational costs (Figure 2.1).7879293 Given the size of the system of interest, cellobiose,
calculation costs are thus a significant factor in the choice of level of theory. Domain-based
local pair natural orbital coupled cluster theory with single-, double-, and perturbative triple
excitations (DLPNO-CCSD(T)) allows for coupled-cluster treatment of large molecular
systems with near linear scaling, resulting in relatively low calculation times for large and
complex systems.”® Given its computational efficiency, application to cellulose ionic liquid
processing calculations seems prudent. Considering this, the comparative accuracy of DLPNO-
CCSD(T) to established efficient high accuracy methods is of interest. This method, along with
three composite methods, were therefore combined with two DFT-based solvent levels of
theory to determine the best overall level of theory combination and the compare the

performance of DLPNO-CCSD(T). The solvents [C4Ciim][NTf2] and [C4Ciim][BF4] were
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represented implicitly using the SMD model. These solvents were chosen based on availability

of experimental data.’

The viability of the protocol was assessed in terms of its accuracy and precision, with the error
defined as the variation of the calculated pK. values (X;) from their experimentally determined

equivalents found in literature (x;).

Accuracy is defined as the extent a result varies from a standardised value,?® is measured using
a mean absolute error (MAE), determined according to

71'1:1|9?i = x;l

MAE = (3.25)

n

where n is the number of results and |X; — x;| is the absolute error.

Precision, on the other hand, is defined as the closeness between a series of measurements or
results and used to assess the consistency of a protocol’s accuracy across various conditions
(model compound, solvent system, level of theory, etc).?% It is represented by the standard

deviation (SD) of absolute errors (e), as shown below

SD = \/ i=1(€; — MAE)® (3.26)
n—1
with e = |£l - Xil (3.27)

3.3.1.1 Proton Exchange Cycle

As was detailed in the background, the accuracy of this cycle is highly dependent on the
reference acid (HRef) chosen, specifically how structurally similar the reference acid is to the
examined acid (HA).'3 Thus, for the N-base amine conjugate acids, 2-piperazin-4-ium-1-
ylethanol and piperazin-4-ium-1-carbaldehyde (Figure 3.5) were chosen as reference acids
given that they are N-base amine conjugate acids of similar molecular structure with known

acidities in the ionic liquids of interest.*®
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Q)] (ii)
[C4CHim][NTF,] 14.3 13.2
[C4C1im][BF 4] 17.5 13.4

Figure 3.5 Structures and experimental pKs, in [C4C,im][NTf:] and [ C4C im][BF4], of N-base amine
proton exchange reference acids (HRef) (i) 2-piperazin-4-ium-1-ylethanol and (ii) piperazin-4-ium-

1-carbaldehyde.™®

Each cycle is based upon a proton transfer reaction, as seen in Scheme 3.5, where the reference

acid conjugate base (Ref ™) acts as a proton acceptor.

l\g,H . HNTY @ . HZRJ/\
= K/N\/\OH = K/N\/\OH

Q)]
SNH L HN SN HN
@ ’ ()"\%O @ ) \/)\1\70
(iii)

Scheme 3.5 Proton exchange reaction for pyridin-1-ium with reference base (Ref ~)/acid (HRef)
systems (i) 2-piperazin-1-ylethanol/2-piperazin-4-ium-1-ylethanol and (ii) piperazine-1-

carbaldehyde/piperazin-4-ium-1-carbaldehyde.

Table 3.2 summarises the impact of LoT on the results. These values are calculated from the
absolute errors across all acids, reference acids and solvents combined. Thus, ignoring the
structural similarity between acid of interest and reference acid and focusing only on the

computational methods.

Values down a column show the effects of the gas phase LoT, with the final total column (light
shading) displaying the results averaged across both solvent phase levels of theory. Likewise,
results along a row show the effect of the solvent phase LoT, with the bottom total row (light

shading) indicating each averaged over all gas phase levels of theory. The intersection of both
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totals (in bold and dark shading) represents the performance of the proton exchange (PX) cycle
as a whole for these N-base amine conjugate acids in implicitly represented ionic liquid
solvents, combining the effects of the level of theory combination used and reference acid

system (HRef) compatibility and experimental accuracy.

Table 3.2 Mean absolute error (MAE), standard deviation (SD) and minimum/maximum errors (MIN/MAX)
for pK, prediction of N-base amine conjugate acids using proton exchange (PX) cycles at the various level of
theory (LoT) combinations.

B3LYP/6-31G* MO05-2X/6-31+G** Total

Lol MAE SD MIN/MAX MAE SD MIN/MAX MAE SD MIN/MAX
CBS-0B3 1.06 069 002 216 1.04 055 019 208 | 1.05 061 0.02 2.16
G3B3(MP2) 092 056 013 179 088 052 004 177 | 090 053 0.04 1.79
G4(MP2) 093 057 013 175 089 052 004 176 | 091 054 0.04 1.76
DLPNO* 098 059 013 208 09 059 029 199 | 097 058 0.13 2.08
Total 097 059 002 216 094 053 0.04 208 | 096 056 0.02 2.16

“DLPNO-CCSD(T)/cc-pVTZ/TPSS/def2-TZVP

The most accurate procedures are given by the Gn methods, G3B3(MP2) and G4(MP2), in
combination with M05-2X/6-31+G**, which result in a MAE of 0.88 and 0.89 pKa. units
respectively. M05-2X/6-31+G** consistently gives the best results when used for the solvent
leg. Moreover, considering the level of theory used for the gas phase leg of the TC, the accuracy
remains consistent as well, carrying across both solvent phase LoT. From highest to lowest
accuracy (lowest MAE to highest MAE), the trend is G3B3(MP2) < G4(MP2) < DLPNO-
CCSD(T)/cc-pVTZ < CBS-QB3.

The influence of the gas phase levels of theory appears to fall into two separate groupings, the
Gn methods on the one hand and DLPNO-CCSD(T) and CBS-QB3 on the other, which vary
in the same manner for each solvent LoT. The Gn methods differ from each other by 0.01 pKa
units independent of solvent LoT and increase by the same amount (0.04 pK. units) between
solvent LoT (from MO05-2X/6-31+G** to B3LYP/6-31G**). The same trend is noted for
DLPNO-CCSD(T)/cc-pVTZ and CBS-QB3. Between the solvent phase levels of theory, they
both increase by 0.02 pK, units from M05-2X/6-31+G** to B3LYP/6-31G*, and DLPNO-
CCSD(T) is consistently 0.08 pK, units lower than CBS-QB3.

In terms of accuracy, the greatest effect is seen for the gas phase LoT. MAE values differ by
only 0.03 pK, units between solvent LoT, compared to the maximum gas phase LoT difference

of 0.15 pK, units between CBS-QB3 and G3B3(MP2).
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The precision results are consistent with the accuracy findings. This can be seen in the mimicry
of the MAE LoT trends in the SD results. For B3LYP/6-31G* the most precise gas phase LoT
is G3B3(MP2) followed by the other Gn method (G4(MP2), then DLNPO-CCSD(T)/cc-pVTZ
and lastly CBS-QB3. The only variation is seen for M05-2X/6-31+G** where CBS-QB3 has
a lower SD (0.55 pKa units) than DLPNO-CCSD(T) (0.59 pK, units) and the Gn methods are
equivalent. Thus, for M05-2X the trend in order of increasing SD (decreasing precision) for
the gas phase LoT order becomes G3B3(MP2) = G4(MP2) < CBS-QB3 < DLPNO-
CCSD(T)/cc-pVTZ. Averaged over both solvent phase LoT, G3B3(MP2) appears to be the
most precise method, with the remaining ordering following that seen before for the accuracy

results, i.e.: G3B3(MP2) < G4(MP2) < DLPNO-CCSD(T)/cc-pVTZ < CBS-QB3.

Deviation between solvent phase LoT precision, averaged over all gas phase LoT, is rather
large, with the difference between B3LYP/6-31G* and M05-2X/6-31+G** total SDs, double
the MAE difference (0.06 pKa units). Furthermore, the gas phase results are once again split
into the same two groups as seen for accuracy. The first is comprised of the Gz methods, and
the second of DLPNO-CCSD(T)/cc-pVTZ and CBS-QB3. The first grouping once again
showed the lowest values, implying highest precision. Variation amongst the gas phase LoT
SD values was not significantly larger (0.08 pKa units) than that seen between solvent LoT,

unlike what was observed for the accuracy results.

These total results imply that individual phase LoT choices make little difference in terms of
precision. However, when analysing the combined results, the averages are somewhat
misleading. While the effect of solvent LoT is quite small, its effect on the overall performance
in combination with composite methods is significant. Specifically, in terms of CBS-QB3’s
performance, which varied significantly between solvent levels of theory, with the B3LYP SD
0.14 pKa, units larger. DLPNO-CCSD(T) was the only LoT where solvent LoT choice made no

notable difference on overall results, having the same overall SD for both solvent phase LoT.

Combined with the accuracy results, this implies that the gas phase LoT choice has the greater
effect on PX cycle performance. Furthermore, accuracy performances correlate with precision
performances, such that the most accurate method, G3B3(MP2) [M05-2X/6-31+G** (SMD)],
is also the most precise. However, these observations do not consider the effect of the structural
similarity of the reference acid to the model acid, a key determinate of performance for this
cycle type. These effects are seen in the results when specific reactant system (AH + Ref™)

performances are assessed, as shown in Table 3.3.
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Table 3.3 Mean absolute error (MAE), standard deviation (SD) and minimum/maximum errors (MIN/MAX)
N-base amine conjugate acids calculated pK, using 2-piperazin-4-ium-1-ylethanol and piperazin-4-ium-1-
carbaldehyde proton exchange (PX) cycles.

2-piperazin-4-ium-1- piperazin-4-ium-1- Total
Acid ylethanol carbaldehyde
MAE SD MIN/MAX MAE SD MIN/MAX MAE SD MIN/MAX
Pyridin-1-ium 116 074 0.12 216 085 050 0.05 1.74| 1.00 0.64 0.05 2.16

Piperidin-1-ium 085 029 032 136 130 038 072 187 | 1.07 040 032 1.87
Morpholin-4-ium 035 026 0.02 08 125 046 070 1.79| 080 0.59 0.02 1.79
Total 079 058 002 216 113 048 005 187 | 096 0.56 0.02 2.16

Indeed, clear variation in accuracy and precision is noted between reference systems. Using the
piperazin-4-ium-1-carbaldehyde reference acid is far less accurate on average, with a MAE of
1.13 pK, units to 2-piperazin-4-ium-1-ylethanol’s 0.79 pK. units. However, within each
reference system there is also a noticeable difference in performance ordering. While all the
MAE values are far lower in general with 2-piperazin-4-ium-1-ylethanol, morpholin-4-ium far
outperforms the other N-base amine conjugate acids, with a MAE less than half that of the
other acids (0.35 pKa units). However, with piperazin-4-ium-1-carbaldehyde, pyridine-1-ium
gives the lowest MAE, followed by morpholin-4-ium. Piperidin-1-ium performs the worst
overall (1.07 pKa units), possibly indicating lowest structural similarity or compatibility to the
chosen reference acids, specifically piperazin-4-ium-1-carbaldehyde. Overall, morpholin-4-
ium had the best accuracy (0.59 pKa units), due to its good performance with 2-piperazin-4-

ium-1-ylethanol far outperforming all the other combinations.

Precision values indicate a contrary trend, with piperidin-1-ium performing the best overall
(total SD of 0.40 pK, units). Morpholin-4-ium still produces the lowest overall SD for a reactant
system (0.26 pK. units) but performs very poorly in combination with piperazin-4-ium-1-
carbaldehyde (0.46 pK. units), skewing the overall result. Reference acid preference is
completely inverted, with 2-piperazin-4-ium-1-ylethanol 0.10 pK, units higher than piperazin-
4-ium-1-carbaldehyde (total row). This change is due to a very poor performance in
combination with pyridine-1-ium. Piperazin-4-ium-1-carbaldehyde’s SD values for both
piperidin-1-ium and morpholin-4-ium were at least 0.09 pK, units higher. However, piperazin-
4-tum-1-carbaldehyde’s SD values vary far less between the different N-base conjugate acids,
leading to an overall smaller total variation; whereas pyridin-1-ium’s uncharacteristically large
deviation with 2-piperazin-4-ium-1-ylethanol (0.74 pK, units), greatly skewed the generally

consistently superior performance shown for the other N-base conjugate acids.
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The general trends noted above are reflected in the individual results displayed in Tables 3.4
and 3.5; however, the use of absolute values negated directionality in the errors. Most errors
produced were negative, indicating that the PX cycle generally overestimates, with a few
exceptions; namely, when the reference acid piperazin-4-ium-1-carbaldehyde was used in
conjunction with a [C4C1im][NTf2] solvent system, all predicted pKas, aside from one pyridine-

1-ium value, were underestimated.
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Table 3.4 Calculated gas phase reaction free energy and pK, of N-base amine conjugate acids with reference base/acid 2-piperazin- 1-ylethanol/2-piperazin-4-ium-1-ylethanol
in [C4C1im] [BF4] and [C4C11m] [Nsz].

[C4Ciim][BF4] [C4Ci1im] [NTH,]

B3LYP/6-31G* MO5-2X/6-31+G** B3LYP/6-31G* MO5-2X/6-31+G**
HA Level of Theory (kﬁfﬁzi'l) Calcd pKa Error? Calcd pKa Error? Calcd pKa Error? Calcd pKa Error?
CBS-0OB3 -4.49 9.4 -0.83 9.4 -0.76 12.7 -2.16 12.6 -2.08

Pyridin-1-ium G3B3(MP2) -8.15 8.8 -0.19 8.7 -0.12 12.0 -1.52 11.9 -1.44
G4(MP2) -7.26 8.9 -0.35 8.9 -0.28 12.2 -1.68 12.1 -1.60
DLPNO-CCSD(T)/cc-pVTZ -5.00 9.3 -0.74 9.3 -0.67 12.6 -2.08 12.5 -1.99

CBS-0OB3 20.24 16.5 -0.94 16.4 -0.76 19.8 -1.36 19.6 -1.17

Piperidin-1-ium G3B3(MP2) 19.29 16.4 -0.78 16.2 -0.59 19.6 -1.20 19.4 -1.01
G4(MP2) 19.00 16.3 -0.72 16.1 -0.54 19.5 -1.15 19.4 -0.95
DLPNO-CCSD(T)/cc-pVTZ 17.70 16.1 -0.50 15.9 -0.32 19.3 -0.92 19.1 -0.73

CBS-0B3 -5.52 13.9 -0.02 14.1 -0.19 17.1 -0.55 17.3 -0.70

Morpholin-4-ium G3B3(MP2) -6.38 13.8 0.13 13.9 -0.04 17.0 -0.40 17.1 -0.55
G4(MP2) -6.38 13.8 0.13 13.9 -0.04 17.0 -0.40 17.1 -0.55
DLPNO-CCSD(T)/cc-pVTZ -4.94 14.0 -0.13 14.2 -0.29 17.2 -0.65 17.4 -0.80

aDifference between experimental pK, and calculated pK, (Error = expl pK, — calcd pKa)
"DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
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Table 3.5 Calculated gas phase reaction free energy and pK. of N-base amine conjugate acids with reference base/acid piperazine-1-carbaldehyde/piperazin-4-ium-1-

carbaldehyde in [C4C;im][BF4] and [C4Cim][NTH,].

[C4Ciim][BF4] [C4Ci1im] [NTH,]

B3LYP/6-31G* MO0O5-2X/6-31+G** B3LYP/6-31G* MO05-2X/6-31+G**

HA Level of Theory (kﬁfl'ng:sl'l) Calcd pKa Error? Calcd pKa Error? Caled pKa Error? Caled pKa Error?
CBS-0B3 19.83 10.3 -1.74 9.9 -1.34 10.6 -0.05 10.2 0.35
Pyridin-1-ium G3B3(MP2) 16.78 9.8 -1.20 9.4 -0.80 10.0 0.48 9.6 0.88
G4(MP2) 17.76 10.0 -1.38 9.6 -0.97 10.2 0.31 9.8 0.71
DLPNO-CCSD(T)/cc-pVTZ 18.37 10.1 -1.48 9.7 -1.08 10.3 0.20 9.9 0.60
CBS-0OB3 44.56 17.4 -1.85 16.9 -1.33 17.7 0.75 17.1 1.26
Piperidin-1-ium G3B3(MP2) 44.23 17.4 -1.79 16.9 -1.27 17.6 0.81 17.1 1.32
G4(MP2) 44.01 17.4 -1.75 16.8 -1.24 17.6 0.85 17.0 1.35
DLPNO-CCSD(T)/cc-pVTZ 41.08 16.8 -1.24 16.3 -0.72 17.0 1.36 16.5 1.87
CBS-0OB3 18.80 14.8 -0.93 14.7 -0.76 15.0 1.56 14.9 1.73
Morpholin-4-ium G3B3(MP2) 18.55 14.8 -0.89 14.6 -0.72 15.0 1.61 14.8 1.77
G4(MP2) 18.63 14.8 -0.90 14.6 -0.73 15.0 1.59 14.8 1.76
DLPNO-CCSD(T)/cc-pVTZ 18.43 14.8 -0.87 14.6 -0.70 15.0 1.63 14.8 1.79

aDifference between experimental pK, and calculated pK, (Error = expl pK, — calcd pKy)

*DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
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Solvent type is seen to also affect performance. The [C4Ciim][BF4] solvent resulted in lower
errors for any combination of the gas and solvent phase levels of theory for the 2-piperazin-4-
ium- 1-ylethanol reference system. However, the inverse is generally true for the other reference
acid, except for morpholin-4-ium. Given that the same solvation model was used for both, the
effects must be due to the specific parameters provided for each solvent. Variance in
performance would most likely be a result of increased stabilisation. For the systems of interest,

this would involve charge stabilisation and hydrogen-bonding ability.

Finally, the PX cycle performs relatively well with an overall error of 1.0 £ 0.6 pK, units,
indicating that predicted values are on average approximately a pKa. unit off the literature

values.

Specific attention should be given to the performance of linearly scaling CCSD, as it enables
extension of the methodology to much larger systems than are possible with composite
methods. DLPNO-CCSD(T)/cc-pVTZ performed reasonably well in terms of both precision
and accuracy, being one of the most precise methods and differing from the highly accurate Gn
methods by about 0.02-0.07 pKa units. Furthermore, accuracy performance in terms of the
relative ordering remained consistent across both solvent levels of theory, differing by 0.02 pK,
units from B3LYP/6-31G* to M05-2X/6-31+G**. While precision results did not show the
same consistency in ordering, the change between solvent levels was negligible. In terms of
benchmarking, this indicates DLPNO-CCSD(T) performs within the range of accuracy and
precision of other commonly used and well-established high accuracy methods. Furthermore,
DLPNO-CCSD(T) drastically reduces computational time, compared to the other methods
(Figure 3.6). The increase in the runtime differences between the composite methods and
DLPNO-CCSD(T) with increased system size is significant for larger, more complicated
systems such as the acid-functionalised ionic liquids of interest or biopolymer units such as
cellobiose. Therefore, although G3B3(MP2) [M05-2X/6-31+G** (SMD)] is the most accurate
and precise method overall, the effects of system size and complexity on execution time
severely diminishes its applicability. DLPNO-CCSD(T)/cc-pVTZ provides a viable alternative
with little decrease in accuracy, specifically in combination with M05-2X/6-31+G**. This
validates its use for ionic liquid acidity predictions of more complex systems such as the

proceeding acid-functionalised ionic liquid cations.
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Figure 3.6 Bar chart illustrating the relationship between system size and execution time for a gas phase free energy calculation for each HL gas phase

method. Computations were run across 24 threads on a 12 core Intel Xeon E5-2690 v3 2.6 GHz processor.
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3.3.1.2 Direct Cycle

The direct cycle, as detailed in Section 3.1.1, requires the determination of the solvation free
energy of a proton (AGZ,;,(H*))and the accuracy of this value is a significant determinant in
the overall performance of the cycle.!*3 AG¢,;,(H*) cannot be calculated directly using implicit
solvents, as quantum mechanical calculations require the presence of at least one electron in
the molecular system and continuum treatment of charged solutes is prone to errors given the
specific interactions often associated with charged species.!#’2% Instead, an intermediary
solvent model can be used, where a limited number of explicit molecules are placed in a
continuum, generating a cluster-continuum model.'*®!3® Thus, the proton is surrounded by
explicit solvent molecules, representing the first solvation shell and forming a solute-solvent
cluster. This cluster can then be solvated using implicit solvation. This splits the solvation of
the proton into two steps, namely the formation of a solute-solvent cluster and the implicit
solvation of this solute-solvent cluster. The solute-solvent cluster formation is treated as a
chemical reaction and a thermodynamic cycle is used to determine the overall proton solvation
free energy.'*¢ The resultant value can then be combined with a direct cycle that focuses on the

protonation reaction, from which the pKa value is obtained.

As illustrated by Schemes 3.3 and 3.4, this solvation cycle can be further varied based on how
the reactant form of the solvent is represented. The reactant form of the solvent cluster can
either be a cluster formed of independent non-interacting solvent monomers, i.e. #S (monomer
cycle, Scheme 3.3), or an interacting cluster of solvent molecules, i.e., S, (cluster cycle,
Scheme 3.4).13¢

The problem is further complicated by the ionic nature of the solvents of interest. Schemes 3.3
and 3.4 are based on solvation of an ion solute by neutral molecular solvents, such as water.
When solvated by an ionic species, ionic interactions between the species can affect the
composition of the solvent cluster. Solvent ions of like charge will be repelled, and opposite
charge attracted, so the first solvation shell would most likely be composed predominantly of
solvent ions of opposite charge to the solute ion. Consequently, for ionic liquids, cluster
representation is also varied such that S is either only anions/cations or the full anion-cation
pairs.'®” In this study, the monomer and cluster cycles are accordingly each split into two more
cycles, where the solvent, S, is the full ion pair (Scheme 3.6 (i) and (iii)) or only the anion
(Scheme 3.6 (ii) and (iv)).
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Scheme 3.6 Exemplars of the monomer and cluster thermodynamic cycles used to determine proton

solvation, using [C4C;im][NTf;] as the solvent system, where (i) and (ii) are monomer cycles and

(iii) and (iv) cluster cycles, with S = [C4Ciim][NTf:] and S = [NTf], respectively.

AG‘;us +
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H+'(S) + n([C4C4im][NTF2]) () I, [H([C4C1im][NTf2])n]+(5)

AGgo, (HY) = AGge + AGSo, ((H([C4C1im][NTE,]),]*) — nRT In|[[C,C,im][NTE,]]
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The total assessment of the direct cycle can thus be divided into two parts: the first is an
assessment of proton solvation determined using thermodynamic cycles (Scheme 3.6) and the

second of the level of theory effects, like that seen for the PX cycles.

Unlike the larger direct and PX cycle, the cluster cycles were tested at the solvent levels of
theory (B3LYP/6-31G* and M05-2X/6-31+G**) for both gas and solvent phase legs of the
cycle. While these are lower levels of theory and thus generally assumed to be of lower
accuracy, they are more applicable to expanding system sizes. As was detailed in Chapter 2,

composite methods consist of a combination of high correlation energy calculations.®>°7 Thus,
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while these methods are designed to lower computational cost and increase applicability, this
is relative to direct application of high correlation methods (CCSD(T), MP4, CISD(T)). They
still exhibit a significant scaling cost with system size and as such are not applicable to large
QM systems. In the context of cluster calculations this limits the expansion of the cluster,
hindering convergence to an accurate value. Furthermore, maintenance of level of theory
between solvent and gas phase legs allows for possible cancellation of errors inherent to the

level of theory.

Given that the same level of theory, implicit model and solvent parameters are used for each
of the solvation TCs, the accuracy of the proton solvation energy depends solely on the
description of the cluster. This is determined by what § is (full cation-anion ion pair or anion
only), the size of the cluster (» = number of solvent molecules) and whether the cluster is treated
as a single entity (S, cluster cycle) or as individual non-interacting molecules (nS, monomer

cycle). The results of these procedures, using #n =1 or 2, are shown in Table 3.6 below.

Table 3.6 AGZ,;,(HT) (kJ mol!) in [C4C1im][NTf,] computed using monomer and cluster cycles with different
numbers of solvent molecules present in the cluster.

B3LYP/6-31G* MO05-2X/6-31+G**
1 2 1 2
Anion only -1101 -1097 -1060 -1072
Monomer Cycle )
Full Ion Pair -1064 -1062 -1017 -1037
Anion onl - - - -
Cluster Cycle Y ) tot 1060
Full Ion Pair -1064 -1120 -1017 -1046

Values were calculated using the equations seen in Section 3.1.2 for each cycle. The gas phase
free energy (G°) of the proton can be calculated using statistical thermodynamics and the ideal

gas (i.e. translations alone) partition function as follows

R A%
6" = —nkTIn (W) (3.32)
hZ 3/2 (3 33)
. 3 — .
with A" = <27‘[ka>

where k is Boltzmann’s constant, V the volume of an ideal gas, N the number of particles, m
the mass of the particle, T the temperature in Kelvin, n the number of moles, and h Plank’s
constant. Under standard state temperature and pressure conditions, this yields a value of -

26.28 kJ mol! for one mole of H' treated as an ideal gas.

Due to the nature of the solvent as a combination of charged ions, complications were

encountered that limited application. Cluster cycle anion solvent clusters would not
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convergence past n=1. This is due to the use of n=2 clusters necessitating the gas phase
optimisation of a two anion only solvent cluster (Figure 3.7 (iii) and (vii)), which is not
favourable due to the Coulombic interaction of like charges. The anions repel each other, with
the lowest energy conformation existing when they are infinitely far away from each other.
Consequently, cluster cycles where S = anion were limited to only n=1 clusters (Figure 3.7 (i)

and (v)).

This problem is not encountered for the solute-solvent clusters, which place the proton between
the two anions (Figure 3.8 (iii) and (vii)). Furthermore, the proton position is not equidistant
between the anions, as it forms a covalent bond with one anion and is hydrogen-bonded to the
other (Figure 3.8 (iii) and (vii)). This covalent bonding is seen in all solute-solvent clusters

regardless of solvent LoT or cation presence (Figure 3.8).
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B3LYP/6-31G* MO05-2X/6-31+G**
< J
! ’&%\
(@) [NTf] (v) [NTH] (vi) [C4C4im][NTT,]
3.44 A
(iii) [(NTf),]* (iv) ([C4C4im][NTT,]), (vii) [(NTfp),]* (viii) ([C4C4im][NTf,]),

Figure 3.7 Solvent clusters for [C4Ciim][NTf,] and [NTf,], optimised using implicit SMD [C4C;im][NTf,] conditions.
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B3LYP/6-31G* MO05-2X/6-31+G**

(i) [H(NTf,),] (iv) [H([C4C1im][NTF,])o]* (vii) [H(NTf,),]

Figure 3.8 H'-solvent clusters for [C4C1im][NTf,] and [NTf], using implicit SMD [C4C1im][NTf:] conditions.

(viii) [H([C4C4im][NTf])o]"
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The full ion pair n=2 B3LYP/6-31G* cluster shows the proton positioning as seen for the anion
only clusters, simply surrounded by the cations (Figure 3.8 (iv)). The cations surround the
anions and the overall structure does not change significantly when the solute (proton) is
included. This links with many explicit ionic liquid solvation studies and NMR observations,
which show the anion to be more strongly associated with effective solvation.3¢%1%4 [L anions
often have stronger hydrogen-bonding capabilities than cations and implying the formation of
stronger interactions.?” Comparison of the solvent and solute-solvent clusters show a root-
mean-square deviation (RMSD) between carbon and all heteroatoms (N, O, F, S) of 0.630 A
(Figure 3.9 (i)). This occurs for many of the clusters, such as the n=1 anion clusters (Figure 3.7
(i) and (v) & Figure 3.8 (i) and (v)) and the M05-2X/6-31+G** n=1 full ion pair cluster (Figure
3.7 (vi) & Figure 3.8 (vi)). However, this observation does not hold for all clusters. While n=2
B3LYP obeys the trend, M05-2X shows far higher variation of 1.151 A (Figure 3.9 (ii)). The
inverse is true for the n=1 clusters, with B3LYP varying significantly compared to M05-2X
(Figure 3.9 (iii) and (iv)). The N-H" covalent bond distance is maintained through the addition
of a single cation to the cluster for both levels of theory. However, with a further increase in
the number of explicit solvent molecules there is an increase in the N-H" bond distance due to
the additional anion forming an intermolecular hydrogen bond to the protonated anion. For the
n=2 clusters the bond angle is almost linear (Figure 3.8 (iii), (iv), (vii) and (viii)), implying
stronger interaction. However, despite the similar angle variation is seen between the LoT, with
MO05-2X yielding longer N-H covalent bonds. This is probably due to the hydrogen bond
distance, which is shorter in the clusters obtained using the M05-2X functional. Indeed, there

is a large amount of structural variation between the levels of theory for the n=2 clusters.
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14

(i) RMSD = 0.630 A (ii) RMSD = 1.151 A
Y

(iii) RMSD = 1.691 A (iv) RMSD = 0.489 A

Figure 3.9 [C4Ciim][NTf;] clusters superimposed according to carbon and heteroatom variation for
n=2 (i) B3LYP/6-31G* and (ii) M05-2X/6-31+G**, and n=1 (iii) B3LYP/6-31G* and (iv) MO05-
2X/6-31+G** clusters. (Structures rendered semi-transparent with carbon atoms coloured grey are

solvent clusters, with opaque black carbon structures corresponding to H'-solvent clusters.)

[C4C1im][BFs], also used in the PX cycle tests, had to be excluded due to complications
encountered with optimisations. All attempts to optimize this system led to a saddle point
(single imaginary frequency) in which the anion dissociated into neutral HF and BF3; molecules
(Figure 3.10). This bond dissociation will include an anomalous contribution to the solvation
free energy of the proton, making the cluster approach difficult to apply in this case and not

directly comparable to the [C4Ci1im][NTf;] solvent.
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Figure 3.10 B3LYP/6-31G* [C4Ciim][BF4] solute-solvent clusters with n=/ (i) anion and (ii) full

ion pair solvent molecules, and n =2 (iii) anion and (iv) full ion pair solvent molecules.

Trends can be observed in the solvation results that fit simple charge arguments. Anion only
solvent clusters produce lower (more negative) AG¢,, (H*) values and, inclusion of cations in
the first solvation shell consistently produces higher energy values. The proton is positively
charged favouring Coulombic interactions with negatively charged anions, and strongly repels
like charged ions. The existence of a cation close to the proton would therefore destabilise the
system, leading to higher AG;,,(H*) values. This mimics observations seen in explicit IL

solvation studies whereby the first solvation shell is predominantly made up of anions. '

Increasing the number of ion pairs causes the solvation free energy to become more negative.
The additional anion would more effectively shield the proton from the cations and the
stabilisation noted links to a broader trend where solvation free energy lowers as the number
of anions increases. All n =2 AGZ;,(H*) are lower than their respective n = 1 counterparts,
except for the B3LYP monomer cycle where the inverse trend is noted. The difference between

these values is, however, very small (2-4 kJ mol!) compared to the large differences seen for
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all the other clusters (30 kJ mol!). In the pioneering works by Bryantsev et al. and Pliego and
Riveros, the optimal cluster size was determined by increasing the number of solvent molecules
(n) until the solvation free energy converges.'3%!4® This was not attempted in this case due to a
variety of reasons. First regards the computational costs associated with the larger clusters,
specifically regarding the full ion pair, with each additional pair adding 40 atoms to the system.
Second, given the reasons stated above, comparisons would only be possible for cluster and
monomer cycles where full (neutral) ion pairs are used. Increasing the cluster size when only
anions are present, ensures no solvent cluster can be optimised to convergence. Furthermore,
given the relative size of the anion compared to the proton, steric hinderance may become
problematic when increasing the number of solvent molecules. Illustrated in the Figure 3.8 (iii)
and (vii), two [NTf2] ions almost completely surround the proton, leading to the conclusion

that more anions would at best interact very weakly with the system if not destabilise it.

Additionally, other studies have shown the solvent cluster for monovalent ions to generally
consist of between two to four (neutral) solvent molecules.'®? Specifically, a study by Xue et
al. determined a minimum proton solvation free energy in [C4C1im][NT£] of -1079.5 kJ mol-!
with a two anion system.!6® Used in conjunction with a direct cycle, extremely accurate pK,
predictions were obtained (mean unsigned error of 0.3-0.5 pK. units) for numerous benzoic
acids and benzenethiols.'%® Methodology details indicate the use of a monomer cycle and M06-
2X/6-31+G** for all steps. Many of the values predicted in this study are higher in energy by
~10 kJ mol!, with the closest result given by the two anion monomer obtained using the M05-
2X/6-31+G** calculation method. This lends credence to the methodology used to calculate
AG;,;,(H"), as values generated match literature values calculated in a similar manner, shown

to be highly accurate.

Another way to estimate the solvation free energy is by making use of the experimental pK,
values. If the gas and solvent phase free energy values calculated at the various levels of theory
are assumed to be within experimental error of the true values, a ‘“true/experimental”
AGg,,(HY) can be approximated using a thermodynamic cycle in which AG.,,,(H*) is now
the only missing quantity. Given the accuracy and precision observed in the PX cycle results,
this assumption seems founded. Equation 3.4 (Section 3.1.1) can therefore manipulated as

follows to allow for the calculation of these “true/experimental” AGZ,;, (HT) values:

pKa _ AG;oln

~ RTIn(10) 34
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AGgas + AAG:olv = pK,RT In(10)
Gaas(N) + Gias(HY) = Ggas(HNT) + AGo1, (N) + AGJo1, (H) — AGSoy, (HNY)

= pK,RT In(10)

AG;olv(H+) = pKaRT 11‘1(10) + Ggas (HN+) - Ggas (N) - Ggas(H+) + AGs*olv(HN-'-) (3 34)
- AGs*olv(N)

These “experimental” AGZ,;,(H*) values, shown in Table 3.7 below, are averages across all
the N-base amine conjugate acids (HA, Figure 3.4) and reference acids/bases (HRef, Figure

3.5) mentioned thus far.

Table 3.7 Average AG.,,,(H*) (kJ mol!) in [C4Ciim][NT£,] calculated from computed free energy values
according to Equation 3.34.

Level of Theory B3LYP/6-31G* MO5-2X/6-31+G**
CBS-0B3 -1054 -1053
G3B3(MP2) -1056 -1055
G4(MP2) -1056 -1055
DLPNO-CCSD(T)/cc-pVTZ* -1066 -1065

"DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP

The average across all levels of theory, gas and solvent phase, is approximately -1058 kJ mol-
! with 5 kJ mol’! variation, about 21 kJ mol! higher than Xue et al.’s predicted value. Only
slight variation is seen between solvent methods, with B3LYP/6-31G* producing slightly
lower values overall. CBS-QB3 is higher in energy than the other composite methods by only
a small margin (2 kJ mol!). DLPNO-CCSD(T) on the other hand, is far lower than all the other
methods, by ~ 10 kJ mol!. However, it should be mentioned that this method was chosen for
its computational efficiency, with composite methods used as a comparison to assess its relative
accuracy and precision. To this end, DLPNO-CCSD(T) was not applied with a large basis set
equivalent to those used by composite methods (or extrapolated to the complete basis set limit)
and only approximates the correlation limit with a truncated basis set. Furthermore,
optimisation and frequency calculations are built into each composite method with appropriate
scaling, along with empirically determined error corrections whereas the DLPNO-CCSD(T)
calculations made use of TPSS/def2-TZVP optimised geometries and thermal corrections.
Thus, substantial variation could be expected between the composite methods and DLPNO-
CCSD(T), with greater significance to be attributed to the composite method predicted average
AG{y, (HT) values.

Comparing these values to Table 3.6, the best prediction of the proton solvation free energy

would be closest to the composite method average of -1055 = 1 kJ mol!. The closest
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approximate is -1060 kJ mol! calculated with a one (n =1) anion ([NTf]) cluster at M05-
2X/6-31+G**, regardless of cycle.

Summary tables were created to better assess the effects of each aspect of the cycle (LoT,
solvent molecule representation, number of solvent molecules, etc.) individually as well as in
combination with other aspects (Tables 3.8-3.10). The tables are set up in the same manner,
with a row total (light shading), column total (light) and cumulative overall cycle total (bold,
darker shading). The averages are, however, over five acids, as values for the reference acids
(Figure 3.5) of the PX cycle were included along with the original model system N-base amine
conjugate acids (Figure 3.4). The explicit individual error results for each of these acids

according to each gas and solvent phase LoT are shown in Table 3.9.

Table 3.8 Mean absolute error (MAE), standard deviation (SD) and minimum/maximum errors (MIN/MAX)
for pK, prediction of N-base amine conjugate acids (Figure 3.4) and reference acids (Figure 3.5) using a direct
(D) cycle at the various level of theory (LoT) combinations.

B3LYP/6-31G* MO05-2X/6-31+G** Total

Phase LoT

MAE SD MIN/MAX MAE SD MIN/MAX MAE SD MIN/MAX
CBS-0B3 542 390 0.16 1252 333 251 0.19 8.01 438 342 0.16 12.52
G3B3(MP2) 5.06 378 0.01 1199 352 268 038 868 | 429 334 0.01 11.99
G4(MP2) 5.01 377 003 1195 353 271 041 872 | 427 334 0.03 1195
"DLPNO-
CCSD(T)" 4.07 3.02 0.01 10.18 438 342 0.07 1024 | 423 321 0.01 10.24
Total 489 363 0.01 1252 3.69 285 0.07 1024 | 429 331 0.01 12.52

*DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
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Table 3.9 Direct cycle calculated gas phase reaction free energy (AGg,s) and pK. error for all N-base amine conjugate acids and reference systems in [C4Ciim][NTf>] using
cluster (CC) and monomer cycle (MC) generated AGg,;, (H*) values.

B3LYP/6-31G*

MO05-2X/6-31+G**

2

Anion only Full Ion Pair Anion only Full Ion Pair Anion only Full Ion Pair Anion only Full Ion Pair
E Gas Phase LoT® (k?fl’lg(a)i'l) MC® CC* MC¢ CC! MC* CC! MCT CC! MC* CC* MC CCcf MC cct Mce cc
£ CBS-0B3 895.13 7.6 7.6 1.2 1.2 6.9 - 0.7 10.9 0.7 0.7 -6.9 -6.9 2.9 - -3.3 -1.7
E G3B3(MP2) 895.34 7.6 7.6 1.2 1.2 6.9 - 0.7 10.9 0.7 0.7 -6.9 -6.9 2.8 - -3.3 -1.8
:'§ G4(MP2) 896.47 7.4 7.4 1.0 1.0 6.7 - 0.5 10.7 0.5 0.5 7.1 -7.1 2.6 - -3.5 -2.0
< DLPNO-CCSD(T)* 907.39 5.5 5.5 -0.9 -0.9 4.7 - -1.4 8.8 -1.4 -1.4 -9.0 -9.0 0.7 - -5.4 -3.9
g CBS-0OB3 919.87 8.4 8.4 2.0 2.0 7.7 - 1.5 11.7 1.6 1.6 -6.0 -6.0 3.8 - -2.4 -0.8
E G3B3(MP2) 922.79 7.9 7.9 1.5 1.5 7.2 - 1.0 11.2 1.1 1.1 -6.5 -6.5 33 - -2.9 -1.3
:_g G4(MP2) 922.73 7.9 7.9 1.5 1.5 72 - 1.0 11.2 1.1 1.1 -6.5 -6.5 33 - -2.9 -1.3
E DLPNO-CCSD(T)* 930.10 6.6 6.6 0.2 02 59 - -0.3 9.9 -0.1 -0.1 -7.8 -7.8 2.0 - -4.2 -2.6
g CBS-0OB3 894.11 9.2 9.2 2.8 2.8 8.5 - 2.3 12.5 2.1 2.1 -5.5 -5.5 43 - -1.9 -0.3
;r; G3B3(MP2) 897.12 8.7 8.7 2.3 2.3 8.0 - 1.8 12.0 1.6 1.6 -6.0 -6.0 3.7 - -2.4 -0.9
% G4(MP2) 897.35 8.7 8.7 22 22 7.9 - 1.8 11.9 1.6 1.6 -6.1 -6.1 3.7 - -2.5 -0.9
§ DLPNO-CCSD(T)* 907.45 6.9 6.9 0.5 0.5 6.2 - 0.0 102 -0.2 -0.2 -7.8 -7.8 1.9 - -4.2 -2.7

aDifference between experimental pK, and calculated pK, (Error = expl pK, — calcd

pKa)
"Level of theory

‘Monomer cycle
dCluster cycle
*DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
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Table 3.9 continued.

B3LYP/6-31G* MO0O5-2X/6-31+G**
1 2 1 2
Anion only Full Ion Pair Anion only Full Ion Pair Anion only Full Ion Pair Anion only Full Ion Pair

é Gas Phase LoT® (k?ﬁf;i'l) MCt CC! MC® CC! MC CC! MC CC! MC CCY MC CC! MCt cc? Mce cc
% CBS-0B3 899.63 6.6 6.6 0.2 0.2 5.9 - -0.3 9.9 -04  -04 80 -8.0 1.8 - 44 -2.8
3

B

Té G3B3(MP2) 903.50 5.9 5.9 -0.5 -0.5 5.2 - -1.0 9.2 -1.1 -1.1 -8.7 -8.7 1.1 - -5.1 -3.5
2

¥

€ G4MP2) 903.73 5.9 5.9 -0.6  -0.6 5.1 - -1.0 9.1 -1.1 -1.1 -8.7 -8.7 1.0 - -5.1 -3.6
E‘ DLPNO-CCSD(T)* 912.39 43 43 2.1 2.1 3.6 - -2.6 7.6 -2.6 26 -102 -102 -05 - -6.6 -5.1
3

2 CBS-0OB3 875.31 7.5 7.5 1.1 1.1 6.7 - 0.6 10.8 0.2 0.2 14 74 23 - -3.8 2.3
=

<

=

S G3B3(MP2) 878.57 6.9 6.9 0.5 0.5 6.2 - 0.0 102 -04 -04 8.0 -8.0 1.8 - 44 -2.8
g

2

‘é G4(MP2) 878.71 6.9 6.9 0.5 0.5 6.1 - 0.0 102 -04 -04 -8.0  -8.0 1.7 - -4.4 -2.9
% DLPNO-CCSD(T)* 889.02 5.1 5.1 -4 -14 43 - -1.8 8.3 22 2.2 -9.8 -9.8 -0.1 - -6.2 -4.7
Level of theory dCluster cycle
“Monomer cycle ‘DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
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Table 3.8 shows the effect of each level of theory, allowing for the comparative accuracy of
DLPNO-CCSD(T)/cc-pVTZ and the most accurate (lowest MAE) and most precise (lowest
SD) LoT protocol to be determined.

DLPNO-CCSD(T) is the most accurate as well as precise gas phase method, producing the
lowest total MAE (4.23 pK. total MAE) and SD (3.21 pK. total SD). For precision, it far
outperformed the composite methods, being 0.13 pKa units lower than the Gn methods and
0.21 pKa units lower than CBS-QB3. CBS-QB3 is thus the least accurate and precise gas phase

LoT overall.

In terms of accuracy, the solvent phase LoT choice had a significant impact on overall
performance. M05-2X/6-31+G** far outperformed B3LYP/6-31G*, which produced MAEs
1.2 pK, units larger than that of M05-2X, with SD values differing by about 1 pK, unit. While
B3LYP by and large was the least accurate, it performed significantly better in combination
with DLPNO-CCSD(T); however, this greatly affected the other protocols, causing increases
of ~ 1.5-2 pK, units in each. This is very noticeable in the case of CBS-QB3, which performed
the best in combination with M05-2X, but the worst with B3LYP, skewing its overall accuracy.
Consequently, the overall lowest error, of 3.3 £ 2.5 pK, units, was in fact produced by CBS-
QB3 [B3LYP/6-31G* (SMD)], despite being the lowest performing gas phase LoT overall.

The direct cycle’s overall performance using cluster-calculated proton solvation values is poor,
with a total error of 4.3 £ 3.3 pK. units. Errors could be a result of the various levels of theory
used; however, given the accuracy and precision noted for the proton exchange cycle this is
unlikely. The increased error is thus a result of the proton solvation techniques. To this end,
results were summarised to indicate the effect of each aspect of the proton solvation process.
Table 3.10 summarises results according to the specific thermodynamic cycles displayed in

Scheme 3.6.
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Table 3.10 Mean absolute error (MAE), standard deviation (SD) and minimum/maximum errors (MIN/MAX)
for pK, prediction of N-base amine conjugate acids and reference acids using direct (D) cycles according to
AG:,, (H*) determination conditions.

Monomer Cycle Cluster Cycle Total
S n MAE SD MINMAX MAE SD MINMAX MAE SD MIN/MAX
1 406 321 014 922 406 321 0.14 922 | 406 3.19 0.14 922
Anion only
2 431 240 0.07 851 - - - - - - - -
Full Ion 1 438 339 016 1024 438 339 0.16 1024 | 438 337 0.16 10.24
Pai
“ 2 248 182 0.01 6.64 637 423 034 1252 | 443 3.78 0.01 12.52
Total 3.81 286 0.01 1024 494 375 0.14 1252 | 429 331 0.01 12.52

Greater errors in both accuracy and precision are seen for the cluster cycle, regardless of how
the solvent cluster is composed. This correlates with conclusions found for proton solvation
literature and “experimental” comparisons which favoured the monomer cycle. Missing data
points are due to the n=2 solvent cluster optimisation complications encountered and thus make
comparisons of solvent cluster composition between the monomer and cluster cycles difficult.
This is circumvented by averaging across both cycles (monomer and cluster), such that the
effect of solvent cluster composition (S and n) can be assessed (Table 3.11). These results
contradict Xue et al.’s results, showing that the best performance is achieved using one anion
solvent clusters (n=1, S = [NTf>]").'® Overall, the results mainly show great variation generally
caused by cycle choice, leading to n=2 full ion pair clusters being both the best (monomer) and
worst (cluster) results. One can see the composition of the solvent cluster has far less of an
impact than the cycle choice, varying by less than 0.50 pK, units compared to the 1.13 seen

between cycles.

Focusing specifically on solvent cluster composition, regardless of cycle choice, shows some
minor variation (Table 3.11). How the solvent is represented seems to affect accuracy far more
than cluster size (n), with accuracy differing by only 0.17 pKa units compared to solvent
representation’s 0.26 pK. units. Precision follows the same trend and is once again affected

more by cluster representation, with anion cluster SDs consistently being lower.
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Table 3.11 Mean absolute error (MAE), standard deviation (SD) and minimum/maximum errors (MIN/MAX)
for pK, prediction of N-base amine conjugate acids and reference acids using direct (D) cycles according to
solvent cluster (1S or S,) composition.

1 2 Total

MAE SD MIN/MAX MAE SD MIN/MAX MAE SD MIN/MAX

Anion only 406 3.19 014 922 431 240 0.07 851 | 414 294 007 922

Full Ion Pair 438 337 0.16 1024 443 378 0.01 1252 | 440 3.57 0.01 12.52

Total 422 327 0.14 1024 439 338 001 1252 | 429 331 0.01 12.52

Regardless, error values are high relative the PX cycle and from Tables 3.8-3.11 no major
improvement seems possible through alteration of the current proton solvation conditions.
Furthermore, these high errors occur despite the similarity of AGg,;,(H*) values generated
during this study to available literature values and use of high accuracy methods proven to be
effective with other cycles and in literature.'4>2%8-210 This indicates a larger problem with the
direct cycle, aside from the approximation of AGg,;, (H*). This could also be a result of the
inherent errors that occur when implicitly solvating charged solutes, an effect that would affect
not only the proton but also the charged conjugate acid systems used. Thus, further calculations

were done using pyridin-1-ium (Table 3.12), whereby all charged components are solvated

using a cluster-continuum method (Scheme 3.7).

m+ AG;oln m+
[HN(S)n]™+ (S) ’Nis) + [H(S)n]"+ (S)
A
_AG;OIV(HN+) AG;olv(N) AG;olv(H-'-)
_l_' AG gas .
HN™ (9) >N (g) + H™ (9)

Scheme 3.7 Direct cycle for a generic N-base amine conjugate ("NH), with all charged reactants and

products solvated using cluster-continuum solvation thermodynamic cycles (monomer or cluster).
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Table 3.12 Direct cycle calculated pK, variation® from experimental for pyridine-4-ium in [C4C1im][NT£:] using cluster (CC) and monomer cycle (MC) generated AGZ,,, (HT)
and AGg,,(pyridine-1-ium) values.

B3LYP/6-31G* MO0O5-2X/6-31+G**
1 2 1 2
Anion only Full Ion Pair Anion only Full Ion Pair Anion only Full Ion Pair Anion only Full Ion Pair
Gas LoT MCP Cce MCP Ccce MCP Cce MCP Cce MCP cce MCP Ccce \Y (0 Ccce MCP Ccce
CBS-QOB3¢ -167.1  -1679 _170.3 -171.6 -165.5 - -165.8  -160.8 -162.6 -162.6 -169.2 -168.6 -161.8 - -161.1  -159.8
G3B3(MP2)¢ -145.1 -1459 _148.3 -149.6 -143.5 - -143.8  -138.8 -140.6 -140.6 -147.2 -146.6 -139.8 - -139.1  -137.8
G4(MP2) -1349  -1357 -138.1 -1394 -1333 - -133.6  -128.6 -1304 -1304 -137.1 -1364 -129.6 - -129.0 -127.6
2é§g%d -208.5  -209.3 -211.7 -213.0 -206.9 - -207.2  -202.2  -204.0 -204.0 -210.6 -210.0 -203.2 - -202.5  -201.2

aDifference between experimental pK, and calculated pK, (Error = expl pK, — calcd pKy)
"Monomer cycle

°Cluster cycle

¢DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
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As is evident from the values noted in Table 3.12, clustering of all charged components in the
reaction greatly decreases the accuracy of the cycle, producing errors that are magnitudes

higher than those noted for the proton only cluster direct cycle (Table 3.9).

From these results (Table 3.12), as well as those for clustering only the proton (Table 3.9), one
can assume that large errors are introduced during the clustering process. This could be due to
poor representation of the intermolecular forces by a single solvent shell and implicit bulk
solvent, or incorrect placement of solvent molecules leading to results further from what is seen
in actual solvation. Nonetheless, comparatively the direct cycle performs far worse than the
proton exchange cycle. Hence, its use for any predictive experiments is unadvisable, without
first undergoing further investigation into cluster generation perhaps using fully explicit

methodology or larger sampling.

3.3.2 The Acidity of Bronsted-functionalised Acidic lonic Liquid Cations

As has been previously stated, no experimental pK. data is available for the acidic ionic liquids
of interest in an ionic liquid solvent (Figure 3.1) and hence the choice of methodology should
follow from the benchmarking results discussed above. As a predictive tool, less reliance on
empirical experimental results would be preferable and would favour the direct cycle.
However, direct cycle tests performed in this work deemed it unsuitable. The PX cycle, on the
other hand, produced far better results overall, with an overall average error of 0.96 + 0.56 pKa
units. This is almost five times smaller than the direct cycle overall error of 4.29 + 3.31 pKa
units. It was thus decided to predict the pK. of the acidic ionic liquids using the proton exchange

cycle.

Limited experimental data for pK, acidity in ionic liquids, meant a reference system for the
acidic ionic liquids could only be found in a [C4C1im][NTf] solvent system (Figure 3.11). This
limited pKa acidity predictions to the singular solvent system of [C4C1im][NTf].

12.1

Figure 3.11 Structure and experimental pK, in [C4Ci1im][NTf,] of acidic ionic liquid proton exchange

reference acid, 1H-imidazol-3-ium.

94



3. Computing lonic Liquid Acidity Using Thermodynamic Cycles

Furthermore, butane-1-sulfonic acid and sulfuric acid (Figure 3.12) are also assessed to provide
non-ionic comparisons to the cations and allow for the conceptualisation of the ionic liquids’
acidity relative to acids of known strength. Butane-1-sulfonic acid is the molecular equivalent
to the AIL cation sulfonyl side-chain functionalisation and sulfuric acid is a strong acid that is

commonly used as a cellulose hydrolysis catalyst.*!211-213

0 2
/\/\/S‘ HO-S-0OH
/ "OH 1l
O
() (i)

Figure 3.12 Structures of non-ionic or neutral common acids (i) butane-1-sulfonic acid and (ii)

sulfuric acid.

The results for all three AILs and the two molecular acids are shown in Table 3.13. The
composite methods proved applicable (in terms of computational time) to the AlILs and thus
are included as comparative references to DLPNO-CCSD(T) predictions. However, their
comparative time costs increased significantly compared to the N-base amine conjugate acids
(Figure 3.6), serving to further indicate poor applicability to cellobiose protonation energy

predictions using acidic ionic liquids.
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Table 3.13 PX cycle calculated and relative pKas, gas (AGg,s) and solvent (AGg,,) phase reaction free energies of neutral and cationic acids (Figures 3.1 & 3.12) with

reference base/acid 1H-imidazole/1H-imidazol-3-ium (Figure 3.11) in [C4C;im][NTf].

MO05-2X/6-31+G**

AG; AG;
gas soln s a
HA Gas Phase Level of Theory (kJ mol”) (kJ mol™) Calcd pKa Relative pKa
DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP 406.55 -2.0 11.8 3.6
. CBS-0QB3 383.41 -25.1 7.7 3.8
Butane- 1-sulfonic acid
G3B3(MP2) 388.10 -20.4 8.5 3.9
G4(MP2) 388.67 -19.9 8.6 3.8
DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP 269.85 139.4 36.5 28.4
CBS-0OB3 250.35 119.9 33.1 29.2
[IL-OH]*
G3B3(MP2) 255.61 125.2 34.0 29.4
G4(MP2) 212.64 82.2 26.5 21.7
DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP 162.15 46.3 20.2 12.0
CBS-0B3 148.03 322 17.7 13.8
[IL-COOH]*
G3B3(MP2) 143.86 28.0 17.0 12.4
G4(MP2) 144.37 28.5 17.1 12.3
DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP 109.40 12.3 14.2 6.1
CBS-0B3 52.35 -44.8 43 0.3
[IL-SOsH]*
G3B3(MP2) 96.02 -1.1 11.9 7.3
G4(MP2) 95.17 -2.0 11.8 7.0
DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP 384.05 -22.5 8.2 -
S CBS-0QB3 359.96 -46.6 39 -
Sulfuric acid
G3B3(MP2) 363.91 -42.6 4.6 -
G4(MP2) 406.55 -2.0 11.8 -

2pK, relative to sulfuric acid (pKa(HA) — pKa(sulfuric acid))
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Overall, the acidity trend shows sulfuric acid to be the most acidic overall, as would be
expected. This is followed by butane-1-sulfonic acid, the sulfonyl-functionalised AIL ([IL-
SOsH]", Figure 3.1 (i)), the carbonyl-functionalised AIL ([IL-COOH]", Figure 3.1 (iii)) and
finally the hydroxyl-functionalised cationic acid ([IL-OH]", Figure 3.1 (ii)). The sulfonyl-
functionalised ionic liquid is far more acidic than its cationic counterparts, being closer in pKa
value to the traditionally stronger neutral molecular acids. However, the results still show [IL-
SO3H]" to be a far weaker acid than sulfuric acid. This general acidity trend correlates well
with trends in other acidity measurements (Figure 3.13), like Hammett acidity functions

defined as

I
Hy = pK()q + log (ﬁ) (3.35)

where pK (I),q is the aqueous pK, of the uncharged indicator base and [I]s and [HI*]s the

molar concentrations the indicator/protonated indicator in a solvent, S.'3?

2.8
Ho = 0.035pK,(G3B3(MP2)) + 1.55__ - _. -
26 R2=0.97 l,/”,,/

24 GRE e

22 5

. = Ho = 0.036pK,(DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP) + 1.44
16 R2=0.98

0 5 10 15 20 25 30 35 40
Calcd pK, in [C,C,im][NTf,]

Figure 3.13 Plot illustrating correlation between experimentally determined Hammett acidity
function (Ho, in water using 4-nitroaniline) and calculated pK, in [C4Ciim][NTf;] using G3B3(MP2)

and DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP [M05-2X/6-31+G** (SMD)] for the AILs and

sulfuric acid.’®*'

By comparing the predicted pKa values to Hammett acidity functions found experimentally for

the AILs of interest and sulfuric acid, regardless of LoT combination, the trend in acidity and
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relative relationship between the acids of interest is well replicated in the predicted values,

lending further support to the methodology applied.

While relation to experimental trends and thus relative acidity may not vary much between
LoT, in terms of absolute values, significant variations can be seen. DLPNO-CCSD(T), on
average, consistently produces higher pK, values than the composite methods by 3-4 pK, units.
This almost doubles for [IL-SO3H]* when compared to the CBS-QB3 prediction. However, the
result using CBS-QB3 is questionable as it varies significantly from G3B3(MP2) and typical
behaviour observed for the other acids. The reaction free energy in solution is far lower than
the other LoT combinations. Given that the same solvent LoT and molecular structures were
used throughout, the source of error is very likely the gas phase reaction free energy. This value
is significantly lower than the other predictions, indicating a concern with the CBS-QB3
accuracy. This is not unexpected, as CBS-QB3 performed poorly in terms of accuracy,
regardless of solvent LoT for the N-base amine conjugate acids (column total MAE of 1.05

pKa units, Table 3.2).

Returning once again to relative trends, when measured relative to the strongest acid, i.e.
sulfuric acid with a consistently low pK, value and strong hydrolysis performance, the DLPNO-
CCSD(T)/cc-pVTZ//TPSS/def2-TZVP [MO05-2X/6-31+G** (SMD)] LoT combination
performance significantly improves. Predictions using this protocol varies by little over 1 pKa

from G3B3(MP2)-based predictions (Table 3.13).

Furthermore, as was stated in Section 3.1.1, pK, values are determined according to the
equilibrium of a proton transfer reaction. This reaction generally involves the generation or
neutralisation of a charged structure. The stability of these charged structures often shifts the
equilibrium of the proton transfer reaction and thus affects the strength of the acid.’®
Polar/charged solvent systems can thus cause large changes in pKa values, through stabilisation
of these charged reactants or products. Due to the charged nature of the individual components
of ionic liquids, Coulombic interactions occur that may stabilise (or destabilise) charged
structures. With regards to the acid series studied here, the traditional acids would generate
negatively-charged bases which would be stabilised by the cations, and the cationic acidic ionic
liquids would initially be stabilised by anions and then once deprotonated generate an overall

non-charged zwitterionic conjugate base (Figure 3.14).
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[IL-O7] [IL-COO] [IL-SOs]

Figure 3.14 Acid-functionalised ionic liquid cations’ conjugate base structures.

Hence, solvation would favour the neutral acids by stabilising the conjugate base produced but
negatively affect the cationic acids through stabilisation of the positively charged reactant more
than the neutral conjugate base. This would indicate higher pK. values for the cations but lower
for the neutral acids, as is observed in Table 3.13. However, having used one solvent system
this does not fully address the effect the polarity or charge composition of a solvent would have

on a proton transfer or dissociation reaction.

3.4 Conclusion

Initial N-base amine benchmarking tests showed a proton exchange cycle to be far more
accurate and precise than a direct cycle for ionic liquid pK, prediction. G3B3(MP2) and CBS-
QB3 gas phase levels of theory combined with a M05-2X/6-31+G** solvent phase LoT were
favoured in terms of accuracy and precision. However, execution time analysis illustrates the
high computational cost associated with these methods that make them less suitable for larger
systems (see Figure 3.6). Comparatively, DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP,
included for its computational efficiency, performed relatively well in terms of precision and

accuracy.

The dependence of the direct cycle on the accuracy of the proton solvation free energy greatly
disfavoured its use in pK, prediction, with many complications encountered in the solvation
free energy thermodynamic cycle protocols. Nevertheless, predicted AGZ,,(H") trends
matched that found in literature, favouring anion only n = 2 clusters, although the absolute
values were somewhat higher than those found in literature. Thus, overall direct cycle
performance was extremely poor in terms of accuracy and precision, regardless of the phase

level of theory combination chosen.

Acid-functionalised ionic liquid pKa values were thus predicted using a proton exchange cycle
with a 1H-imidazol-3-ium reference acid. Trends noted between gas phase levels of theory

indicate that DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP consistently overpredicts
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compared to PX cycle favoured composite methods (G3B3(MP2) and CBS-QB3); however, in
terms of relative acidity (to sulfuric acid in this case) performance remains consistent. Thus,
regardless of gas phase LoT, the ordering of the acids remained the same. As was expected,
the molecular acids were far more acidic than the AILs, with sulfuric acid having the lowest
predicted pKas. Furthermore, within the AILSs results the sulfonic acid functionalised AIL was
shown to be far more acidic than the other functionalities tested. [IL-SO3H]" pKa value were
on average closer to butane-1-sulfonic acid and sulfuric acid than [IL-COOH]" and [IL-OH]".
This matched experimental Hammett acidity trends, which show [IL-SO3H]* to fall closer in

magnitude to sulfuric acid when measured under the same conditions.

However, given the variation between ionic liquid solvents systems noted for the N-base amine
conjugate acid PX results, further analysis into the effect of the solvent on the thermodynamics

of the protonation energy and the reaction as a whole needs to be done.
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4.

Implicit Solvation Effects on Cellobiose Acid
Hydrolysis Mechanism

The effects of ionic liquid solvation on the thermodynamics of the aqueous cellobiose hydrolysis
mechanism proposed by Loerbroks et al. were assessed using the SMD implicit solvent model
modified for ionic liquids. Effects were analysed in terms of free energy requirements for the
reaction and compared to aqueous and gaseous pathways. The findings of these solvation
investigations showed electrostatics to dominate the solvation effect, making dielectric
constant magnitude a key determinant of stabilisation/solvation ability. Consequently, water
gave the lowest intermediate activation barriers and final reaction energy. Implicit solvation
would poorly represent the hydrogen bonding abilities of the ionic liquids, skewing their
performance according to electrostatics and not hydrogen bonding capabilities. However,
amongst the ionic liquid reaction profile, no clear connection with dielectric constant
magnitude or hydrogen bonding ability could be established, with [C4Ciim][MeSOy4]
outperforming [C4Ciim][Cl], which gave similar results to [C4Ci1im] [NTf3]. Overall, due to
the dominating effect of electrostatics in implicit solvation behaviour predictions, ionic liquids,
having lower dielectric constants compared to water, unfavourably raised the protonation
energy (highest energy requirement) as well as the conformational change barrier (rate-

determining step of the mechanism) compared to water.

4.1 Background

For use in biorefinery processes, cellulose needs to be depolymerised or hydrolysed to
intermediates more susceptible to chemical and/or biological change. One such intermediate is
glucose. Glucose generation from cellulose requires a saccharide conversion, whereby the f—
(1,4)-glycosidic bond linkages in the cellobiose polymer repeating units are cleaved.® This can
be achieved through acidic hydrolysis, with the use of a relatively strong acid in a suitable
solvent.> However, this decreases the “green” nature of the process and increases risks and
costs, making it inefficient for industry use. This is generally attributed to cellulose’s

intermolecular hydrogen-bonding networks, which limit solubility in common solvents.?!>
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It is well-known that the hydrolysis reaction is hampered by the structure of the cellulose or
cellobiose monomers. Using an appropriate solvent allows greater access to the glycosidic
linkages through disruption of the extensive hydrogen bonding network. The naturally
occurring chair conformations allow specific hydrogen bonds to form between the glucose
subunits.?* Effective solvation has been shown to break these hydrogen bonds through
formation of solute-solvent hydrogen bonds.?**® This further has the effect of decreasing
electron sharing abilities of endocyclic oxygens, reducing anomeric effects.® Overall, this

affords a more flexible structure that would be more prone to hydrolysis.

Investigations found ILs with strong hydrogen-bond acceptor anions (Cl, carboxylates) to be
good dissolution agents for cellulose, as they can effectively break up the hydrogen bonding
networks.?8216 This results in better yields and milder reaction conditions. It is thought that this
is through increased access to hydrolysis reaction sites. However, this does explain the effect

of these solvents on the thermodynamics of the mechanism.

Literature descriptions of the cellobiose acid hydrolysis mechanism are generally based around
three main steps. The glycosidic linkage oxygen atom is first protonated, then cleaved to form
glucose and a charged cyclic intermediate, which undergoes the nucleophilic addition of a
hydroxyl using water generating glucose.> Given the extensive hydrogen-bonding network
surrounding the glycosidic linkage (Figure 1.3), great significance has been placed on the initial
protonation step, often denoted the highest energy requirement step.!>?* However, it is a
barrierless process and thus only forms part of the total activation energy, albeit a significant
part. The remaining energy is a result of the conformational changes and bond breaking/bond
forming energy required to convert the protonated cellobiose to glucose. Solvent stabilisation
could greatly affect these barriers, resulting in reduced rates or unfavourable energy
requirements.”!” As such, many solvation studies have been conducted for cellulose acid
hydrolysis, assessing the mechanism of action and effect of the solvent system on the
mechanism. 232949218219 Most theoretical studies make use of explicit solvent models, as they
explicitly include solvent-solute intermolecular bonding and thus more realistically represent
their effect. However, these methods are very computationally demanding and the importance
of the explicitly represented hydrogen bonding interaction largely related to the breaking up of
the supramolecular structure. In terms of mechanism thermodynamics and kinetics these
interactions may not play as much of a role. Thus, to reduce cost, implicit solvent models

expanded to allow inclusion of ionic liquids, may be used.'® Overall this study does not aim to
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study the cellulose solvation ability of the ionic liquids, which is determined by hydrogen
bonding abilities,!333213220 byt rather their effect on the thermodynamics of the hydrolysis

reaction.

4.1.1 A Summary of Cellulose Acid Hydrolysis Mechanisms Thus Far

As was detailed in Chapter 1 Section 1.3.1-2, the exact mechanism of cellobiose acid hydrolysis
is not known with certainty; however, many computational studies have been done to test the
viability of proposed mechanisms in specific solvents. Generally, biomimetic mechanisms are
favoured, which are based on the mechanism of action of glycoside hydrolase enzymes that
convert lignocellulose to sugar derivatives in nature.>*>?21-222 However, these enzymes create
and stabilise convenient/reactive conformations that may not be possible under catalytic
conditions; specifically with regards to the protonation of the glycosidic linkage, where
enzymatic studies have shown activation of the glycosidic linkage through forced conformation
shifts in the glucose ring subunits.>??? Furthermore, enzymatically the cellobiose monomer is
held in position where acid functionalities/proton donors can interact with both the glycosidic
linkage oxygen and the anomeric carbon.>%223 This allows for the effective protonation of the
linkage, through either a concerted or stepwise double displacement mechanism (Scheme 1.1,

see Chapter 1 Section 1.3.1 for more details).

Under non-enzymatic conditions, the orientation of the reaction coordinates is not fixed and
thus acidic protonation of the glycosidic linkage is dependent on availability. Proton
availability depends largely on acid strength and concentration. However, unlike enzymes
catalysts have no active site, and thus are less specific, allowing for protonation of other basic
sites on the cellobiose. This is further complicated by the cellobiose conformations that occur
in the crystal form of the cellulose found most prominently in nature. In the crystalline domains
of cellulose Ig, two conformations, related to the hydrogen bonding patterns, dominate (Figure

4.1)2
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Figure 4.1 Representations of cellobiose conformers found in cellulose Ig sheets, according to the

hydrogen-bonding patterns found (shown in blue and green).**

Natural bond orbital (NBO) analysis of oxygen atoms surrounding the linkage in these
structures has shown the linkage oxygen to be the least basic by a large margin.?* This is further
affirmed by experimental pKy values of protonated acetal and hydroxyl groups, showing the
hydroxyl oxygen sites to be significantly more basic than the glycosidic linkage oxygen
atoms.??* Thus, without direct forced interaction, all the surrounding hydroxyl and pyranic
oxygen atoms will be preferentially protonated. This can explain the necessity of a strong acid
catalyst, which would also protonate less basic sites such as the glycosidic linkage. In addition,
this also links to alternatively proposed mechanisms, where the pyranic Os endocyclic oxygen

is protonated instead of the glycosidic linkage oxygen atom, O;.

However, pyranic protonation mechanisms proceed through an acyclic intermediate (Scheme
1.2) and are not favoured in literature, as they are found to lead to higher energy transition
states and thus overall higher barriers.??* This may in part be due to electronic effects present
in the conformers. Os and Oj are linked by anomeric effects, with protonation of either causing
charge to be transferred between the oxygen lone pairs (ng,, ng,) and Ci-O1 or Ci-Os
antibonding orbitals (a¢,¢,, 0¢,0,) (Figure 4.2).2* Protonation of Oi lowers the energy of
0¢,0,causing a charge transfer between ny_ and o¢, o, . This increases the occupancy of a¢ o, ,
weakening the bond and causing it to lengthen. Now weakened/elongated, this bond is easier
to break, facilitating hydrolysis. Protonation of the endocyclic Os oxygen atom, on the other
hand, significantly lengthens the Ci-Os bond, while slightly shortening the Ci-O1 bond. This is
through protonation once again lowering the energy of the connected antibonding orbital

(0¢,0,)- facilitating a ny, — ¢, o, charge transfer.®>
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Figure 4.2 Figures from Loerbroks et al. (2013) illustrating anomeric effects present in

cellobiose.?*

From this activated protonated intermediate the glycosidic bond can be broken to form a cyclic
carbocation intermediate, which is converted to glucose by the nucleophilic addition of a
hydroxyl at the anomeric carbon. The protonation and nucleophilic addition steps are both
thought to be barrierless, with only the bond cleavage having a barrier. However, some
computational studies have suggested that the bond cleavage is preceded by a conformation

change.?*??

In a 2013 implicit water study, Loerbroks et al. found that altering the conformation of the
glucose rings in the protonated cellobiose from a chair conformation, greatly reduces the
activation barrier. They linked this to anomeric effects present in the cellobiose structure,
stating that changing the ring conformation can enhance ny, — 05101 donation. As with the
initial glycosidic linkage oxygen protonation, this would weaken or activate the glycosidic
linkage resulting in a lower overall energy barrier. Implementing this conformational change
into the mechanism, they were able to replicate experimental thermodynamic data for aqueous
sulfuric acid cellobiose hydrolysis, using implicit solvation. When calculated using just the
crystalline structure chair conformation, both Loerbroks et al. and other computational studies
were unable to achieve the same accuracy,'>?* further validating their proposed aqueous
mechanism. This suits enzymatic studies, which show the cellulose reactant substrate to be
forced into less stable ring conformations in the activated complex, linking ring conformational
change to weakening of the glycosidic linkage and effective breakdown of the cellobiose into

glucose.
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After investigating three different conformation intermediates (B2, “E and 2°B), chosen to

facilitate ny, — o¢, o, charge transfer, the lowest energy path was found to proceed through a

4E conformer intermediate (Str 18, Scheme 1.3).%*
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Scheme 4.1 Repeat of Scheme 1.3.

Cleavage of the glycosidic linkage resulted in the formation of a “Hsz half-chair oxocarbenium
intermediate (Str 21) and glucose. Water then attacks the C1 or anomeric carbon atom of the
oxocarbenium intermediate and is quickly deprotonated by the acid catalyst residue, bring the
mechanism to completion by forming the final glucose molecule (Scheme 1.3). The other
suggested conformational changes resulted in higher energy barriers relative to the Str 18 path,
which when combined with the protonation energy, determined using a thermodynamic cycle,
resulted in reaction energy of 141.0 kJ mol!.?* This mechanism is however, for aqueous
solvation conditions and implicit solvation. Given the charged nature of the ionic liquid
components and drastic reduction in activation energy seen experimentally when they are used
as the reaction medium, there is a chance that ionic liquid solvation may induce a different
mechanistic path. However, in an expansion to their original study, Loerbroks et al. (2015)
used molecular dynamics and metadynamics simulations to investigate the effect of solvation
on the mechanism, in which water and [C2Ciim][MeCOz] were compared for cellobiose
hydrolysis, according to their optimal mechanistic pathway of
Str 10 — Str 18 — Str 21 — Str 23. They found evidence that [C2C1im][MeCOz] facilitates
activation of the glycosidic linkage through stabilisation of non-chair conformers and

increasing rotational freedom around the glycosidic linkage through disruption of hydrogen
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bonding and exo-anomeric effects.?!” This seems to indicate that ionic liquid solvation would

enhance a mechanistic pathway containing conformational changes.

Alternative mechanisms have been shown to be possible in ionic liquids. Nishimura et al. have
proposed a mechanism that neglects the conformational change activation step.!® They used a
hybrid quantum chemical/reference interaction site solvent model to represent [C1Ciim][CI]
solvation of cellobiose acid hydrolysis. They were able to calculate a activation energy in good
agreement with experimental findings for a different ionic liquid ([C2C1im][CI]),'* however
their comparative water results were extremely poor.'> Given this variation amongst solvent
results as well as the robust performance of the Loerbroks et al. (2013) mechanism in various
solvent and solvent model systems, it is more likely that the mechanism proceeds through a
conformational change. This correlates with proposed enzymatic mechanisms and given the
nature of an ionic liquids and how they interact with cellulose/cellobiose (as will be discussed
in the following section), stabilisation of less stable ring conformers is highly likely, facilitating

an enzymatic mechanism.>’

4.1.2 Solvation Effects on Cellobiose Hydrolysis

Solvents can be characterised by their physical properties (e.g. boiling point, density) and
chemical properties (e.g. hydrogen bonding abilities, polarity).?2® However, a solvent is also a
medium made up of individual molecules which interact with the solute and one another on an
intermolecular level. This can include polarisation effects as well as stabilisation through
intermolecular interactions such as hydrogen bonding. This is a key feature for
cellulose/cellobiose solvents, where access to the reaction sites (glycosidic linkages), through
solvation, predominantly requires the disruption of extensive hydrogen-bonding networks.?®
Many of the ionic liquids shown to be good cellobiose solvents have good hydrogen bonding
abilities, typically through the anions.3**¢ Studies show that effective dissolution of cellulose
in ionic liquids is predominantly determined by the nature of the anion. Anions predominantly
interact with the cellulose hydroxyls, closely surrounding the cellobiose monomers, followed
by the cations. This is a phenomenon called preferential solvation, where interactions with one
component of a solvent or solvent mixture produces larger negative Gibbs solvation free
energies, causing preferential binding/interaction. In the case of imidazolium based ionic
liquids, this is due to favourable hydrogen bonding interactions between the anions and the
solute hydroxyls. As strong hydrogen bond acceptors, the anions form stronger hydrogen bonds

with the hydroxyls, displacing the previous inter- and intra-molecular hydrogen bonds between
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the various ring oxygens.??’” Many computational studies have illustrated this through explicit
solvent modelling, showing anions predominantly occupy the first solvation shell and strongly
hydrogen bond with hydroxyl groups.®#+?1¢ This was confirmed in 3**’Cl and '3C NMR
studies, which indicate a stoichiometric interaction between both groups.> [CI]" is an anion of
choice, given the significance of hydrogen bonding. It is a small, strong hydrogen bond
acceptor and thus when coupled with the appropriate cation, is one of the best cellulose
dissolution agents. However, it does lead to the formation of relatively viscose liquids,
constraining its ability and usage, possibly necessitating harsh reaction conditions. Increasing
the temperature of a liquid can generally decrease its viscosity. However, at higher
temperatures by-products can form, reaction vessel choice is limited, and process costs
increase. Other anions such as [NTf>]  result in lower viscosities but are weaker hydrogen bond
acceptors. Key to the use of the appropriate anion is thus also the choice of cation, which can

greatly alter these physical solvent properties.

Methylimidazolium or methylpyridinium cores with butyl to hexyl alkyl chains are favoured
as cellulose solvents. This is mainly due to effect of molecular symmetry on melting point and
viscosity. Lower symmetry cations such as [C4Ciim]", have lower melting points, while still
maintaining a small enough molecular weight to be mobile and short enough alkyl chain to
limit attractive Van der Waals interactions. They also form strong C-H:--halide hydrogen
bonds, interacting well with anions such as [Cl]". This once again leads to increased viscosity
but also lower vapour pressure and better thermal stability, increasing safety and applicability

to biorefinery procedures.>’

This does not exclude the cation from playing a role in the solvation process. Cation choice
and subsequent interaction, with both the anion and cellulose solute, can play an important role
in the dissolution process. A computational explicit solvent study done by Lu et al. showed that
identity of the cationic species in an ionic liquid greatly affected the dissolution ability of the
solvent.*® These effects are centred around the presence of acidic protons on the heterocyclic
ring of the cations. Usually found in conjugated imidazolium rings, these acidic protons form
weak hydrogen bonds with the hydroxyl groups or ether oxygen atoms present in cellulose,
increasing solubility in much the same manner as the anions. However, the cations act as
hydrogen bond donors, with the acidic ring protons interacting directly with the cellulose
oxygens in a C-H--Ocellose hydrogen bond. The strength of this bond is affected by how acidic

the protons are and this can be influenced by substituents present in the ring, particularly on
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the alkyl sidechain. Electron donating groups such as -OCH3 and -OH decrease the acidity of
the ring protons, reducing their hydrogen bonding ability. Nonetheless, explicit computational
studies show the anions to form far more and far stronger hydrogen bonds to the ring hydroxyls,
about 0.3-0.4 A shorter than the cation hydrogen bonds in the case of [C4Ciim][C1].5” This
implies that the anion is still mainly responsible to the dissolution process; however, the
cation’s interaction with the anion can affect its ability to interact with cellulose, with stronger
anion-cation interactions leading to a decrease in solubility. Furthermore, increased cation size
can also lead to steric hinderance, which has also shown to decrease cellulose solubility.
Lindman et al. have also proposed that the cation’s effect may be linked more to hydrophobic
interactions with the sugar polymer, given that both are amphiphilic in nature.?’ However, these
suggestions are not widely considered, with most studies focusing on the anion, given the
overwhelming experimental (NMR, etc.) and computational evidence illustrating the

significance of its effect.

Functionalisation of the cation (e.g. with an acidic moiety) provides the possibility of a one-
pot synthetic process, where an ionic liquid would act as both the acid catalyst and the solvent.
This is discussed and assessed in more detail in Chapter 3. Given the significance of hydrogen-
bonding in the dissolution, a large emphasis has been placed on explicit solvent studies.
However, this approach can be time consuming and resource heavy, making exploration of
multiple solvents and various mechanistic paths costly. An attractive alternative is presented in
implicit solvents, which reduce both time and resource costs, but can still be representative of
specific solvent characteristics. These models, detailed in Chapter 2 Section 2.6, reduce the
solvent to a dielectric continuum, negating the inclusion and optimisation of multiple individual
solvent molecules. Solvation effects are largely driven by electrostatic interaction of the
continuum, but the influence of explicit interactions are still included through parameterisation
of an atomic surface tension term, that represents cavitation, dispersion and solvent structural
(CDS) affects. Hydrogen-bonding is specifically included in this factor and represented using
Abraham parameters. Unfortunately, these are not often found in literature for ionic liquids;
rather, the hydrogen bonding abilities of ionic liquids are usually characterised using Kamlet
and Taft parameters. The parameters differ on how they measure the ability but more
importantly how they treat the solvent. Abraham hydrogen bond acidity and basicity values
treat the molecule of interest as a solute, while Kamlet and Taft treat it as a solvent. Bernales
et al. developed a correction between the values, using 19 organic solvents where both values

were determined experimentally. This subsequently allows application of the SMD model to
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various ionic liquids as well. However, it should be mentioned that while the correlation for
hydrogen bond acidity or donor strength was high (R? = 0.94), the correlation between
hydrogen bond acceptor and basicity was only 0.61.!% Nonetheless, the model allows for the
simulation of ionic liquid solvation implicitly and has been used in literature to varying levels

of success in the calculation of solvation energies.
4.2 Computational Details

4.2.1 General

All optimisations were run using Gaussian09.!7* Tight convergence criteria and an ultrafine
grid for numerical integration of the exchange-correlation energy were used for optimisations.
Local minima and transition states were confirmed using harmonic force constant (frequency)

analysis.

For comparison, replication of the Loerbroks et al. study was done at BB1K/6-31++G**,228 in
accordance with the original conditions.?* Additionally, protonation free energies were
calculated in accordance with protocols established and detailed in Chapter 3. Thus, gas phase
energies were determined from TPSS/def2-TZVP optimised structures using DLPNO-
CCSD(T)/cc-pVTZ.71171172 Solvation free energies were calculated at the M05-2X/6-31+G**
level (including the geometry optimization), according to Equation 3.22.'34 This is the best LoT
combination to predict acidity of acidic ionic liquids in ionic liquids using a proton exchange
cycle. For further information on the specifics of each phase leg see Chapter 3 Sections 3.2.1

and 3.2.2.

All other steps, for the rest of the mechanism, were calculated using the BB1K functional, but

with a larger basis set more specific to DFT calculations, def2-TZVP.!”

4.2.2 Solvent Models

All solvent systems, unless otherwise stated, were represented using the SMD model,'?” with
[C4C1im][Cl] represented using SMD-PGP as no experimental refractive index could be
found.'® The other parameters, for all the ionic liquid solvents used, are the same as those listed
in Section 3.2.4 of Chapter 3. Default Gaussian09 implemented parameters were used for SMD

water.'?’
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To replicate the Loerbroks et al. study BB1K/6-31++G** water calculations were also done
using the default Gaussian09 implementation of the C-PCM model.'?"1?® This makes use of

universal force field (UFF) radii, scaled by a factor of 1.1, for creation of the solvent cavity.

4.2.3 RMSD Calculation, Hydrogen Bond Analysis and Graphics

See Chapter 3 Sections 3.2.5 and 3.2.6.

4.3 Results and Discussion

This study focuses on the mechanism put forth by Loerbroks et al. for cellobiose acid
hydrolysis in an aqueous solvent.?* Their approach splits the hydrolysis reaction into two parts,
protonation and bond breaking/formation. The total free energy profile is then determined by

the combination of both these parts

The efficiency of the protonation step depends on the activity of the acid catalyst, which can
conveniently be measured in terms of a pK, value or Hammett acidity function, as done in
Chapter 3. While these expressions are convenient to compare acid strengths in various
solvents, they do not include a measure of the thermodynamic stability of the protonated
reactive species, in this case cellobiose. The discussion therefore commences by first

addressing the protonation equilibrium in ionic liquid solvent.

4.3.1 Cellobiose Protonation Free Energy in lonic Liquids

Activation of the glycosidic linkage always involves the protonation of the glycosidic oxygen
atom, which can be followed by a conformation change as suggested by Loerbroks et al.?*
Conversion to glucose becomes far more likely from the protonated starting product, which is
“activated” towards scission of the glycosidic linkage through elongation of exocyclic C-O
bonds and disruption of electronic stabilisation effects such as the anomeric effect.”-!3?* This
reduces the activation energy required for the hydrolysis, favouring higher glucose and TRS

yields.

Consequently, to determine the full effect of ionic liquids as catalysts and solvents, the free
energies of protonation of cellobiose (Figures 3.1 and Figure 3.12 (ii)) with each acid in
[C4Ciim][NTf;], and two known effective cellulose dissolution solvents, [C4C1im][CI] and
[C4C1im][MeSO4], were calculated (Table 4.1). These are compared to gas phase and aqueous

(SMD) phase protonation free energies calculated in the same manner. Equilibrium constants
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were calculated at 298.15 K using the standard state free energy change with all species at 1

mol L™! concentration:
- G;oln
K = — 4.1
exp< o C8)

Table 4.1. Free energy and equilibrium constant estimates for the protonation of cellobiose by sulfuric acid
and acid-functionalised cationic acids (HA) in gas, water and multiple ionic liquid solvents, calculated using
DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP [M05-2X/6-31+G** (SMD)].

Phase thermodynamic quantities + HA+ + . .
[IL-OH] [IL-COOH] [IL-SO;H] Sulfuric acid
2 (kﬁclﬁgi_l) 477.42 369.71 316.96 591.61
U]
K 229 x 103 1.70 x 10°% 295x10°°  230x 107
=
=
= AG:,,. (Str 10)
§ Eﬁlj’ mol") 381.82 288.67 254.65 219.90
S
~ K 1.28 x 107 2.67 x 107! 244 x 1079 2.99 x 107
=
L, AG:,,. (Str 10)
S Ef(’; mol") 389.21 292.83 259.41 215.92
S}
Q\)‘ -69 -52 -46 -38
K 6.50 x 10 5.00 x 10 3.58 x 10 1.48 x 10
~
o)
3 AG:,,. (Str 10)
E soln r
§ T mol) 376.53 282.24 247.93 208.38
L
K 1.08 x 107 3.57 x 107 3.67x 10*%  3.12x107Y
o) Aazﬁf}lggl)m) -147.34 -127.50 -114.31 -430.03
T
K 6.51 x 10% 2.17 x 10? 1.06 x 10%° 2.18 x 107°

These energies are the reaction free energies in solution of a proton transfer reaction between
each acid and cellobiose and thus can be accurately predicted with an optimised PX
thermodynamic cycle protocol. Hence, DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP [MO05-
2X/6-31+G** (SMD)] PX cycles were used. Of the acidic ionic liquids, [IL-SO3H]" shows the
lowest protonation free energy in solution and gas, implying that it produces the most stabilised

conjugate base structure, which matches the trends in acidity calculated earlier.

Water facilitates the lowest solution protonation free energy; whereas [C4C1im][CI] gives the

highest solution protonation free energies of the ionic liquids as well as overall. Given that
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solvation was represented implicitly, electrostatic contributions are of greater significance thus
it is more likely that solvents with higher dielectric constants will stabilise the structure more.
Under these conditions, water (& = 78) would be expected to produce the lowest energies. This
distinction is less clear when applied to the ionic liquids, as [C4C;im][Cl] has the highest value
(& = 15,1 compared to 11.52'! and 14.80'° for C4C;im][NTf;] and CsCiim][MeSOs],
respectively), but still produces the highest energies.

These values imply [C4C1im][Cl] is a poor solvent but it should also be kept in mind that a key
determinant in cellulose solvation is the hydrogen bonding ability, which is moderately
represented in the SMD model in the CDS contribution using Abraham parameters. The CDS
component is only approximately 5% of the overall solvation free energy, however the
correlation between Kamlet-Taft acceptor parameters and Abraham basicity parameters is
weak (R? =0.61).'® Thus, the true effect of the anion choice may not be well represented in the
implicit solvent model, making it difficult to distinguish between the various ionic liquids

tested based on hydrogen-bonding abilities.

4.3.2 Implicit Solvation Effects on Bond Breaking and Formation Steps

Starting structure coordinates were taken from the Loerbroks et al.?* supporting information
provided and reoptimized accordingly at the levels of theory used here. An exemplar of
conformation numbering is represented below (Figure 4.3) using the protonated cellobiose

reactant (Str 10), to allow for easy referencing in the following sections.

HO
B\CG H1* 02-H
Ca\ __0s c c
o Hcs/ \ /7 i 1\0 H
2“--.,, / o mf B
— 1 C 1
/C3 / C4 / 05

HO, | HOp: \CG'

H4

Figure 4.3 Example of structure numbering used.

Only the preferred pathway is studied as the focus was on the relative effect of ionic liquid
solvation on the energetics of the hydrolysis mechanism. Thus, focus was on stability relative
to the original, implicit water computations, with analysis focusing on the changes in the

individual free energy, activation barriers and corresponding structural changes.
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The structure naming/numbering of the source paper has been retained here, thus the initial
cellobiose is Str 1, protonated form is Str 10, and so on. Furthermore, each glucose monomer
of cellobiose is termed as either non-reducing or reducing according to the following

illustration (Figure 4.4).

H0\
Cs /05 —C3\%\
HO Cz\c/ 1\ //C

NG
Y W

Non-reducing Reducing

Figure 4.4 Cellobiose monomer with glucose subunits labelled as is referenced in the text.

4.3.2.1 Study Replication and Comparison of Selected Implicit Solvation Models

Calculations were performed with an alternative basis set to that used in the original Loerbroks
etal. paper.?* The DFT level of theory was maintained as BB1K as it has been shown to perform
well for transition state structure prediction and energy barrier heights in hydrogen-transfer
reaction benchmark studies and sugar hydrolysis studies.?*?2322%:230 For comparison to ionic
liquids the solvent model was also changed to SMD. Given these changes an initial comparison
study was conducted to evaluate what effect, if any, these changes would have. Loerbroks et
al.’s parameters, of BB1K/6-31++G** and C-PCM water were replicated and compared to
SMD water BB1K/6-31++G** and BB1K/def2-TZVP; with the original Loerbroks et al.
(2013) paper free energy values included as well.>* The effects of these changes are illustrated
in Figures 4.5, which shows a series of reaction profiles with all free energy values relative to
the relevant Str 10 for the specified calculation conditions, such that the effect on the reaction

energy barriers and overall profile can be assessed.

The profile shown in grey was created using the energy values given in the original paper. The
profile shown in purple is the replication, with the supporting information structures used as
initial structural guesses. The replicated profile is slightly lower in general, by about 3 kJ mol

' (Figure 4.5).

RMSDs and comparisons of hydrogen bonding for the mechanism structures show
insignificant variation (Figure 4.6), leading to the conclusion that the free energy variation

could be a result of the convergence criteria used, which is not stated in the paper. Changes in
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basis set as expected, increased the free energy but cause very little structural variation, with

an average RMSD of 0.042 A (Figures 4.6-7).
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Figure 4.5 Reaction profiles of the Loerbroks et al. preferred cellobiose hydrolysis mechanism at BB1K/6-31++G** and BB1K/def2-TZVP in aqueous phase

using SMD and C-PCM implicit models, relative to their respective Str 10 free energies.
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Figure 4.6 Original Loerbroks et al. (2013) structures (left) compared to structures replicated using

same conditions of BB1K/6-31++G** (right).**
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Str 10

TS 18-21 Str 18 TS 10-18

Str 21

Figure 4.7 Comparative structures, optimised at BB1K/def2-TZVP using C-PCM (left) or SMD
(right) water.
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Changing the implicit solvent model from C-PCM to SMD results in the greatest changes in
free energy. Solvation free energy calculated using the SMD model is on average 113.4 kJ mol
! more negative than the C-PCM values. Str 10 is stabilised more using SMD than C-PCM,
compared to the proceeding structures, which consequently leads to a higher conformational

change activation barrier of 18.6 kJ mol.

Large structural variation is also seen due to a shift in the orientation of the two glucose rings,
illustrated in Figure 4.8 below, where the SMD structures are superimposed on the C-PCM

structures.

RMSD =0.195 A RMSD = 0.274 A RMSD = 0.461 A

Str 10 Str 18 Str 21

RMSD = 0.295 A RMSD = 0.969 A
TS 10-18 TS 18-21

Figure 4.8 SMD (blue) water BB1K/def2-TZVP generated structures superimposed on C-PCM

(pink) water generated structures calculated at the same level of theory.

The ring shifts begin from the first transition state. Str 10 remains largely the same in terms of
ring orientation. Thus, the hydrogen bonding remains the same for both solvent models but on
average the SMD model produces longer hydrogen bonds, with the major exception being the
O3Hs~--Os bond, which shortens significantly (0.1 A). This correlates with its low RMSD (C,
O, H) relative to the other shifted structures. More crucial is that both TS 10-18 and Str 18

show a shift in the orientation of the reducing ring and its hydroxyl groups between solvent
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models. This shifts the glycosidic linkage such that it can no longer form a hydrogen bond with
the non-reducing ring cyclic oxygen (Os) and consequently the SMD structures have one

hydrogen bond less.

Large variation in hydrogen bond lengths is seen, specifically for TS 10-18, where bond lengths
in SMD solvent are ~ 0.23 A longer. A further possible change in ring orientation can be
observed for the bond breaking transition state and product. This shift affects the non-reducing
ring more; specifically, the hydroxy-alkyl sidechain (CsOsHs), as the Cs shifts upwards instead
of the Cs4 as seen in C-PCM (Figure 4.10.). Consequently, no hydrogen bond is formed between
the OsHe:--O4. However, a O1Hi++-Os bond is form, which was previously missing in SMD
structures. This change is carried through to the final structure, Str 21. Str 21 reforms the
OgHe---O4 hydrogen bond, making it so that the solvent models produce the same hydrogen

bonding network.

4.3.2.2 Effect of lonic Liquid Solvation on Free Energy Barriers

The previous section closely examined the effects of each of the theoretical components of the
computation, indicating how a change in basis set or solvation model can affect the relative
energy and structure of a specific step. Of interest was the comparison of C-PCM to the SMD
model, as the latter is the preferred solvent model in this work and the only one that has been
parameterised for ionic liquids. In this section, the effect of different solvent systems on the
cellobiose hydrolysis mechanism is studied at the BB1K/def2-TZVP level, using an SMD or
SMD-PGP ionic liquid solvent model. In using the SMD model, the solvent effects can be
correlated to shifts in the set of parameters listed in Section 3.2.4 of Chapter 3, as well as
subsequent conformational changes. The profiles in ionic liquid are compared to that in water,

as this is the solvent for which the mechanism was originally proposed for.

All Loerbroks et al. supporting information structures were initially optimised in gas phase at
the BB1K/def2-TZVP level of theory.>* These gas phase geometries were then used as the input
geometries for the various solvent phase optimisations, allowing for an assessment of
conformational changes as well as energy changes. However, during this process, it emerged
that the gas phase optimised structures varied from the original Loerbroks et al. (2013)

structures (Figures 4.6 and 4.9).%

The major change stemmed from changes in hydroxyl group(s) orientation that occurred in the

initial reactant Str 10. The reducing ring hydroxyls shifted in the newly generated gas structure,
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denoted Str 107, These changes were then maintained throughout solvent phase optimisation,
facilitating the creation of two different reaction profiles based on input geometry origins
(Figures 4.10). Most importantly, this alternate Str 10 was lower in energy, consistently, in all

solvents, while the other minima (Str 18 and Str 21) remained the same.

RMSD comparison of the solvent optimised T and * structures showed that the input geometry
only affected the transition states and Str 10 significantly, with the other relative minima
remaining the same. These variations correlate with the shifts in barriers that cause the profiles

to deviate, specifically favouring T conformers for ionic liquids and * for water.

Str 21
Figure 4.9 Gas phase structures optimised at BB1K/def2-TZVP.**
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Figure 4.10 Comparison of reaction profiles of the Loerbroks et al. preferred cellobiose hydrolysis mechanism at BB1K/def2-TZVP in various SMD modelled

implicit solvents, optimised from gas optimised structural coordinates (---) and Loerbroks et al. (2013) supporting information structural coordinates (—).2*

Structures plotted relative to lowest energy conformer, Str 10, in water.
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Subsequent to this analysis, the lowest energy conformations for each step, regardless of input
geometry, were used to generate an overall minimum reaction free energy reaction profile
within each solvent (Figure 4.11). All structures (Str 10-21, including transition states) were

plotted relative to the lowest energy structure overall, which is water optimised Str 10.

The reaction is endergonic overall, with the reactant (Str 10) 14 kJ mol! lower on average.
This contradicts Loerbroks et al.’s original findings where Str 21 (product) was 6 kJ mol!
lower in energy, making the reaction exergonic (Figure 4.5). The conformational change is
endergonic with an average activation barrier of 28.2 kJ mol™! for the ionic liquids and 20.4 kJ
mol! for water. This step is far more energy intensive generally ~ 23 kJ mol! greater than the

proceeding exergonic bond breaking.
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Solvation greatly stabilises the structures compared to gas, lowering each structure by ~300 kJ

mol! on average (Figure 4.12). High variation between gas and solvent phase is expected,

given the charged nature of the structures. The water optimised structures are the lowest energy

for each step, 40-50 kJ mol! lower in energy than the ILs (Figure 4.11), resulting in ~ 100 kJ

mol! larger solvation energies thus greater stabilisation (Figure 4.12). This is unsurprising

given its high dielectric constant of 78 and the large molecular dipole moments of the structures

(Table 4.2). This correlation breaks down for the ILs where [C4Ciim][NTf2] and [C4C1im][Cl]

produce similar values and [C4C1im][MeSOs] is significantly larger than [C4Ciim][ClI], which

do not match the changes in dielectric constant.

Table 4.2 Molecular dipole moments for each mechanism structure optimised in gas and the various implicit
solvents of interest at BB1K/def2-TZVP. Dipole moments were calculated in the standard orientation with the

centre of charge at the origin.

Str 10 TS 10-18 Str 18 TS 18-21 Str 21

Gas 7.88 5.66 4.89 3.80 3.49

Water 11.15 7.09 6.52 1.83 3.57
[CsCrim] [Cl] 10.33 6.50 5.89 3.31 3.90
[CiCrim] [MeSO4] 10.41 6.51 5.88 339 3.89
[C4Ciim] [NTF)] 10.35 6.61 5.95 3.38 3.81

Figure 4.12 further shows that the solvation energy is dominated by electrostatic contributions,

with a percentage contribution of greater than 80% throughout. In the case of the ionic liquids,

this shifts to over 90%.
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Figure 4.12 Solvation free energies for each structure in the mechanism in various solvents, broken down into various contributions. Contributions listed in

the table below the bar chart figure are: electrostatics (Electrostatic); cavitation, dispersion and structural rearrangement of solvent (CDS), and free

energy of any conformational changes occurring upon solvation of the gas phase structure (Conform A).
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All solvent structures have changed significantly under implicit solvation conditions compared
to gas phase conditions (Figures 4.9 and 4.13); however, water consistently shows the greatest
deviation from the gas phase structures (average RMSD = 0.579 A). [C4Ciim][MeSO4]
generally follows (avg RMSD from gas = 0.330 A), showing greatest resemblance to structures
obtained in water (avg RMSD from water = 0.292 A). However, overall the structures
optimised in different IL are all very similar in structure (avg RMSD between
[C4C1im][MeSO4] and [C4C1im][CI] or [C4C1im][NTf] = 0.052 A and = 0.060 A). This is
despite [C4C1im][Cl] and [C4C1im][NTf>] generally bearing greater similarity to the gas phase
structures (avg RMSD [C4Ciim][Cl] = 0.319 A, and [C4Ciim][NTf2] = 0.298 A) and larger
variation from water (avg RMSD [C4Ciim][C1] = 0.305 A, and [C4C1im][NTf] = 0.317 A)
than noted for [C4C1im][MeSQOs]. Therefore it can be postulated that they would be higher in
energy given these structural findings, and that perhaps [C4C1im][MeSO4] deviates from the
expected trend according to dielectric magnitudes for the ionic liquids due to better structural

resemblance to the low energy aqueous structures.

Attempts to expand the model to include hydrogen bonding effects by introducing a small
cluster of explicit solvent molecules into the implicitly solvated system were unsuccessful. The
explicit solvent molecules are intended to represent the first solvation shell and thus perhaps
capture some of the key solute-solvent interactions that may not be accurately represented
under implicit solvation. The cations and anions were placed according to an electrostatic
potential surface. However, upon optimisation the anion moves closer to glycosidic linkage
where the proton is transferred to the anion. This was irrespective of anion placement, cation
presence and number of solvent molecules present. This is most likely due to low basicity of
the glycosidic linkage Oxygen atom (O1), with the conjugate acids formed (HCI, CH404S)
more stable. Thus, no profile could be established for comparison to the implicit solvent to

properly assess extent hydrogen bonding would affect cellobiose solvation energy.

It should however be mentioned that accurate representation of these properties would only
relate to the breakup of the full cellulose crystal and not solvation of the individual monomers
(cellobiose). Water is unable to break apart cellulose but very capable of dissolving and
stabilising cellobiose. These results merely indicate the effect of each solvent system on the
thermodynamics of the hydrolysis mechanism, showing IL solvation to be less stabilising

resulting in an increase in the key conformation change barrier.
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Water _ [C4C1im] [Cl] [C4C1im] [MeSO4] [C4C1im] [Nsz]
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7S 10-18

................

Str 18

TS 18-21

Figure 4.13 Structures with hydrogen bond contact distances shown, optimised at BB1K/def2-TZVP in water, [C4Ciim][Cl], [CsCiim][MeSO4] and
[C4Ciim][NTH2]. See below for separate figure containing Str 21.

128



4. Implicit Solvation Effects on Cellobiose Acid Hydrolysis Mechanism

[C4C1im] [Cl] [C4C1im] [MeSO4] [C4C1im] [Nsz]

,: 257TA

o 21”\ 2604
215A
28947

" -

Str 21

Figure 4.13 continued.
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4.3.3 Correlation to Experimental Yields for Cellulose Hydrolysis

AIL and sulfuric acid [C4Ciim][Cl] rate-determining free energy barrier (AG™) was
approximated by adding the conformational change energy barrier and the protonation free
energies together. These values are compared to experimental TRS yields found in literature,

1138213 to see if a relationship exists (Table 4.3 and Figures 4.14).

Table 4.3 Experimental total reducing sugar percentage yields and reaction free energies in [C4Ciim][CI]
calculated using DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP [MO05-2X/6-31+G** (SMD)] and
BB1K/def2-TZVP for cellobiose acid hydrolysis by sulfuric acid and acid-functionalised cationic acids (HA).

[C4Crim][CI]
HA
AG™S (kJ mol™) TRS % Yield®
[IL-OH]* 418.21 10°
[IL-COOH]* 321.83 25°
[IL-SO;H]* 288.41 854
Sulfuric acid 244.92 92¢

aTRS yields for microcrystalline (MCC) in [C4C;im][Cl]. Reaction conditions vary as best possible yield for
the same cellulose reactant was used. Values for similar conditions to IL-SO3H shown in brackets. See
individual references listed below for further reaction conditions.

PRef 38

‘Ref 38

dRef 38

‘Ref 213

Reaction conditions were chosen to optimise yield as no exact match in reaction conditions
could be found for sulfuric acid, making direct comparison impossible It has been found that
reaction conditions other than catalyst and solvent also play a significant role in performance.
Variations in temperature and duration have both been shown to cause significant variations in
performance for an acid/solvent system to a certain point. This limit is generally imposed by
degradation reactions, where yields lower as the glucose or sugar derivatives produced are

further reacted to other derivatives.

Under optimum reaction conditions, sulfuric acid produces the highest total reducing sugar
yield and has the lowest overall barrier. This is followed by [IL-SOsH]", [IL-COOH]" and
lastly [IL-OH]". This trend is mimicked in terms of acidity, where the lower the Hammett
acidity function (higher acidity), the higher the TRS yield (Figure 4.14).
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Figure 4.14 Plot illustrating correlation between optimum cellobiose hydrolysis total reducing sugar
percentage yields for the AILs and sulfuric acid in [C4C,im][Cl] and experimentally determined
Hammett acidity function (Ho, in water using 4-nitroaniline) and AG™* calculated using a DLPNO-
CCSD(T)/cc-pVTZ//TPSS/def2-TZVP [M05-2X/6-31+G** (SMD)] PX cycle and BBI1K/def2-
TZVP (SMD). 213214

This shows an inverse relationship for both, implying the greater the Hammett acidity
magnitude the lower the yield and the lower the yield the higher the AG"#s. This points toward
a link between catalyst acidity and AG™ through the similar behaviour related to the yield.
Comparison of both experimental (Hammett acidity functions, Ho) and predicted acidity
measures (PX predicted pKas from Chapter 3) to the calculated A" confirm this relationship,

with a near linear correlation (Figure 4.15).
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Figure 4.15 Plot illustrating correlation between DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP
[M05-2X/6-31+G** (SMD)] PX cycle and BB1K/def2-TZVP (SMD) calculated cellobiose
hydrolysis AG™ in [C4Ciim][NTf>] and experimentally determined Hammett acidity function (Ho, in
water using 4-nitroaniline) and DLPNO-CCSD(T)/cc-pVTZ//TPSS/def2-TZVP [M05-2X/6-31+G**
(SMD)] PX cycle predicted pKas. *%2'321

The sulfonyl functionalised AIL ([IL-SO3H]") more closely resembles sulfuric acid in TRS
yield performance than the other AILs. This matches pK. predictions, which showed [IL-
SO3H]" to be far more acidic than the other AILs, more closely resembling butane-1-sulfonic
acid and sulfuric acid. This correlates with experimental studies which show sulfonyl-
functionalised ionic liquid acid catalysts to generate far higher yields than other acidic
functionalities.!'3%131.231 However, the sulfonic AIL a yield in [C4Ciim][Cl] very close to that
of sulfuric acid, despite the relatively large difference in acidity. A possible reason could be
the aforementioned reaction conditions or the increased flexibility or mobility of the acidic
group in the [IL-SO3H]". The sulfonyl group is attached at the end of a four Carbon atom alkyl
chain which allows separation from the bulkier imidazolium ring and increased rotational

flexibility, possibly resulting in easier access to glycosidic linkages.!'!°

4.4 Conclusion

Replication of the Loerbroks et al. study showed changes in the solvent model to most greatly

affect the free energy. SMD solvation resulted in a far more stabilised reactant, leading to an
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increase in the conformation change free energy barrier and the overall reaction energy change.
Originally exergonic, the SMD stabilised Str 10 was lower than the product (Str 21) making
the reaction endergonic, which was maintained across all SMD modelled solvents. The
energetics of the barriers themselves remained the same, with conformational change being

endergonic and far larger than the exergonic bond breaking step.

As expected for implicit models, electrostatic contributions dominate solvation energies,
leading to water producing the lowest energy conformations and most negative solvation free
energies. This translated into the key energy intensive steps, protonation and conformational
change, being significantly lower for water compare to the ILs. However, amongst the ILs the
same trend could not be seen, resulting in little variation between ILs in terms of barrier heights
and protonation energies. Given the size of the protonation contribution relative to
conformational and bond breaking barriers, it is clearly the greatest determinant of the reaction
thermodynamic viability. This translates to trends in experimental yields, which correlate well

with AIL acidity trends.
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Final Remarks

This study aimed to investigate, through quantum chemical computations, the effect of various
ionic liquids on cellulose acid hydrolysis. Using the cellobiose repeating unit as a
representative model and selecting a specific mechanistic pathway from literature, the reaction
could be separated into two parts based on energy requirements. The first addressed catalytic
activity in terms of acidity or proton donor ability, as protonation of the glycosidic linkage is
thought to be the greatest contributor to the activation energy. This involved predicting pKa
values for Brensted functionalised acidic ionic liquids that have been used as catalysts in
cellulose hydrolysis. Given the lack of experimentally determined acidic ionic liquid pKa
values in ionic liquids, a prediction technique needed to be established and benchmarked. Thus,
a series of thermodynamic cycle protocols, consisting of a gas and solvent phase level of theory
combination and specific TC type, were benchmarked using a series of N-base amine conjugate
acids. Overall the proton exchange cycle proved most accurate, with the direct cycle greatly
inhibited by inaccuracies in the predicted proton solvation free energies. The most accurate
protocol consisted of a proton exchange cycle with a G3B3(MP2) gas leg and M05-2X/6-
31+G** for implicit solvation. However, computational efficiency greatly favoured the use of
DLPNO-CCSD(T)/cc-pVYZ//TPSS/def2-TZVP, which showed reasonable mean absolute
errors in combination with M05-2X/6-31+G** for solvation. Predicted acidities matched
trends in experimentally determined Hammett acidity functions. Moreover, the sulfonyl
functionalisation was shown to greatly improve acidity, with an acidity similar to popular

molecular acids.

Of the changes made from the original Loerbroks et al. study, the greatest effect was seen in
the change from C-PCM to SMD. In terms of overall reaction free energy changes, SMD
modelling predicted an endergonic reaction, greatly stabilising the reactant (Str 10), which
contradicted the C-PCM exergonic profile. These can be linked to significant structural changes
in the conformers. Compared to [C4Ci1im][MeSOs], [C4Ci1im][Cl] and [C4Ciim][NTfz], water
solvated structures were far lower in energy, leading to an exergonic protonation and lower

conformational change barrier. Combined these steps gives the rate-determining barrier. These



results could be a by-product of using an implicit solvent model, where solvation is
predominantly determined by electrostatic contributions. However, barriers for the ionic
liquids remained relatively similar, despite changes in dielectric constant and overall only
differed from water by approximately 8 and 4 kJ mol™! for the conformational and bond break
steps, respectively. Of greater significance was variations in the significantly larger protonation
free energy, where IL-SOsH energies significantly lower in all solvents. This matched trends
in experimental yields, indicating that the effect of the catalyst is far greater than that of the
solvent, with issues in solvation primarily due to the supramolecular structure of cellulose and

not the hydrolysis of the individual cellobiose glycosidic linkages.
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APPENDIX A

Thermodynamic cycles are a visual representation of the relationship between two
states/reactions. In this study they are used to illustrate the relationship between two phases
(gas and solvent) however they are not the means by which the relationship was

established/derived.

The following algebraic derivations produce the relationships and equations that underlay the
application of free energies and thus thermodynamic cycles to calculate pKa.s. These are taken
directly from derivations shown in literature and thermodynamic definitions of states and

properties.

The chemical potential of a species X in solution ((sq, (X)) can be written as

.u;oln(x) = Hgas(x) + AG;olv(X) + RTln[X] (A-l)

The superscript * indicates a standard state of 1 mol L. ug,s(X), is the gas phase chemical
potential of X, assuming ideal gas nature with a concentration of 1 mol L!. AGZ;, (X) is the
free energy of solvation for X, defined as the free energy of transfer of 1 mole of solute X from
a fixed position in an ideal gas state to a fixed position in an infinitely dilute solution.'*® The

final term (RT In[X]) is linked to the concentration of X in solution.

Thus, for an acid HA, with solution acidity defined by the following dissociation reaction:

HA (soln, 1M) - A~ (soln, 1M) + H™ (soln, 1M) (A.2)

the chemical equilibrium can be written, in terms of solution phase chemical potentials, as

ﬂzoln (A_) + ﬂzoln (H+) - M:oln(AH) =0 (A'3)

Expanding each term according to Equation A.1 allows for the grouping of terms such that a

relationship between free energy terms and concentration terms can be established, as shown

below:
. . [A7][H*]
AGgas + AAGg,,, = —RT In —[HA] (A4)
with AGgas = pgas(A7) + pgas(H) — pgas(HA) (A.5)

150



AAG:olv = AG;O]V(A_) + AGs*olv(H-'—) - AG:O]V(HA)

Given that the equilibrium constant (K,) for reaction A.2 is
[AT][HY]
“ [HA]

Equation A.4 can therefore be written as

_AGs*oln
e /RT = Ka

where AGg,), = AGgas + AAGy

soln solv

Which taken to -log;, on both sides gives

AG;,

soln

__—soln _ g
RTIn(10) _ Pha

with pK, = —logqo K,

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)
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APPENDIX B

Correct application of a thermodynamic cycles demands all components to be in the same
standard state.'** Commonly a standard state of 1 atmosphere (°) is used for gas phase free
energies, as they are defined according to ideal gas conditions. This differs from the standard

state used for solvation free energies of 1 M (*). Thus, a standard state correction term of

AG°™* = AnRT In(RT) (B.1)

is applied to the gas phase leg free energy values to maintain standard state consistency. What
follows is the derivation of this correction term, for An = 1, according to literature and

fundamental thermodynamic theory.
The Gibbs free energy change for 1 mole of ideal gas to a pressure of 1 atmosphere (Pyp,) and
a pressure corresponding to 1 mol L' (1 M) concentration (P;y) are defined as follows:
AG (p,1atm) = AG*3™ = 4° + RT In Py, (B.2)
AG (p,1M) = AG™ = p° + RT In Py (B.3)

where u°is the standard molar chemical potential of the gas, 7'is temperature in Kelvin (K) and

R the universal gas constant in units of J K-' mol! (8.314472 (15) J K'! mol").2%

Using the ideal gas law, the pressure corresponding to a 1 M concentration (P;p) can be written

as:

nRT n _ 1 mol .
Py = —— =—RT = B.4
i CRT =2 (B.4)
n mol
i =—=1— B.5
given ¢ v L (B.5)

where n is the number of moles, 7'is temperature in Kelvin (K), V is volume in litres (L) and
R the universal gas constant in units of L atm K™' mol! (0.082057 L atm K-! mol™). Inserting
Equation B.4 into Equation B.3, the free energy difference between the two different pressure

states can then be derived as follows:

1 mol
AG™ — AG1atm — pT|p

RT — RT In Py,
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1 mol/L BT

1 atm

AG™" =RTIn

1 mol/L % 0.082057 L atm/K mol X T

AG°™* = RTIn T
AG*™* = RTIn0-082057/ T (B.6)
AG*™* = RT InRT (B.7)
with AG°™* = AG™ — Agtatm (B.8)

where Ris the universal gas constant in units J K! mol’!, 7'is temperature in Kelvin (K), and
R is the universal gas constant, of 0.082057 L atm K'' mol, in units of K'' through unit

cancelation. Thus, resulting in the standard state correction term for an overall reaction molar
difference (An) of 1.
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