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Abstract 

 

      TƘŜ ǇǊƻǇƻǎŜŘ !L.[Iƛ/ƻ{ ƳŜǘƘƻŘ ǇǊŜŘƛŎǘǎ ŀ ƎƛǾŜƴ ŎƻƳǇƻǳƴŘΩǎ ǇYa in aqueous solution, from a 

single ab initio bond length only, after geometry-optimisation in the gas phase. The methodology 

builds upon work done by ǘƘŜ tƻǇŜƭƛŜǊ ƎǊƻǳǇ ǇǊŜǾƛƻǳǎƭȅΣ ǿƘƛŎƘ ŜǎǘŀōƭƛǎƘŜŘ ǘƘŀǘ ŀ ǎƛƴƎƭŜ ΨŀŎǘƛǾŜ ōƻƴŘ 

ƭŜƴƎǘƘΩ ƘŀŘ ƘƛƎƘ ŎƻǊǊŜƭŀǘƛƻƴ ǿƛǘƘ ŜȄǇŜǊƛƳŜƴǘŀƭ ǇYa values. Previously the phenol family was studied, 

this work provided the foundations for the work within this report on the chemically similar family of 

the naphthols.  

     Here we provide simple and predictive equations for naphthols and chemically similar 

biomolecules. Each linear equation corresponds to a High-Correlation Subset (HiCoS), which 

expresses the novel type of linear free energy relationship (LFER) discovered here. The naphthol 

ŦŀƳƛƭȅ ŜȄƘƛōƛǘǎ ŀ ŎƭŜŀǊ ŀƴŘ ǎǘǊƻƴƎ ǊŜƭŀǘƛƻƴǎƘƛǇ ǿƛǘƘ ǘƘŜ ǇƘŜƴƻƭ ŦŀƳƛƭȅΣ ǿƛǘƘ ǘƘŜ άŀŎǘƛǾŜέ /-O bond 

always producing the highest correlations. 

     A number of different levels of theory were explored in order to ensure the correlations found 

were rigorously well defined. To provide the greatest insight into the AIBLHiCoS method the details 

of data procurement and analysis are given. 

      The proposed method can isolate erroneous experiments, operate in non-aqueous solution, and 

at different temperatures. Moreover, the existence of ΨŀŎǘƛǾŜ ŦǊŀƎƳŜƴǘǎΩ is demonstrated in a variety 

of sizeable biomolecules for which the pKa is successfully predicted, and often better than by 

commercial packages currently employed.  
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1 Introduction 

1.1 Background 

 

A large number of organic compounds, naturally occurring and synthetically realised, contain acidic 

and/or basic groups which regulate many of their biological, chemical and physical properties. Many 

chemical reactions are catalysed by acids or bases, in order to understand the importance of this it is 

necessary to first define what is meant by an acid or a base, and how the acid dissociation constant, 

pKa, describes these properties.  

Brønsted1 ŘŜŦƛƴŜŘ ŀƴ ŀŎƛŘ ŀǎ Ψŀ ǎǇŜŎƛŜǎ ƘŀǾƛƴƎ ŀ ǘŜƴŘŜƴŎȅ ǘƻ ƭƻǎŜ ŀ ǇǊƻǘƻƴΩΣ ǿƘŜǊŜŀǎ ŀ ōŀǎŜ ǿŀǎ Ψŀ 

ǎǇŜŎƛŜǎ ƘŀǾƛƴƎ ŀ ǘŜƴŘŜƴŎȅ ǘƻ Ǝŀƛƴ ŀ ǇǊƻǘƻƴΩΦ !ǎ ǎǳŎƘΣ ŦƻǊ ŜǾŜǊȅ ŀŎƛŘΣ I!Σ ǘƘŜǊŜ ƛǎ ŀ ŎƻƴƧǳƎŀǘŜ ōŀǎŜΣ !-, 

shown schematically: 

  

ὌὃᵶὌ ὃ  

 

 

(1) 

And for every base, B, there is a conjugate acid, BH+: 

 ὄὌ ᵶὄ Ὄ  (2) 

If the acid, or conjugate acid, has a great tendency to lose protons, it follows that the conjugate base 

or base must have only a weak tendency to accept protons. Put more simply, if HA, or BH+, is a 

strong acid then A-, or B, must be a weak base. The same principle is true in reverse, with strong 

bases also being defined as weak conjugate acids.  

To understand the properties of an acid or a base defined as above, they must react with bases and 

acids, respectively. In aqueous solution, acids react with water as the base, to protonate it, and 

bases react with water as the acid to deprotonate it, shown schematically below: 

  

Ὄὃ Ὄὕᵶὃ Ὄὕ  

 

 

 

(3) 

ὄ ὌὕᵶὄὌ ὕὌ 

The acid strength of HA, relative to the base strength of water, is quantitatively expressed through 

the equilibrium constant: 
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ὃ Ὄὕ

ὃὌὌὕ
 

 

(4) 

Historically, as measurements are almost exclusively made in dilute aqueous solutions, the 

concentration of water can be assumed to be a constant. As such the above equation is transformed 

to an expression of the acid dissociation constant, Ka, with respect to the concentrations of the acid 

and base species: 

 
ὑ

ὃ Ὄ

ὃὌ
 

(5) 

This is more commonly expressed as the pKa of a compound, defined as the negative logarithmic of 

the acid dissociation constant: 

 Ðὑ ÌÏÇὑ  

 

(6) 

This pKa value expresses the strength of the conjugate acid of an organic base. The greater the pKa 

value, the weaker an acid the compound is, and the stronger the compounds conjugate base. It is 

common to refer to the strength of both acids and bases through use of the pKa, in any given solvent 

ǎȅǎǘŜƳΦ ¢Ƙƛǎ ǊŜǇƭŀŎŜŘ ǘƘŜ ŜŀǊƭƛŜǊ ǇǊŀŎǘƛǎŜ ƻŦ ŘŜŦƛƴƛƴƎ ǘƘŜ ǎǘǊŜƴƎǘƘ ƻŦ ŀ ōŀǎŜ ōȅ ǘƘŜ ΨōŀǎƛŎ ǇYbΩΥ 

 
ὑ

ὄὌ ὕὌ

ὄ
 

 

(7) 

It is worth noting that the pKa and the pKb are related through the equation below: 

 ὴὑ ὴὑ ÌÏÇ ÉÏÎÉÃ ÐÒÏÄÕÃÔ ÆÏÒ ×ÁÔÅÒȟὑ ρτ 

 

(8) 

According to Brønsted-Lowry theory, the acid dissociation constant determines the extent to which a 

molecule accepts or donates a proton, and thereby quantifies the degree of ionisation or ὃ ȾὌὃ. 

This relates the intrinsic pKa of a compound to the pH of the solution, via the Henderson-Hasselbach 

equation,2 

 
ὴὌ ὴὑ ÌÏÇ 

ὃ

Ὄὃ
 

 

(9) 
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     The acid-base ionisation constant is of particular importance in medicinal chemistry, where 

ninety-five percent of medicinal compounds are ionisable to some extent at physiological pH. The 

differing conditions of the human body create changeable local pH values, which dictates the degree 

of ionisation of an active drug dissolved in solution, as a function of its intrinsic pKa. As such, the pKa 

ŘƛǊŜŎǘƭȅ ƛƴŦƭǳŜƴŎŜǎ ŀ ŘǊǳƎ ŎƻƳǇƻǳƴŘΩǎ absorption-distribution-metabolism-toxicity (ADMET) profile.3 

Often membranes in the body are only permeable to certain species, this is only one of the many 

aspects of drug metabolism controlled by the intrinsic pKa of a compound. 

 

1.2 Construction of a pKa scale 

In order to appreciate the pKa value of a compound, it is important to understand this value in the 

context of a pKa scale. Organic chemists have relied on pKa scales as a tool to understand how acidic 

a given hydrogen in a compound is. As many chemical syntheses begin with a protonation or 

deprotonation step, the pKa is used to determine both where this step will occur, and also what 

strength acid or base is required. In order to understand the different pKa values of different 

compounds and functional groups, it is helpful to have an appreciation of the different factors that 

can cause changes to pKa from one compound to another rather than to simply memorise singular 

values. 

The molecular factors that qualitatively modify pKa values have been understood for some time.4 

These factors are discussed in detail in the following section. A full discussion can be found in 

reference 4.  Although these factors do not allow quantitative insight into variation of pKa, it is 

important to appreciate the factors which contribute to the relative stabilities of species. 

The pKa of an acid will be raised if there is a substituent able to contribute to stabilization of the 

cation formed, relative to the neutral molecule. Conversely, a substituent able to provide 

heightened stability to the anion relative to the neutral molecule then the pKa will be lowered. In 

other words, the strength of an acid depends on the stability of its conjugate base. The stronger or 

more stabilised a conjugate base, A-, is the weaker the acid, HA, and the greater the pKa.  

1.2.1 Inductive and electrostatic effects 

In order to remove a proton from an acidic molecule, and transfer it to the solvent molecule, 

electrical work is required. The amount of work required is influenced by electrical charges and 

dipoles, and the distribution of these throughout the compound.  

Inductive effects are transmitted through the sigma framework of a molecule, whereas electrostatic 

effects are proposed to operate across the low-dielectric cavity formed by the solute or through the 
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solvent. Inductive effects are understood to remain approximately constant despite changes in 

isomerism (E vs Z), so major differences must arise from differences in electrostatic field effects, it is 

hard to separate the effects as they operate in similar directions. 

If substitution of a substituent, in the place of a hydrogen, causes an increase in electron density at 

another point in the molecule then it is considered to have a +I effect, which is acid-weakening. This 

causes a decrease in Ka and as such an increase in pKa. This effect is commonly referred to an 

electron donating inductive effect and the groups (EDG) include: 

-H, -CH=CH2, -C6H5, -NH2, -OR, -OH, -R, -OCOR, -NHCOR, -NR2, negative charges 

If the substituent has the opposite effect and causes a decrease electron density, this is known as a ς

I effect. This is an acid-strengthening or base-weakening effect, causing an increase in Ka and a 

decrease in pKa. Groups which exhibit this electron withdrawing inductive effect, (EWG) include: 

-NH3
+, -NO2, ςSO2R, -CN, -SO3H, -COCl, -CO2H, -CO2R, -COR, -COH, -CX3, -X, positive charges  

Inductive effects drop off much more rapidly in saturated than in unsaturated systems, due to the 

extended ̄ -framework in the latter systems.  

1.2.2 Mesomeric Effects 

Mesomeric effects arise ŦǊƻƳ ˉ-electron delocalisation, with a larger ̄-framework able to offer a 

greater number of resonance structures. Resonance structures can provide a conjugate base with an 

additional structure in which the electron density is rearranged, providing heightened stability. 

Remote substituents have a greater effect on a system with an extended -̄framework, often 

contributing to the resonance structures available to the conjugate base. This effect is seen often in 

aromatic or heteroaromatic systems with ortho or para substituents. This can enhance or oppose 

inductive effects. 

Groups with a +M effect are understood to be acid-weakening, causing an increase in pKa: 

-X, -OH, -OR, NH2, -NR2, -NHCOR, -R, -O-, -NH- 

Groups with a -M effect are understood to be acid-strengthening, causing an decrease in pKa: 

-NO2, -CN, -CO2H, -CO2R, -CONH2, -Ph, -COR, -SO2R 

1.2.3 Temperature 

     As the pKa comes from the equilibrium constant Ka, it becomes obvious that if there is a change in 

temperature then there will be a change in equilibrium that will be reflected in the value of Ka.  
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 ЎὋ ὙὝÌÎὑ  (10) 

 ЎὋ ЎὌ ὝЎὛ (11) 
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     However, values of Ka will not necessarily change in a uniform way. This can be understood 

through consideration of the terms that make up the Gibbs free energy of a reaction, specifically the 

enthalpy and entropy, show in equations 10-12. The enthalpic term describes the energy associated 

with the bond dissociation undergone by the proton, a strong acid will have a smaller enthalpic value 

than a weak acid, and as such this will be reflected in the variation of Ka with temperature.  

     This can be seen in inversion of the relative strength of acids at differing temperatures. This is 

documented for ethanoic acid and 2-ethylbutanoic acid upon variation of temperature from 25-

30°C. 4 At lower temperatures ethanoic acid is weaker; above 30°C it becomes stronger. 

 Ὠὴὑ

ὨὝ

ὨÌÎὑ

ὨὝ

ЎὌ

ὙὝ
 

 

(13) 

 

ὨÌÎὑ ὨὝ
ЎὌ

ὙὝ
 

 

(14) 

 
ÌÎЎὑ

ЎὌ

Ὑ

ρ

Ὕ

ρ

Ὕ
 

 

(15) 

     The Gibbs free energy of the reaction is comprised of enthalpy and entropy terms, it is assumed 

that the entropy term is approximately independent of temperature; this then means that the 

variation with temperature is determined by the sign of the enthalpic term. If the sign is positive, 

meaning the dissociation is endothermic, then Ka will increase, pKa will decrease, as the temperature 

increases. If the dissociation reaction is exothermic, the sign of the enthalpic term is negative, then 

the opposite will be observed, and pKa will increase with an increase in temperature. The 

relationships discussed here are demonstrated in equations 13-15. 

 

1.2.4. Solvent effects  
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     Dissociation of acids in water are widely familiar to chemists, and when considering solvent 

effects on acid-base equilibrium the natural question that arises is one of: How does the dissociation 

of acids in non-aqueous media relate to that in water? Previous work has shown that although there 

is often a marked difference, the relationship is often rational and largely predictable. 

     The influence of solvation has often been obscured by the dominance of water as a solvent in 

quantitative studies of acid-base properties, has resulted in overlooking the extent to which relative 

acid/base strengths in water rely on the anomalously strong ability of this solvent to solvate both 

anion and cations. The unique properties of water are well documented, see reference 5 for fuller 

dicussion, with features such as high dielectric constant, strong hydrogen-bond acceptor and donor, 

and amphoteric nature appearing in literature, however the impact of these factors on acid-base 

properties has been noticeably lacking.  

     The pKa-scales in water, as a result of the ability to effectively solvate both anions and cations, are 

quite different to those observed for other systems, the implications of which are seen in a variety of 

synthetic reactions involving acids, bases and nucleophiles, salt formation and zwitter-ion formation.  

     Non-aqueous solvents are important, as in fact most synthetic reactions are carried out in this 

media for a variety of reasons such as increased solubility of organic reagents, favourable selectivity 

and better toleration of water-sensitive reagents.  

     In order to discuss solvent effects, it is helpful to discuss an example of methanol, a protic solvent 

commonly used in experimental work. The work by Cox provides equations that can be used to 

approximately shift experimental pKa values between solvent scales, based on the behaviour of the 

chemical family the compound belongs to.5 The principles applied to the specific cases of methanol 

and carboxylic acids discussed below are an overview of the general principles used for a wider 

range of both solvents and chemical families. 

Methanol  

     Methanol has a dielectric constant, ‐ σςȢφ, that is relatively low, as such electrostatic 

interactions between ions are significant at even relatively low concentrations. As a result, 

dissociation constants for phenols and carboxylic acids are very sensitive to the solution ionic 

strength. 
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     There is good correlation5 between pKa values in water and methanol found using dissociation 

constants for a variety of aliphatic and aromatic carboxylic acids, phenols, amines are related 

nitrogen bases. 

Carboxylic acids in methanol 

     Over 100 carboxylic acids, both aliphatic and aromatic, have been measured and the general 

relationship between dissociation constants can be represented by the following equation5: 

 ὴὑ ὓὩὕὌ ρȢπς ὴὑ Ὄὕ τȢωψ (16) 

     Upon transferring a carboxylic acid from water to methanol there is an almost consistent increase 

of 5 pKa units, indicating that the substituent effects on the dissociation constants are essentially the 

same in both solvent systems. 

     The difference in pKa values between the two solvent systems can be analysed in terms of the 

free energy change for the species involved in the chemical process: 

 ὴὑὓὩὕὌ ὴὑὌὕ ЎὋ Ὄ ЎὋὃ ЎὋ ὌὃȾςȢσπσὙὝ 

 

(17) 

     where Gtr refers to the free energy of transfer of ions from water to alcohols at 25°C 5. 

     The increase of 5 pKa units upon transferal of carboxylic acids to methanol can be understood to 

arise from several contributing factors: an increase in the free energies of the proton and 

carboxylate groups, and a decrease in the free energy of the carboxylic acid. A decrease in solvation 

of the proton in methanol causes an increase of ~2 pKa units. The additional increase of ~3 units 

represents the difference in response of the carboxylate and carboxylic groups to the transfer 

between the two different solvent systems5. 

1.3 Computational models 

 

     Dirac remarked6 that quantum mechanics had developed to reduce chemistry to an exercise in 

applied mathematics, with properties and behaviour of simple atoms and molecules determined and 

described much more accurately by quantum mechanical calculations than by any experiment. The 

traditional chemical approach relied on using qualitative theory to predict possible mechanistic 

pathways for reactions, and then to devise an experiment able to determine kinetic and 

thermodynamic preference. Within the past few decades there has been a shift in the methodology 
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used to design organic chemical reactions, with physical chemistry offering powerful quantified 

descriptors. One of the most important and powerful quantitative parameters in physical organic 

chemistry is the dissociation constant, commonly expressed as pKa, for any weakly acidic or basic 

groups (under 2 or over 11 units), in small molecules or macromolecules. The comparison of pKa 

values across chemical functionalities was one of the first historical successes in the quantification of 

chemical reactivity, thereby giving mechanistic insight. An understanding of the ability of a 

compound to donate or accept a proton is fundamental to understanding both chemical and 

biological processes, and has seen the publication of models that account for, and predict new 

chemical affinities. 

      Computational models able to accurately predict pKa have been an area of much interest in the 

theoretical chemistry community for several decades, continuing to present day. Very recently, Ugur 

et al.7 distinguished four theoretical methods able to estimate pKa in proteins: (i) knowledge-based 

empirical methods that utilize local and global environments to predict the pKa values8-10, (ii) 

molecular-modelling-based methods, which modify ionisable sites to model single or multiple 

protonation or deprotonation states11-15, (iii) quantum-based methods, which typically use 

thermodynamic cycles in pKa prediction16-22, and (iv) methods based on the polarizable continuum 

solvent model, which rely on the dielectric difference between the protein interior and the external 

solvent.23-26  

     The most popular of the accurate methods are based on a thermodynamic cycle, in which the free 

energy of the reaction in solution and the free energy of the corresponding reaction in vacuo are 

resolved. Using continuum representations of the solvent, the difference of solvation free energies 

of products and reactants is computed. The absolute free energy for the protonation is then 

converted to a pKa via the absolute free energy of solvation of the proton. Main areas in which 

differences in model arise are in the thermodynamic cycle on which the theoretical calculation is 

based, the level of theory used for the gas phase calculation and the solvation model used. Implicit 

solvent models often have trouble correctly describing solvent effects, which is a critical step in 

accurately predicting pKa by computation. 

      Methods based on Quantitative Structure-Activity Relationship (QSAR) are also utilised for in 

silico pKa modelling due to their predictive and diagnostic abilities. For a very recent example, 

collaboration between Bayer Pharma and Simulations Plus Inc has produced a prediction tool of 

outstanding quality27. This paper introduces and demonstrates the importance of understanding the 

difference between macrostate and microstate pKa for molecules with multiple ionisable groups. The 

pKa of the macrostate refers an experimentally observed pKa value which represents an average of 
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the pKa values of individual ionisable sites, referred to as the microscopic pKa values. The authors 

highlighted the lack of distinction between these two parameters as a main short falling of QSAR 

based pKa prediction packages. In contrast to macroconstants, which are commonly used in previous 

QSAR models, microconstants are properties of individual groups and depend directly on the 

structure of the microstate involved, making them natural candidate for use in QSAR modelling.27 

 

1.4 Challenges to computational models  

 

1.4.1 Data Procurement 

 

     A challenge to building an accurate model for pKa prediction is procurement of data. Some 

chemical families, like phenols and carboxylic acids have been keenly studied and as such there are 

many recorded experimental pKa values. However, for other families there is little or no data 

available, which leads to difficulties when trying to extend a model to novel chemical families. 

     The biggest problem within data procurement is both the availability and reliability of the data. 

Many databases are commercial. The reliability and accuracy of the readily available data is often 

questionable or at least ambiguous. The ways in which this uncertainty arises are documented 

below: 

- Non-standard names, or ambiguous naming of compounds 

- Ka being reported rather than pKa, or pKb instead of pKa 

- Lack of clarity with respect to pKa values in compounds with multiple ionisation centres 

- Differing or no experimental conditions reported 

- Duplicate entries, with no indication as to which value is more accurate 

- Predicted rather than experimental values being mixed 

- Inaccurate values, multiple values have been reported for species which have a large 

spectrum of pKa units 

- Macroscopic constants being reported as microscopic dissociation constants 

     There is a need for pre-processing before beginning implementation of a dataset, based on 

experimental conditions, especially temperature, before manual inspection of the remaining points. 

     Experimental determination of pKa is more straightforward when there is a single titratable group 

on the molecule, when a molecule has multiple, n, protonable sites then there are 2n microspecies 

and 2n-1 independent micro-pKaΩs to be considered. At any given pH, there will be an equilibrium 
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mixture of these microspecies with non-negligible concentrations, if micro-pKaΩǎ are similar in value 

then the titration curve recorded may show a few inflections which correspond to macro-pKaΩs of the 

macrospecies that are the dominant mixtures of microspecies. Regarding the uncertainty relating to 

these chemical species there are concerns when predicting pKas for all microspecies. 

     Most experimental methods are obtained at 25°C in aqueous solutions, with ionic strengths of 

less than 0.1 M. Predictive methods need to be parameterized for other environments, considering 

solvent and temperature to make them predictive methods that would work for drug design, as 

body temperature is 37°C. However, these methods rely on sufficient experimental data being 

available to build a training set for the model. 

     Globular proteins provide a difficulty when trying to calculate macro-pKa values, despite there 

being few types of protonation sites available the pKaΩs of buried acidic and basic group can be 

substantially shifted when compared to the oligopeptides.  Experimentally determination of 

macrospecies is challenging due to the abundance of protonation sites on soluble proteins. NMR is 

the most popular experimental method for determination of pKaΩs of individual protein ionization 

sites. As it can be used on both the folded and denatured states then it can be used to determine the 

order of deionization of the protein. The Protein pKa Databse (PPD) is a free data source and 

provides over 1400 experimental data points, from literature, however most of the data exists for 

Asp, Glu, His, and Lys. Amino acids which require titrations at very high or low concentrations have 

very little available data due to denaturing of the protein. 

      Prediction methods need to take into account not only the amino acid sequence but also the 

experimentally determined 3D structure.  

 

1.4.2 Data Sources 

 

     Below follows a list of some of the most comprehensive sources of experimental pKa values 

commercially available. In order to establish a more comprehensive data set from which to build an 

accurate pKa predictor, it is often necessary to supplement the experimental values found in one of 

these sources with compounds from the family studied in literature. 

Data sources 

Books that contain a large set of experimental pKa values: 
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Kortüm, G.;Vogel, W.; Andrussow, K.; Dissociation Constants of Organic Acids in Aqueous Solution, 

1961 - 2893 values 

Perrin, D. D.; Dissociation Constants of Inorganic Acids and Bases in Aqueous Solution, 1963 - 8766 

values 

Perrin, D. D.; Dissociation Constants of Organic Bases in Aqueous Solution, 1965 - 3,800 values 

Martell and Smith NIST std. ref. database 46 - 6166 values 

Serjeant, E. P.; Dempsey, B.; Ionisation Constants of Organic Acids in Aqueous Solution (IUPAC 

Chemical Data Series), 1979 - 4520 values 

Lange, N. A.; Dean, J. A.; [ŀƴƎŜΩǎ IŀƴŘōƻƻƪ ƻŦ Chemistry, 1999 ς 820 values 

hΩbŜƛƭΣ aΦ WΦΤ The Merck Index: An Encyclopaedia of Chemicals, Drugs and Biomolecules, 2013 - 796 

values 

 

Previously published pKa models, used for more than 500 molecules 

http://www.chemnetbase.com/AboutChemnetbase/index.jsf 

LOGKOW 

     Online databank ς experimental data retrieved from literature (20,000 organic compounds) ς pKa 

values amongst other information specific to molecules 

http://logkow.cisti.nrc.ca/logkow/intro.html 

HSDB (Hazardous substances data bank) 

    Online data base of peer reviewed details of hazardous chemicals (1182 pkas). Detailed medical 

information, better referencing and experimental detail reporting than other online databases. 

http://www.toxnet.nlm.nih.gov/ 

ChEMBL, European bioinformatics Institute 

    Online structure search database, results for pKa often seem to be predicted using ACD/pKa 

methodology. 

https://www.ebi.ac.uk/chembldb/ 

http://www.chemnetbase.com/AboutChemnetbase/index.jsf
http://logkow.cisti.nrc.ca/logkow/intro.html
http://www.toxnet.nlm.nih.gov/
https://www.ebi.ac.uk/chembldb/
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Bioloom, Biobyte Corp. 

     Package that performs searches for LogP/LogD of biological agents, marketing information says 

14,000 pKas available online, with references included. 

http://www.biobyte.com/bb/prod/bioloom.html 

1.5 Popelier group previous work 

     The method used is called AIBLHiCoS for reasons that will become clear below.  AIBLHiCoS was 

previously developed by this group; it is remarkably simple and has produced accurate results over 

rigorous testing in previous work28-32. AIBLHiCoS exploits a novel linear free energy relationship 

ό[C9wύ ǘƘŀǘ ŎƻƴƴŜŎǘǎ ŀ ǎƛƴƎƭŜ ΨŀŎǘƛǾŜΩ ōƻƴŘ ƭŜƴƎǘƘ όƛƴ Ǝŀǎ ǇƘŀǎŜ ab initio equilibrium geometries) with 

the experimental pKa values in aqueous solution of a family of compounds. In previous publications 

this LFER has been successfully demonstrated on a series of substituted phenols, benzoic acid and 

anilines, guanidines, bicyclo[2.2.2]octane and cubane carboxylic acids. This novel model has allowed 

prediction of pKa values of even notoriously difficult functional groups, such as guanidine31, with 

accuracies that outperform other commercial software tools. Exploration of the correlation between 

the chemically active bond and the experimental pKa of an acidic proton in close proximity, has led 

to an understanding that chemical space can be partitioned into high-correlation subsets (HiCoSs). 

HiCoSs contain molecules that have structural or chemically commonality, which is dictated by the 

LFER of pKa versus bond length itself. The origin of the acronym AIBLHiCoS (Ab Initio Bond Length 

High Correlation Subsets) is now clear.  

      Systematic recognition of HiCoSs within a dataset leads to a drastic improvement of the R2 

correlation coefficient between bond length and experimental pKa, with typical values of 0.9 or 

above. Through identifying which HiCoS a new molecule would best be represented by, the 

predicted pKa can be found through calculation of the ab initio bond length and insertion of this 

value into the equation corresponding to the HiCoS. Any outliers are rationalised in terms of the 

commonality, or lack thereof, that they share with other compounds in a HiCoS. Establishing a high 

correlation for the right physical chemical reason is at the heart of the AIBLHiCoS method. As a 

result, any outlier presented in this and previous work are confidently reassigned to another HiCoS, in 

which chemical commonality is higher.  

 

 

 

http://www.biobyte.com/bb/prod/bioloom.html
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2 Computational Details 

 

2.1 Level of Theory 

 

    CƻƭƭƻǿƛƴƎ ǘƘŜ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ǘƘŜ ΨŀŎǘƛǾŜ ōƻƴŘ ƭŜƴƎǘƘΩ ƻŦ ǘƘŜ ƴŀǇƘǘƘƻƭ ŦŀƳƛƭȅΣ ƛǘ ƛǎ ƴŜŎŜǎǎŀǊȅ ǘƻ 

determine the correct level of theory for geometry optimisation. Geometries were optimized at a 

number of levels of theory, that is, both methods and basis sets. Our previous work28-32 showed that 

Hartree-Fock (HF) calculations with the modest basis set 6-31G(d) provided similar statistical models 

to larger basis sets. For the family of substituted naphthols studied here this level of theory did not 

suffice, and a drastic improvement was seen in the required equilibrium bond lengths upon 

employment of Density-Functional Theory (DFT) with the B3LYP functional and the slightly larger 

basis set of 6-31G(d,p). Frequency calculations were carried out to confirm that the geometries 

obtained are indeed energetic minima. All calculations have been executed using the GAUSSIAN09 

program33.  

     Optimizations using the MP2 method were deemed inappropriate due to previously documented 

poor representation of aromatic systems34,35, due to the prediction of nonplanar structures. Applying 

MP2/6-31G(d,p) to calculate an equilibrium geometry of the two reference species, 1-naphthol and 

2-naphthol, indeed returned the planar structure with a single imaginary frequency, each 

corresponding to a puckering of the rings, at -317 cm-1 and -326 cm-1, respectively. Discussion of both 

this and similar discrepancies of aromatic systems can be found in the references 36 and 37.  

     Previous work was done using HF/6-31G(d) on the chemically similar phenol family, good 

correlations were found using this level of theory and naturally provided a place to begin 

investigation for this study. A comparison of both HF and DFT follows in this section, as does 

determination of the appropriate basis set through balancing of the computational cost and 

quantitative accuracy. Details of the basis sets used are given in Table 2.  

     Initially the meta and para-HiCoS was used to investigate which level of theory was appropriate, 

as this subset has none of the conformation dependency seen in the ortho-HiCoS. The entire subset 

was used originally, before common outliers were identified. The process of identification and 

treatment of outliers is detailed in 2.3, for the purposes of this section common outliers were 

identified and removed. The new subset is given in Table 1, and is used as the m+p-HiCoS in any 

further discussion in this section. 
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m+p 

HiCoS 

Subs Exp pKa 

28 H 9.51 

41 4-Br 8.74 

42 4-Cl 8.82 

39 4-NO2 8.09 

44 4-COOMe 8.88 

45 4-COOEt 8.89 

47 4-NHCOMe 9.31 

43 4-CN 8.41 

40 4-NH2 9.84 

1 H 9.34 

7 3-Br 8.34 

9 3-Cl 8.4 

12 3-NO2 7.86 

8 4-Br 8.72 

10 4-Cl 8.86 

11 4-Me 9.64 

16 3-OH 8.93 

21 3-NHCOMe 8.87 

5 3-NH2 9.48 

 

Table 1. Table of the experimental pKa values41-45 associated with the naphthol compounds that form 

the meta- and para-High Correlation Subset (m+p-HiCoS). The labelling of compounds is done for 

ease of reading, a full list of the numbered compounds studied is attached in the Table 1 and 2 of the 

appendix. 

           Even with removal of the outliers, the correlation observed for HF/6-31G(d) level of theory 

was poor. Increasing the basis set to 6-31G(d,p) provided no real improvement to the correlation, 

both of the correlations are shown in Figure 1. The spread of bond lengths, with respect to differing 

substituents and experimental pKa values, are much greater than is observed in previous work.  
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Figure 1. Comparison of correlation of ab initio bond lengths optimized at differing basis sets at HF 

with experimental pKa values for the naphthols. The correlation shown is for the meta- and para- 

HiCoS (m+p-HiCoS) 

     The historical problems with HF and aromatic systems are perhaps to blame for the poor 

correlations seen for optimizations of the naphthols.35 For this reason the investigation was 

redirected to DFT models, with the B3LYP functional and a variety of basis sets. This functional was 

chosen due to its prevalence in theoretical studies of aromatic molecules properties and 

interactions, and low cost.36-38 Optimisations were carried out using this functional and a range of 

basis sets, which included either diffuse or polarisation functions, or both. The results for these 

variations are shown in Figure 2. 
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Figure 2. Comparison of correlation of ab initio bond lengths optimized at differing basis sets at DFT 

with experimental pKa values for the naphthols. The correlation shown is for the meta- and para- 

HiCoS (m+p-HiCoS). The two outliers correspond to compounds 44 and 11. 

     The correlations observed for the DFT optimised geometries are consistently better than HF, with 

the spread of bond lengths much less diverse. Other work39 identified B3LYP/6-311G(d,p) as a 

benchmark level of theory for calculations of physical properties of aromatic systems. This level of 

theory was used on all the data sets used for this work, however, no significant improvement was 

noted for any of the HiCoSs. All the geometries investigated in the sections following were optimized 

using the more economic and better performing level of theory, B3LYP/6-31G(d,p).  
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Figure 3. Comparison of correlation of ab initio bond lengths optimized at differing levels of theory 

with experimental pKa values for the naphthols. The correlation shown is for the meta- and para- 

HiCoS (m+p-HiCoS). The circled points denote two outliers that were removed to give improved 

correlations for the HiCoS at the corresponding levels of theory. 

Level of Theory R2 

HF/6-31G(d) 0.340 

HF/6-31G(d,p) 0.349 

B3LYP/6-31G(d,p) 0.957 

B3LYP/6-31G+(d) 0.127 (0.862) 

B3LYP/6-31G+(d,p) 0.632 (0.851) 

B3LYP/6-311G(d,p) 0.927 

CPCM//B3LYP/6-31G(d,p) 0.950 

 

Table 2. Comparison of correlation of ab initio bond lengths optimized at differing levels of theory 

with experimental pKa values for the naphthols. The correlation shown is for the meta- and para- 

HiCoS (m+p-HiCoS). Removal of the two obvious outliers, circled in Figure 3, drastically improves the 

correlations for the two B3LYP methods with diffuse functions added to the basis set. 
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     Figure 3 above compares the levels of theory used, with the C-O bond lengths for the meta and 

para HiCoS, with any common outliers removed. The R2 values for Set 1 with all levels of theory are 

given in Table 2. The best level of theory is shown to be B3LYP/6-31G(d,p) (R2=0.957), and B3LYP 

does consistently better than HF. A number of further observations were made. The C-O bond length 

varies much more when using HF for optimisations. For both HF and B3LYP, the addition of a diffuse 

functional to the basis set generates new outliers. However, removal of the two most pronounced 

outliers, compounds 44 and 11, returns substantially improved correlations of 0.862 and 0.851 for 

B3LYP/6-31+G(d) and B3LYP/6-31+G(d,p), respectively. 

 

Figure 4. Comparison of correlation of ab initio bond lengths optimized at differing B3LYP/6-31G(d,p) 

with experimental pKa values for the m+p-HiCoS of naphthols.  

     The best level of theory was B3LYP/6-31G(d,p), a modest basis set known to be used by the 

Fowler group in their studies of aromatic systems.37,40,41 The correlation for this level of theory is 

shown in Figure 4, for the m+p-HiCoS. This level of theory produced consistently higher results for 

other naphthol HiCoSs, and is used throughout the report. In order to account for the inclusion of 

charged species, a CPCM continuum model of solvation at the same level of theory is used; details of 

this are given in the following section.  
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3 Results and Discussion 

 

Phenols 

3.1 Chemically similar family ς Phenol Active bond length and HiCoSs 

 

     Previous work done by Harding et al 30, investigated the relationship between bond lengths and 

pKa in the phenol family. The active bond length found for the phenol family was the C-O bond, as 

the naphthols are related to the phenol through addition of a second fused benzene ring, which 

would add extra stability to the anionic conjugate base through resonance. The calculations 

originally done by Harding were done using HF/6-31G(d), and the HiCoSs found were the same as for 

the naphthols families, the data was split into meta and para (55), ortho (90, of which 26 can form 

internal HB) split into further HiCoSs. The close proximity of the two substituents in the ortho 

position gives rise to a conformational dependence that needs to be considered when forming the 

HiCoS, due to the ability of the oxygen atom of the hydroxyl group to form intramolecular 

interactions. This conformational dependence noted in earlier studies is seen again in the current 

work, and is discussed in detail in section 3.6. 

     As the previous work was done at a different level of theory, HF/6-31G(d), than the one found to 

be necessary for the naphthols in the current study, the meta and para phenols were recalculated at 

the same level of theory to provide a meaningful comparison. The initial work found the best 

correlations when considering only the nitro, alkyl and halide substituted meta and para phenols, 

application of these parameters to the newly calculated results give slightly improved correlations 

and higher R2 values. When considering the two families together the correlations for both are 

impressive, running almost parallel across a similar pKa range, with naphthols showing longer C-O 

bonds than phenols for higher pKa values across the range, indicative of heightened acidity (Figure 

5). 
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Figure 5. Correlation of ab initio C-O bond lengths with experimental pKa values for the phenol (blue) 

and naphthol (red) families. The correlation shown is for the meta- and para-High Correlation Subset 

(m+p-HiCoS) identified for both chemical families. 

 

Naphthols 

3.2 AIBLHiCoS model ς Data generation and analysis 

 

     This work focuses on the prediction of pKa for the naphthol family, for which there exists a wealth 

of information in the literature. Previous experimental and theoretical work has studied the effect of 

substituents on the pKa values of both 1- and 2-naphthols42 and the pKa* or photo-acidity of the 

naphthols43-47. Naphthol is incorporated in both dyes and medicinal compounds used as bacterial 

antibiotics, estrogenic steroids, chemotherapy medication and in photodynamic therapy for cancer 

treatment, as a fragment of a larger molecule. The prediction of pKa is of particular interest in drug 

design and structural biology. Knowledge of the pKa of ionisable groups is essential in drug design in 

order to modulate physical and pharmacological properties such as distribution, bioavailability and 

solubility8. Limitations of X-ray crystallography, due to the very low electron density of hydrogen 

atoms, leave ambiguity in the unresolved three-dimensional position of protons in a protein.48 The 

dependence on the knowledge of the protonation states of residues to understand enzyme catalysis 

mechanistically drives the need for development of an accurate pKa predictor able to provide 

experimentally unavailable parameters. 
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     The discussion below provides a general overview of the data generation and analysis. Using the 

program GAUSSIAN09W, geometries were optimised at B3LYP/6-31G(d,p) level. Structures of the 

ƻǇǘƛƳƛǎŜŘ ŦŀƳƛƭȅ ƻŦ ŎƘŜƳƛŎŀƭ ŎƻƳǇƻǳƴŘǎ ǿŜǊŜ ǘƘŜƴ ŀƴŀƭȅǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ŀƴ ΨŀŎǘƛǾŜ ōƻƴŘ ƭŜƴƎǘƘΩΣ 

which shows high correlation with the experimental pKa values.  

     Consideration of all compounds together often masks any good correlation, making identification 

ƻŦ ǘƘŜ ΨŀŎǘƛǾŜ ōƻƴŘΩ ƘŀǊŘ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘΦ ¢ƻ ōŜǘǘŜǊ ōŜ ŀōƭŜ ǘƻ ǳƴŎƻǾŜǊ ǘƘƛǎ ŀŎǘƛǾŜ ōƻƴŘ ƛǘ ƛǎ ƴŜŎŜǎǎŀǊȅ 

to first identify the High Correlation Subsets (HiCoSs) of the family of compounds. It should be noted 

that the philosophy of the HiCoS method has been from inception to endeavour to find high 

ŎƻǊǊŜƭŀǘƛƻƴǎ άŦƻǊ ǘƘŜ ǊƛƎƘǘ ǇƘȅǎƛŎŀƭ ŎƘŜƳƛŎŀƭ ǊŜŀǎƻƴέΣ ǿƛǘƘ ŀ single descriptor and the capacity to 

rationalise outliers. This method sees an initial set of molecules separate into these smaller HiCoSs, 

the separation arising from a structural commonality, local to the functional group of interest. The 

HiCoS method exposes the importance of chemical space in terms of local pKa-bond length 

relationships, as seen in the phenol family studied earlier by Harding et al.29 The family of phenol 

values separated itself into ortho, and meta and para HiCoSs, each with very high correlation with 

experimental pKa values. Similar results to the phenols were achieved upon application of this 

method to benzoic acids and anilines, carboxylic acids, thiophenols, pyridines and barbituric acids.28-

32 

     Once a HiCoS is determined, the equation of best fit predicts an unknown pKa value using the 

corresponding ab initio bond length as input for the equation. This has been successfully used to 

correct erroneous experimental values for compounds with a single ionisable group, before being 

used to accurately indicate a microscopic dissociation constant to replace a reported macroscopic 

constant.27-29 Using the correct microstate structure ensures a sensitivity lacking in other pKa 

prediction packages, and generates a new accurate microscopic dissociation constants. 

3.3 Determƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ΨŀŎǘƛǾŜ ōƻƴŘΩ  

 

 

     

 

 

Scheme 1. The two isomers of naphthol (1-naphthol and 2-naphthol), showing the labelling scheme 

used throughout. 
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 For both 1- and 2-substituted naphthols (Scheme 1) a large data set of experimental pKa values were 

available42,46,49. When all data points were considered together no bond length provided a good 

correlation. However, when considering the naphthols by substituent proximity to the ipso carbon, 

correlations clearly improved for preliminary HiCoSs. For all of the subsets, the recurrent active bond 

is r(C-O). Both sets were initially investigated separately, before HiCoSs with commonalities were 

combined for both naphthol isomers. 

     Harding established in earlier work that the active bond length for the phenol family was the C-O 

bond length. The high level of structural similarity between the phenol and the naphthol families 

lead us to predict that the same active bond would provide the best correlations with experimental 

pKa values. In order to test whether this was the case, all of the bonds in ring one, the ring containing 

the alcohol group, were investigated.  
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Figure 6. The initial correlations for all HiCoS for naphthols are shown as correlations of ab initio 

bond lengths and experimental pKa. The correlations are shown for all the bond lengths around the 

primary ring with pKa values, for numbering refer to Scheme 1.  
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     Figure 6 shows the correlations for each of the bonds around the primary ring, which is the ring 

that the alcohol group is bonded to. The bond lengths are grouped into the HiCoSs that were 

identified for phenols based on the chemical space occupied by the secondary substituents, meta-

and-para, ortho- and the additional second ring HiCoSs unique to the naphthols. The correlations are 

given as R2 values in Table 3, for ease of comparison.  

 

 m+p o-HiCoS1 o-HiCoS2 sr-HiCoS1 sr-HiCoS2 

Bond Length R
2
 R

2
 R

2
 R

2
 R

2
 

O-H 0.350 0.707 0.920 0.184 0.946 

C-O 0.957 0.984 0.980 0.977 0.987 

C1-C2 0.133 0.840 0.750 0.874 0.455 

C2-C3 0.253 0.473 0.002 0.065 0.388 

C3-C4 0.106 0.644 0.930 0.361 0.300 

C4-C8a 0.046 0.835 0.480 0.531 0.039 

C8a-C8b 0.007 0.607 0.095 0.020 0.230 

C1-C8b 0.012 0.631 0.573 0.352 0.842 

 

Table 3. Comparison of correlation of ab initio bond lengths around the ring containing the alcohol 

group of the all naphthols, with experimental pKa values. The correlations shown are for all identified 

Iƛ/ƻ{ǎ ƻŦ ǘƘŜ ƴŀǇƘǘƘƻƭǎΦ ¢ƘŜ ŎƻǊǊŜƭŀǘƛƻƴ ƻŦ ǘƘŜ Ψactive bond lengthΩ ƛǎ ǎƘƻǿƴ ƛƴ ōƻƭŘΦ 

 

     The correlation seen for the C-O bond length, with experimental pKa values, is clearly the highest, 

even when considering all chemically different HiCoSs together. The initial correlations improve 

upon formation of the HiCoSs, with R2 values above 0.95 for all HiCoSs. The other bonds show 

poorer, if any, correlation at all. Initially the O-H bond correlation, looks as though it may mirror the 

good correlation seen for the C-O bond. Although there are high correlations seen for some of the 

HiCoSs for this bond, (0.92 and 0.95 for o-HiCoS 1 and sr-HiCoS 2, respectively), the high correlations 

are not universal across all HiCoSs.  Indeed, when considering Table 3 it is possible to pick out good 

correlations for a particular bond length for a single subset. However, only for the C-O bond length is 

the high correlations seen across all HiCoSs, indicating that this bond alone is able accurately 



37 
 

describe the relationship between the naphthol family and the experimental pKa values associated 

with the compounds.  

     The trend seen for all HiCoSs between bond length and pKa values is as follows: as the bond 

length decreases, the acidity of the compound increases. In other words, as the C-O bond length 

moves along the spectrum from single to partial double bond character, the acidity of the hydrogen 

associated with the alcohol group increases, seen as a decrease in experimental pKa values. As the 

correlation makes sense in terms of physical chemistry, it gives further weight to the decision to use 

ǘƘƛǎ ŀǎ ǘƘŜ ΨŀŎǘƛǾŜ ōƻƴŘΩ ŦƻǊ ǘƘŜ ƴŀǇƘǘƘƻƭǎΦ ¢Ƙŀǘ ǘƘŜ /-O bond of the alcohol group describes the 

acidity of its hydrogen is almost intuitive, and predictable. 

3.4 Determination of HiCoSs  

 

     Previous work done by the Popelier group established the importance of establishing HiCoSs, 

which greatly improve correlations of a single active bond with experimental pKa values. The work 

done by Harding on the phenol family identified two HiCoSs based on chemical space, the meta- and 

para-, and the ortho-HiCoSs. The ortho-HiCoS was further split into HiCoSs based on ability to form 

intramolecular hydrogen bonds with the second substituent, into highly compound-specific single-

bond-length models.29 The ortho-subset was noted to be most dependant on the second 

substituent, due to the close proximity to the acidic hydrogen and effects to the compounds pKa 

value which include steric hinderance to protonation or deprotonation and internal hydrogen 

bonding. 

 

Figure 7. (a) The initial correlations for all HiCoSs for naphthols are shown as correlations of C-O ab 

initio bond lengths and experimental pKa and (b) the HiCoSs identified highlighted.   
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     Initially the naphthol family was investigated using the template of HiCoSs based on chemical 

space, identified for the phenol family. It was predicted that the naphthol family would require an 

additional HiCoS to describe the relationship between experimental pKa values and the influence on 

the active bond length from a substituent on the second ring. Although mesomeric effects are 

known to allow groups far from each other in conjugated systems to interact, the interactions would 

be comparable to those of a substituent in the meta- rather than ortho-position. 

     The initial correlation for all C-O bond lengths of the naphthol family with experimental pKa 

values are shown in Figure 7(a). When considering the initial correlation, clear correlations within an 

overall correlation can be seen. The most obvious of those are the two ortho-HiCoSs, which exhibit a 

much greater range of C-O bond lengths across pKa values than any of the other HiCoSs. Initially this 

was considered as one HiCoS, before identifying a further HiCoS that better describes the 

compounds, details of this are given in Section 3.6.2. Identification and removal of these HiCoSs 

leaves a data set shown in Figure 8(a), from which further HiCoSs can be identified. 

 

 

Figure 8. (a) Removal of the o-HiCoSs leaves the HiCoSs for naphthols with substituents in meta-and 

para-positions and on the second ring. Identification and removal of the m+p-HiCoS (b) leaves 

naphthols with substituents on the second ring and the subsequent HiCoSs.   

 

     Following identification and removal of this first ortho-HiCoS, it is possible to consider the 

remaining data points. Although the variation of bond length with pKa follows a similar gradient 

across these HiCoSs, a feature which suggests similarity in the effect of the substituents upon acidity 

based on chemical space, it is clear that there is more than one HiCoSs. The remaining data points 

are naphthols with substituents in either the meta-and para-position or on the second ring. Harding 
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identified the meta-and para-HiCoS in work on the phenols, a second HiCoS common to both 

chemically similar families. Removal of this naphthol HiCoS leaves only the substituents on the 

second ring, a HiCoS predicted for the naphthol family based upon the previous phenol work, Figure 

8(b). This is the only chemical space group for which the two isomers of naphthol need to be 

considered separately in order to form two distinct HiCoSs.  

 

3.5 m+p-HiCoS - Treatment of outliers 

 

     The meta- and para-substituents were first considered as two subsets, before being combined to 

give one larger subset with an improved spread of data. The correlation seen for the initial subset is 

seen to be poor due to obvious outliers, some of which can be removed with chemical intuition. 

      The effect of electron withdrawing and donating groups on the bond dissociation enthalpy for 

phenolic acidic protons has been explored previously in literature39, with an opposite effect seen for 

the two classes of substituents. Electron donating groups, such as OMe, weaken the O-H bond in 

phenols, whereas electron withdrawing groups, such as NO2, cause an increase in the BDE of the O-H 

bond. This is in contrast to the negligible effect of electron donor substituents in the meta-position 

of phenol, whereas electron withdrawing groups in the meta-position show the same trend, with an 

increased BDE(O-H) value recorded.  

      Section 2.1 uses an m+p-HiCoS for which any common outliers had been removed. The full data 

set for naphthols with meta- and para-substituents is given in Table 4. Through consideration of the 

outliers it was possible to separate them into different classes of outliers, Figure 9, for which 

different treatments allowed the compounds to be included into the m+p-HiCoS. 
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Subs Exp pKa 

1 H 9.34 

28 H 9.51 

5 3-NH2 9.48 

7 3-Br 8.34 

8 4-Br 8.72 

9 3-Cl 8.4 

10 4-Cl 8.86 

11 4-Me 9.64 

12 3-NO2 7.86 

16 3-OH 8.93 

21 3-NHCOMe 8.87 

39 4-NO2 8.09 

40 4-NH2 9.84 

41 4-Br 8.74 

42 4-Cl 8.82 

43 4-CN 8.41 

44 4-COOMe 8.88 

45 4-COOEt 8.89 

47 4-NHCOMe 9.31 

18* 4-(SO3)
-
 8.3 

25* 3,6-(SO3)
-
 8.6 

19 3-COOMe 9.211 

13 4-NO2 6.693 

6 4-C(=O)Ph 8.157 

17 4-OH 10.734 

14 4-NO 5.815 

15 4-(N2)-2-Py 7.308 

20* 3-(COO)
-
 10.456 

46* 4-(COO)
-
 10.348 

   pKa = 292.91 (CO) - 391.08 

 

Table 4. Table of the experimental pKa values associated with the naphthol compounds that form 

the meta- and para- HiCoS (m+p-HiCoS) with AIBLHiCoS corrected outliers given in italics and the 

equation of the new HiCoS 
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m+p-HiCoS Subs Exp pKa 

1 H 9.34 

28 H 9.51 

5 3-NH2 9.48 

7 3-Br 8.34 

8 4-Br 8.72 

9 3-Cl 8.4 

10 4-Cl 8.86 

11 4-Me 9.64 

12 3-NO2 7.86 

16 3-OH 8.93 

21 3-NHCOMe 8.87 

39 4-NO2 8.09 

40 4-NH2 9.84 

41 4-Br 8.74 

42 4-Cl 8.82 

43 4-CN 8.41 

44 4-COOMe 8.88 

45 4-COOEt 8.89 

47 4-NHCOMe 9.31 

Outliers 

  18 4-(SO3)
-
 8.3 

25 3,6-(SO3)2
-
 8.6 

20 3-(COO)
-
 9.59 

46 4-(COO)
-
 9.78 

14 4-NO 8.18 

15 4-(N2)-2-Py 9.1 

6 4-C(=O)Ph 8.68 

13 4-NO2 5.73 

17 4-OH 9.37 

19 3-COOMe 8.75 

 

Table 5. Experimental pKa values associated with the naphthol compounds with meta- and para- 

substituents, the top section of the table denotes compounds that show high correlation between 

ab initio bond length and experimental pKa values. The bottom section of the table shows outliers. 
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     The three classes of outliers, highlighted and labelled in Figure 9, are: ionic outliers which have a 

charge associated with the optimised structure, experimental issue outliers for which deviation from 

the standard experimental conditions is noted and a third class of outliers, which contains 

compound 13 to ensure that the low pKa value has no bias on the correlation. 

 

Figure 9. The initial HiCoS for m+p-naphthols shown as correlation of the C-O DFT bond length and 

experimental pKa, with different classes of outliers highlighted. 

          The first class of outliers, compounds 18, 25, 20 and 46 shown as blue diamonds in Figure 9, 

arises from a shortcoming of the basis set used for optimisation. An alteration, to include diffuse 

functions in the basis set, allows consideration of these points with the m+p-HiCoS.  

     The second class of outliers with experimental issues had only two compounds, compound 14 and 

15, shown as a green circle sitting above the correlation line. The 4-azopyridine substituent (15) is 

seen as an outlier, however the temperature reported for the conditions in which the pKa was 

measured is stated to be between 30-36°C, a 5-11°C increase on the conditions reported for the 

other values used. The other point corresponds to 4-NO-1-naphthol, there is however, a history of 

doubt as to the exact identity of the nitrosonaphthol measured by Trubsbach. 50  

     Removal of these two compounds with an experimental issue, and the two charged carboxylic 

acid naphthols would give a much improved correlation and a promising HiCoS. However, there still 

remain four outliers (compounds 6, 13, 17 and 19, shown as purple cross in Figure 9) removal of 

which gives a subset of a high correlation from which outliers can be corrected. 
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3.5.1 Class 1 - Ionic outliers 

 

     The data sets used contained compounds with multiple ionisable groups, some of which had a 

macroscopic dissociation value lower than that of the acidic naphthol proton. In order to use these 

compounds correctly, it is necessary to use ionic structures that represent this change in macrostate. 

Use of ionic compounds dictates a change in level of theory. The literature benchmark for gas phase 

calculations incorporates a diffuse function in the basis set employed. However, in this work, this 

remedy was not sufficient and did not allow the deprotonated species to be considered as part of 

the HiCoS. Calculations using the CPCM continuum model of solvation at B3LYP/6-31G(d,p) level 

allowed successful incorporation of the charged species into the m+p-HiCoS, with a high correlation, 

R2 = 0.809. Compounds that have been optimised using this additional model have a star following 

their compound number.  

 

Figure 10. The initial HiCoS for m+p-naphthols (a), shown as correlation of the C-O ab initio bond 

length and experimental pKa, with Class 1 (ionic) outliers highlighted. Correction of ionic outliers 

through implementation of CPCM is shown in panel (b). The m+p-HiCoS, including the CPCM 

corrected sulfonate naphthols is shown in panel (c), with the AIBLHiCoS equation of the HiCoS. 
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Subs Exp pKa 

1 H 9.34 

28 H 9.51 

5 3-NH2 9.48 

7 3-Br 8.34 

8 4-Br 8.72 

9 3-Cl 8.40 

10 4-Cl 8.86 

11 4-Me 9.64 

12 3-NO2 7.86 

16 3-OH 8.93 

21 3-NHCOMe 8.87 

39 4-NO2 8.09 

40 4-NH2 9.84 

41 4-Br 8.74 

42 4-Cl 8.82 

43 4-CN 8.41 

44 4-COOMe 8.88 

45 4-COOEt 8.89 

47 4-NHCOMe 9.31 

18* 4-(SO3)
-
 8.30 

25* 3,6-(SO3)2
-
 8.60 

   

 

pKa=292.831 r(CO) - 360.966 

  

Table 6. Table of the experimental pKa values associated with the naphthol compounds that form 

the meta- and para- HiCoS (m+p-HiCoS) and the equation of the HiCoS 

     For all optimizations in the gas phase, ionic compounds charged substituents, -(SO3)
- and -(CO2)

- 

shown in Figure 10 (a), were seen to be outliers for all basis sets used. Utilization of an implicit 

solvent model, CPCM, with the modest functional and basis set B3LYP/6-31G(d,p), gives much better 

representation of the ionic systems, allowing consideration of all the compounds in their predicted 

HiCoS (Figure 10 (b)). The sulfonate containing naphthols fit with the correlation of their respective 
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data sets with much greater accuracy than the carboxylic acid naphthols. The acidities of sulfonates 

are sufficiently low enough, that is stated to be reasonable to regard the group as unprotonated 

throughout the ground state.51 This difference in pKa of functional groups is not as distinct when 

looking at the values for a carboxylic acid and an alcohol. The ionic carboxylic acid systems cause a 

significant decrease in the correlation value, and as such are still regarded as outliers with respect to 

the m+p- HiCoS. The relative difference in microscopic pKa between sulfonate and alcohol groups is 

understood to cause a low relative contribution of a microstate that would cause a deviation of the 

macroscopic pKa with respect to the microscopic alcohol value. However, when considering the 

relative contribution of microstates for the alcohol and carboxylic acid containing compounds, a 

non-trivial contribution from a microstate in which the carboxylic acid remains protonated and the 

alcohol becomes deprotonated, causes a change to the macroscopic dissociation constant. As the 

AIBLHiCoS model depends on the active bond length of a microstate, and a macroscopic dissociation 

constant the outlier becomes easier to understand. The bond length provided by the microstate 

allows prediction of microscopic pKa values for both the carboxylic acid outliers (Figure 11(a)). The 

equation of the m+p-HiCoS used is given in Table 7, which details the compounds that form this 

HiCoS. The AIBLHiCoS corrected values and the new equation of the HiCoS are given in Table 7 and 

Figure 11 (b). 

 

Figure 11. The m+p- HiCoS (a), shown as correlation of the C-O ab initio bond length and 

experimental pKa, with Class 1 carboxylic acid AIBLHiCoS corrected outliers highlighted. 

Incorporation of corrected outliers into the m+p-HiCoS is shown in panel (b), with the AIBLHiCoS 

equation of the HiCoS. 
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 Subs Exp pKa r(C-O)  HiCoSs 

1 H 9.34 1.3673 Reference 

28 H 9.51 1.3678 Ref 

5 3-NH2 9.48 1.367 m+p-HiCoS 

7 3-Br 8.34 1.3635 m+p-HiCoS 

8 4-Br 8.72 1.3653 m+p-HiCoS 

9 3-Cl 8.4 1.3638 m+p-HiCoS 

10 4-Cl 8.86 1.3657 m+p-HiCoS 

11 4-Me 9.64 1.3685 m+p-HiCoS 

12 3-NO2 7.86 1.3622 m+p-HiCoS 

16 3-OH 8.93 1.3652 m+p-HiCoS 

21 3-NHCOMe 8.87 1.365 m+p-HiCoS 

39 4-NO2 8.09 1.3628 m+p-HiCoS 

40 4-NH2 9.84 1.3682 m+p-HiCoS 

41 4-Br 8.74 1.3651 m+p-HiCoS 

42 4-Cl 8.82 1.3653 m+p-HiCoS 

43 4-CN 8.41 1.3641 m+p-HiCoS 

44 4-COOMe 8.88 1.3658 m+p-HiCoS 

45 4-COOEt 8.89 1.3659 m+p-HiCoS 

47 4-NHCOMe 9.31 1.3661 m+p-HiCoS 

18* 4-(SO3)
- 8.3 1.36312 m+p-HiCoS 

25* 3,6-(SO3)2
- 8.6 1.36448 m+p-HiCoS 

     

20* 3-(COO)- 10.456 1.37085 AIBLHiCoS 

46* 4-(COO)- 10.348 1.37048 AIBLHiCoS 

     

 pKa =297.29 r(CO) - 397.06  

 

Table 7. Experimental pKa values associated with the naphthol compounds that form the meta- and 

para- HiCoS (m+p-HiCoS) with AIBLHiCoS corrected outliers given in italics and the equation of the 

new HiCoS. 
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3.5.2 Class 2 and 3 - AIBLHiCoS correction of erroneous experimental pKa values 

 

    The second class of outliers contain the two compounds with associated experimental issue. The 

non-standard experimental temperature is understood to be responsible for the variation of these 

two points from the correlation of m+p-HiCoS. The AIBLHiCoS equation of the m+p-HiCoS was used 

to correct the pKa values of this class of outliers. The AIBLHiCoS treatment of this class of outliers is 

shown in full in Figure 12, including incorporation of the corrected values into the HiCoS (Figure 12 

(c)). 

 

Figure 12. The m+p-HiCoS (a), shown as correlation of the C-O ab initio bond length and 

experimental pKa, with Class 2 (experimental issue) outliers highlighted. Correction of outliers 

through implementation of AIBLHiCoS equation is shown in panel (b). The m+p-HiCoS, including the 

AIBLHiCoS corrected class two outliers, is shown in panel (c), with the new AIBLHiCoS equation. 
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     Third class of outliers consists of four compounds, three of which are erroneous outliers, shown in 

Figure 13. The final point corresponds to 4-NO2-1-naphthol, which has a much lower experimental 

pKa value than any other compound in the HiCoS. In order to remove any bias when establishing the 

m+p-HiCoS this experimental value was treated as an outlier. All four compounds in this final class of 

outliers were corrected using the AIBLHiCoS equation of the HiCoS and then incorporated into the 

m+p-HiCoS, with much improved correlation. 

 

Figure 13. The m+p-HiCoS (a), shown as correlation of the C-O ab initio bond length and 

experimental pKa, with Class 3 outliers highlighted. Correction of outliers through implementation of 

AIBLHiCoS equation is shown in panel (b). The m+p-HiCoS, including the AIBLHiCoS corrected class 

two outliers, is shown in panel (c), with the new AIBLHiCoS equation. 

     Removal of all outliers gave an initial HiCoS with an impressive correlation. Correction of 

sulfonate ionic compounds through use of CPCM allowed incorporation of these compounds into the 

m+p-HiCoS. For all remaining outliers, the AIBLHiCoS model provided an equation of correlation that 

was used to predict an accurate pKa values. The predictions are made using the active bond length, 

from fully optimised structures; all values of dissociation constant are given in Table 8. The 

5

6

7

8

9

10

1.35 1.355 1.36 1.365 1.37 1.375

p
K

a 

C-O bond length 

5.5

6.5

7.5

8.5

9.5

10.5

11.5

1.35 1.355 1.36 1.365 1.37 1.375

p
K

a 

C-O bond length 

5.5

6.5

7.5

8.5

9.5

10.5

11.5

1.35 1.355 1.36 1.365 1.37 1.375

p
K

a 

C-O bond length 

y = 292.91x - 391.08 
R2 = 0.992 

(a) (b) 

(c) 



49 
 

5.5

6.5

7.5

8.5

9.5

10.5

11.5

1.35 1.355 1.36 1.365 1.37 1.375

p
K

a 

C-O bond length 

y = 292.91x - 391.08 
r2 = 0.992 

5.5

6.5

7.5

8.5

9.5

10.5

11.5

1.35 1.355 1.36 1.365 1.37 1.375

p
K

a 

C-O bond length 

(a) (b

) 

AIBLHiCoS corrected pKa values are shown in Figure 14 (a) and incorporation of these values into set 

one gives the final m+p-HiCoS, with an impressive correlation Figure 14 (b). 

 

Figure 14. The HiCoS for m+p-naphthols (a), shown as correlation of the C-O ab initio bond length 

and experimental pKa, with all AIBLHiCoS corrected outliers shown in orange. Incorporation of the 

AIBLHiCoS corrected outliers into the HiCoS (b), with the new AIBLHiCoS equation of the HiCoS and 

correlation.  

       

  C-O Exp pKa AIBLHiCoS ɲǇYa 

20* 3-(COO)- 1.37085 9.59 10.456 -0.866 

46* 4-(COO)- 1.37048 9.78 10.348 -0.568 

      

14 4-NO 1.355 8.18 5.815 2.365 

15 4-(N2)-2-Py 1.3601 9.1 7.308 1.792 

      

19 3-COOMe 1.3666 8.75 9.211 -0.461 

13 4-NO2 1.358 5.73 6.693 -0.963 

6 4-C(=O)Ph 1.363 8.68 8.157 0.523 

17 4-OH 1.3718 9.37 10.734 -1.364 

      

 pKa = 292.91 r(CO) - 391.08  

 

Table 8. Experimental pKa values associated with all classes of outliers to the m+p-HiCoS, with 

AIBLHiCoS corrected values and the difference between experimental and predicted pKa values.  
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3.6 Conformational dependence 

 

     For the ortho subsets of both isomers, the conformation used affected the correlation between 

the experimental data and the gas phase bond length, as has been seen in previous work29. The 

proximity of the two substituents in this subset causes a much greater perturbation to chemical 

space than in other subsets. Whether ortho-substituents are syn or anti with respect to the alcohol 

group (Scheme 2) affects the ability to form intramolecular hydrogen bonds, which in turn affects 

the pKa. A theoretical study52 showed that for most ortho-phenols the acidity of the OH group is 

reduced by the formation of intramolecular hydrogen bonds. However, a later study53, suggested an 

increase in acidity upon formation of an intramolecular hydrogen bond. The latter study was verified 

though experimental data, and detailed a trend for ortho-phenols, which rationally extends to the 

naphthol family studied. Naphthols are related to phenols through extension of conjugation, via a 

second ring, which lowers the relative pKa values through resonance stabilization. The increased 

acidity detailed for phenols with an intramolecular hydrogen bond should then be realised in the 

chemically similar naphthol family, when hydrogen bonding substituents are in close proximity. 

  

 

Scheme 2. The common skeletons of the two conformers formed by o-naphthols capable of forming 

internal hydrogen bonds.  

3.6.1 Second Ring HiCoS: A Case Study  

 

     There is a limited bank of results for substituents in this position on the 1-naphthol, 7 data points 

including the 2 reference points. Considering all data points together there are two obvious outliers, 

corresponding to charged sulphur compounds, 3,6-(SO3)
-- and 5-(SO3)

--1-naphthol, which are 

understood to be outliers due to the level of theory employed. Using CPCM with a consistent DFT 



51 
 

functional and basis set allows these points to form part of the HiCoS. Reassignment of 3,6-(SO3)
-- 1-

naphthol to the m+p- HiCoS improves both the new and old subset, demonstrating that the effect of 

the group in the ring containing the alcohol group is dominant.  

        There is only one conformationally dependent species within the two families of naphthols, 1,8-

dihydroxynaphthalene, a species with two functional groups in proximity, in which conformation 

(syn/anti) could lead to the formation of an intramolecular hydrogen, drastically affecting both the 

bond length and consequently the quality of correlation with experimental pKa.  

 

 Figure 15. (a) Three of the 4=(2x2) possible conformers (excluding 8-syn,1-syn) of 1,8-

dihydroxynaphtalene; (b) the active 1-OH bond lengths corresponding to the three conformers. Note 

that the predicted HiCoS selects conformer (2) as the correct conformation and (c) incorporated into 

the sr-HiCoS.   

     Three of a total of four possible conformations were optimized and analysed with respect to the 

predicted HiCoS (Figure 15). The fourth possibility is the conformation in which both groups are syn 

to one another, but this group has an imaginary frequency, understood to arise due to a steric clash 

of hydrogen atoms. Due close proximity of the two alcohol groups, moving between hydrogen-

bonding and non-hydrogen-bonding conformers induces a perturbation in the bond length of the 

active C-O bond. Figure 15 (b) visualises the conformation effect on bond length, with a drastic 

change between conformer (1) and (3), in which the active alcohol (1-OH) behaves as a hydrogen 

bond acceptor and a donor, respectively. Conformer (2) in Figure 15 (8-anti, 1-anti) is the only one, 

out of the three possible geometries, that showed a clear correlation with the data shown, 
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demonstrating the importance of conformation when considering pKa. The dramatic sensitivity to 

conformational dependence of the substituents amounts to self-selection. This fact not only 

demonstrates the importance of this parameter, but also renders a small data set meaningful. 

Details of this HiCoS are given in Table 9. 

 

 

Subs Exp pKa 

1 H 9.34 

23 8-OH 6.71 

26 6-CN 8.05 

27 5-tBu 9.8 

24* 5-(SO3)
- 8.4 

   pKa = 360.268 r(CO) - 483.697 

 

Table 9. Table of the experimental pKa values associated with the naphthol compounds that form 

the second ring- HiCoS 1 (sr-HiCoS 1) and the equation of the HiCoS. 

     The drastic improvement of the correlation when accounting for the conformational dependence 

of the substituents not only demonstrates the importance of this parameter, and also demonstrates 

the importance of information contained within a superficially small set of data. 

3.6.2 o-HiCoSs  

 

     The conformation adopted by those compounds in the o-HiCoS is seen to have a drastic effect on 

correlation with experimental pKaΩǎΦ ¢ƘǊƻǳƎƘ ŀƴŀƭȅǎƛǎ ƻŦ ŀƭƭ ŎƻƴŦƻǊƳŀǘƛƻƴǎ ǿƘƛŎƘ ŀǊŜ ŜƴŜǊƎŜǘƛŎ 

minima it was possible to find the active bonds that gave a high correlation for this subset. 

     Harding highlighted the importance of consideration of conformation in phenols able to form 

intramolecular hydrogen bonds with the group ortho- to the alcohol group. 29 Through consideration 

of ortho-phenols with substituents able to form intramolecular hydrogen bonding interactions as 

separate HiCoSs to those that could not, much better correlations were found. One HiCoS unable to 

form internal hydrogen bonds was the o-alkyl HiCoS, the experimental pKa values associated with 

compounds in this HiCoSs were much higher than the o-IHB HiCoS. The lowering of the pKa through 

formation of an internal hydrogen bond is a trend observed for both the phenols and the chemically 

similar naphthols. Through formation of an internal hydrogen bond, or formation of a long-range 
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interaction between the two substituents, a drastic range in bond length is noted. In order to 

determine the effect of these interactions on the active bond length, and determine how this in turn 

affects correlation with experimental pKa values we studied all available structures that had 

energetic minima. The structures were found by optimising structures with all the syn- and anti-

conformations possible. In simple cases this consisted of 4 combinations, as demonstrated in Section 

3.6.1, however for groups with larger substituents there was a greater number of combinations that 

caused non-trivial changes to active bond length. 

     Initially the ortho-naphthols were considered by isomer, whether the alcohol group was in the 1- 

or 2-position, to determine a correlation between active bond length and experimental pKa value. 

The 1-naphthols had four compounds, including the 1-naphthol reference point (compound 1), with 

nitro-, nitroso- and a thiazol ςsubstituents in the ortho-position (compounds 2, 3 and 4, 

respectively). The bond lengths for all conformations for all compounds are shown in Figure 16. 

Using the compound 1 as a reference point it is possible to see a correlation for which all compounds 

fit to, as such ǎƘƻǿƛƴƎ ǘƘŜ ǎŀƳŜ Ψself-selectionΩ ƻŦ ǘƘŜ ŎƻǊǊŜŎǘ ŎƻƴŦƻǊƳŀǘƛƻƴ ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ {ŜŎǘƛƻƴ 

3.6.1. 

     Figure 16, again, highlights the importance of conformation, and consideration of all low 

energetic minima. The schematic of variation of conformational degrees of freedom for the 

conformers, matched with the corresponding C-O bond lengths shows variations that would perhaps 

not be predicted. Compound 4, the thiazol-ring containing compound, has 8 conformers that were 

considered: the 4 combinations of syn- and anti- discussed in Section 3.6.1, with 4 additional 

conformers which account for the directionality of the sulphur and nitrogen of the thiazol-ring. The 

conformers are split first by whether the alcohol group is syn- or anti- to the azo-cyclic substituent, 

with syn- conformers having shorter C-O bond lengths and internal hydrogen bonds formed with the 

secondary substituent. Within the syn- group, the conformers are then split by whether the azo-

substituent is syn- or anti-, and then finally by the directionality of the thiazol-cycle.  

     Despite the proximity cyclic system, the effect of the directionality can be seen in Figure 16. 

Conformations (3), (4) and (5) are all have equal variation on C-O bond lengths, despite the fact that 

conformers (3) and (4) are syn-anti- and conformer (5) is anti-syn- with respect to the two functional 

groups. Conformer (3) and (4) vary only with respect to the directionality of the sulphur and 

ƴƛǘǊƻƎŜƴΦ !ŎǊƻǎǎ ŀƭƭ ŎƻƴŦƻǊƳŜǊǎ ΨǇŀƛǊŜŘΩ ƛƴ ǘƘƛǎ ǿŀȅΣ ǘƘŜ ŎƻƴŦƻǊƳŜǊǎ ǿƛǘƘ ǘƘŜ ƴƛǘrogen in a closer 

proximity to the alcohol group the C-O bond is shorter than the sulphur facing isomer. The anti- 

group is split by whether the nitrogen of the thiazol- is closer to the alcohol group, rather than 

whether the azo-group is syn- or anti- to the alcohol group. 
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     The nitroso-1-naphthol has the 4 possible conformations discussed in Section 3.6.1, all of which 

are at energetic minima, including the syn-syn-conformer that was previously inaccessible. This 

conformer has the shortest C-O bond length of all four conformers. The longest C-O bond length 

corresponds to the anti-anti-conformer. 

    The nitro-1-naphthol is the simplest case of all the ortho-naphthols studied, with only two 

conformations to consider due to the symmetry of the nitro-group. The two conformers depend only 

on whether the alcohol group is syn- or anti- to the nitro-group. Again, the syn-conformer shows a 

drastically shortened bond length, and formation of an internal hydrogen bond.  

 

 

Figure 16. The correlation of C-O bond length for all conformations of the 1-naphthol compounds 

with ortho-substituents with experimental pKa values is shown. The number underneath each bond 

length on the graph corresponds to the numbered conformer. 
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     The conformations that form the best correlation are shown in Figure 17. For compound 4 the 

anti-anti-conformation with the longest bond length provides the best fit. For both the nitroso- and 

nitro-compounds the best bond length fit corresponded to conformations in which the alcohol group 

was syn- to the second substituent. 

 

Figure 17. The correlation of C-O bond length for selected conformations of the 1-naphthol 

compounds with ortho-substituents with experimental pKa values is shown. The number of the 

conformer refers to the conformer numbering scheme used in Figure 16. 

     There were more compounds available for the 2-naphthol set, 11 in total including the 2-naphthol 

reference point. The second substituents of this isomer set have more extensive conjugation than 

the previous isomers data set, with cycles connected via an azo-bridge. This introduces an additional 

degree of freedom, and these compounds have 8 conformations that were considered, shown in 

Figure 18. As seen previously, the conformation adopted dramatically affects the C-O bond length.  

     For this set of compounds there were 5 compounds, (compounds 30, 31, 33, 36 and 37, see Table 

1 and 2 of the appendix), that had an azo-bridged secondary cyclic substituent. Of these 5 

compounds, 4 exhibited a trend of splitting the bond lengths first by syn- and anti-alcohol 

conformations, with much greater bond alteration between those in the syn-group of conformers 

than the anti-group. These 4 compounds have a greater degree of conformational freedom than the 

fifth compound (compound 30), which has chlorine in the meta-position of the phenol substituent; 
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as such there are only 4 conformations rather than the full 8 seen for the other compounds. The 

same trend of splitting by syn- and anti-ŎƻƴŦƻǊƳŀǘƛƻƴǎ ƛǎ ǎŜŜƴΣ ŀǎ ƛǎ ǘƘŜ ΨōǳƴŎƘƛƴƎΩ ƻŦ ōƻƴŘ ƭŜƴƎǘƘǎ 

for conformations in which the alcohol group is anti-. For the syn-conformers, the directionality of 

the heteroatom of the second cycle has a greater effect on the C-O bond length than in the anti-

conformations. 
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Figure 18. The correlation of C-O bond length for all conformations of the 2-naphthol compounds 

with ortho-substituents with experimental pKa values are shown. The number underneath or above 

each bond length on the graph corresponds to the numbered conformer. 
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     The conformations that form the best correlation were selected and are shown in Figure 19. For 

this data set two outliers were identified, across all conformations. These points are highlighted in 

Figure 19 and correspond to Compound 32 and 36; a detailed treatment of these points follows later 

in this Section. 

  

Figure 19. The correlation of C-O bond length for selected conformations of the 2-naphthol 

compounds with ortho-substituents with experimental pKa values is shown. The number of the 

conformer refers to the conformer numbering scheme used in Figure 18. The two obvious outliers 

are circled. 
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     The selected conformers for 2-naphthol compounds isomerically related to the 1-naphthol ortho 

compounds (compounds 4 and 37, 3 and 35, and 2 and 34), the same conformer is selected. For all 

of the azo-bridged compounds an anti-anti-conformation provided the best correlation, with the 

heteroatom of the second cycle positioned as far as possible from the alcohol group.  

     The two remaining compounds (29 and 38) have lower degrees of conformation freedom, with 

only 3 and 2 conformers respectively. Compound 29 has a second alcohol group in the ortho 

position, and as such has the same conformers discussed in detail in Section 3.6.1 for the 1,8-

dihydroxy-naphthalene. For this compound the selected conformation is the syn-anti-conformer. 

Compound 38 has just two conformers due to the symmetry of the amino-substituent; the two 

conformers correspond to whether the alcohol group is syn- or anti- to this substituent. The selected 

conformer is the former of these conformations. 

     Consideration of the correct conformers for both naphthol isomer sets, Figure 20, it is possible to 

establish two further subsets, within the ortho HiCoS. The two HiCoS are almost exclusively split by 

whether the alcohol group is syn- or anti- to second substituent; the geometries of the two HiCoSs 

are shown in Figure 20 (c) and (d). Formation of these additional HiCoSs  improves the correlations 

drastically (o-HiCoS R2 0.90 to R2 0.98 in both o-HiCoS1 and 2). Details of the two HiCoSs are given in 

Tables 10 and 11. 
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Figure 20. The initial HiCoS for o-naphthols (a), shown as correlation of the C-O DFT bond length and 

experimental pKa,  and the secondary HiCoS, o-HiCoS 1 and o-HiCoS 2 (b). The skeletal structures 

show the conformer preferred by compounds in both o-HiCos 1 (c) and o-HiCoS 2 (d). 
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Subs Exp pKa 

22 5,6,7,8-H 10.32 

48 5,6,7,8-H 10.48 

4 2-(N2)-thiazol 9.10 

30 1-(4-N2-Ph-Cl) 9.30 

31 1-(N2Ph2-1-OH)* 8.00 

35 1-NO 7.63 

37 1-(N2)-thiazol 8.94 

   pKa = 79.021 r(CO) - 97.928 

 

Table 10. Experimental pKa values associated with the naphthol compounds that form the ortho- 

HiCoS 1 (o-HiCoS 1) and the equation of this HiCoS. 

 

 

Subs Exp pKa 

1 H 9.34 

28 H 9.51 

2 2-NO2 5.89 

3 2-NO 7.24 

29 3-OH 8.68 

33 1-(2-N2-(2-OH-Ph)) 7.70 

34 1-NO2 5.93 

38 3-NH2 9.10 

   pKa = 86.931 r(CO) - 109.419 

 

Table 11. Experimental pKa values associated with the naphthol compounds that form the ortho- 

HiCoS 2 (o-HiCoS 2) and the equation of this HiCoS. 

 

     Two outliers were found, for which the common conformer was found lead to a dramatic 

decrease in the correlation for the o-HiCoS (Figure 21). The temperature at which these two 

experimental pKa measurements were taken at was found to be 20 and 30-36°C for compounds 32 
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and 36, respectively. A temperature difference of -5 and +5-10°C can have an large effect on the 

recorded pKa value. Within the o-HiCoS here it is understood to have led to an almost uniform rising 

and lowering of relative values, with respect to a lowering and rising of temperature. The conformer 

that gave the best results for these compounds allowed assignment of compound 36 to o-HiCoS 1 

and compound 32 to o-HiCoS 2, using the equations of these correlations we were able to use 

AIBLHiCoS to predict the correct pKa for these compounds. The predictions raised the pKa of 

compound 32 by 1.59 units and lowered that of compound 36 by 1.93. 

 

Figure 21. Outliers of the o-HiCoSs for o-naphthols (a), shown as correlation of the C-O DFT bond 

length and experimental pKa.  Correction of the two outliers (c) by the AIBLHiCoS model provided for 

the assigned HiCoS, o-HiCoS 1 and o-HiCoS 2 (b). The corrections are shown (d). 

 

3.7 sr-HiCoSs 

 

     As demonstrated above there is a clear and well defined HiCoS for the 1-naphthols. There is a 

larger set of 14 experimental pKa values for the 2-naphthols54-57. Due to the position of the alcohol 

group there are no conformational effects to account for, and the enhanced distance between the 

two substituents is reflected in the proportionally higher pKa values (Figure 22). 
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Figure 22. The HiCoS for second ring 2-naphthols (a), shown as correlation of the C-O DFT bond 

length and experimental pKa. The HiCoSs for 1- and 2-naphthol second ring substituents, sr-HiCoS 1 

and sr-HiCoS 2 respectively, are shown in panel (b).  

     The two HiCoSs for the second ring of the 1- and 2-naphthols cannot be considered together, the 

proximity of the two substituents in the 1-naphthols is shown to have a much greater effect, with 

the respectively enhanced acidity and a steeper linear dependence on bond length.  

 

3.8 Test set ς Biologically relevant molecules 

      AIBLHiCoS provides a pKa prediction method able to accurately predict dissociation constants of 

larger biomolecules, following establishment of trends for smaller fragments found in the drug 

compound. Our work so far has demonstrated the clear link between the phenol and naphthol 

family, a link which can be exploited to explore the larger aromatic backbones of many active drug 

compounds. Our findings below demonstrate not only the novel ability of our methodology to 

ƛŘŜƴǘƛŦȅ Ψactive fragmentsΩ ƻŦ ƭŀǊƎŜǊ ōƛƻƳƻƭŜŎǳƭŜǎΣ ōǳǘ ŀƭǎƻ Ƙƻǿ ǘƘƛǎ ŜƴŀōƭŜǎ ǳǎ ǘƻ ǇǊŜŘƛŎǘ ǇYa values 

more accurately than packages currently employed (Table 13). 

       Benzenoid aromatic fragments are a common motif in dyes and medicinal compounds. The 

ŎƻƴƧǳƎŀǘŜŘ ˉ-bond chromophoric fragment of these compounds produces vivid colours in dyes and 

is the photosensitizer used in photodynamic therapy in cancer treatment58,59. Some ambiguity exists 

in extended conjugated structures as to whether the active (benzenoid) fragment corresponds to the 

phenol, naphthol, or indeed, the anthrol family. However, there is a clear link between these three 

classes, which will indeed allow clear identification of the correct family and HiCoS. 
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       Strictly experimental pKa values of the biologically relevant molecules used to test the HiCoSs 

found for the naphthols were measured in a variety of different solvents. The influence of solvation 

has often been obscured by the dominance of water as a solvent in quantitative studies of acid-base 

properties. However, evidence shows that there is often a marked difference of behaviour in non-

aqueous solvents, compared to water.6 Exploration of the relationships between pKa-scales in water 

and other aqueous solvents shows rational and quantitatively predictable trends.6 Good linear 

correlations between pKa-values gives an equation, specific to chemical families, and from these 

equations follows accurate prediction of pKa values in a non-aqueous solvent from the pKa value in 

water.  

     We will now demonstrate the practical use of AIBLHiCoS on four classes of biomolecules: 

hypericins, hypocrellins, chromomycinones, all predicted via o-HiCoS, and finally estrogens, 

predicted from sr-HiCoS and phenol m+p-HiCoS. 

3.9 Solvent effects: A Case Study 

 

     To be able to evaluate the relationship between the training set of naphthols and the test set of 

biological molecules utilization of the relevant linear relationships6 were used to transform the 

HiCoSs to the non-aqueous solvent system from water.  

     Table 12 details the relevant equations used for pKa scale transformation, and the values of 

transformation for the o-HiCoSs. Through treatment of the experimental values, taken originally in 

water, with the relevant equations it is possible to shift the trend seen for the HiCoSs. Transforming 

the scale from a water scale to DMSO or ethanol causes a shift to relatively higher pKa values, but 

preserves the strong correlations of the HiCoSs. 
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pKa(DMSO)=1.98pKa(H2O)-2.4 

 

  

pKa(EtOH)=1.08(H2O)+3.06 

 

o-HiCoS 1 Subs 

r(C-O) / 

Å Exp pKa  (H2O) 

Pred pKa  

(DMSO) 

Pred pKa  

(EtOH) 

22 5,6,7,8-H 1.3726 10.32 18.034 14.206 

48 5,6,7,8-H 1.3698 10.48 18.350 14.378 

82 Phen-H ref 1.3679 9.99 17.380 13.849 

4 2-(N2)-thiazol 1.3521 9.1 15.618 12.888 

30 1-(4-N2-Ph-Cl) 1.3564 9.3 16.014 13.104 

31 1-(N2Ph2-2-OH)* 1.3416 8 13.440 11.700 

35 1-NO 1.3362 7.63 12.707 11.300 

37 1-(N2)-thiazol 1.3532 8.94 15.301 12.715 

o-HiCoS 2 

     1 H 1.3673 9.34 16.093 13.147 

28 H 1.3678 9.51 16.430 13.331 

2 2-NO2 1.3302 5.89 9.262 9.421 

3 2-NO 1.3407 7.24 11.935 10.879 

29 3-OH 1.3613 8.68 14.786 12.434 

33 1-(2-N2-(2-OH-Ph)) 1.3447 

 

-2.400 3.060 

34 1-NO2 1.3257 5.93 9.341 9.464 

38 3-NH2 1.3609 9.1 15.618 12.888 

 

Table 12. Table of the experimental pKa values of the m+p-HiCoS for water, DMSO and ethanol pKa 

scales and the equation of the transformations 

 

3.10 A third o-HiCoS 

 

     Table 12 gives the equation for both transformations, and the resulting pKa values. The first class 

of 4 biological molecules, consisting of hypericin and 3 brominated hypericin derivatives Figure 23 

(b), was originally measured in DMSO, a solvent that raises the pKa values of phenols by ~7 pKa units. 

Figure 23 (a) shows a clear trend when experimental DMSO scale-pKa values of the hypericin 

compounds were plotted against the water pKa-scale of the o-HiCoSs. The hypericin compounds 

formed a trend that lay at much higher pKa values than that of the naphthols, due to the effect of 
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the solvent. The hypericin structure is more extensively conjugated than that of phenol and naphthol 

families, a structural feature that has been demonstrated to heighten acidity from the phenol to 

naphthol family. This leads to an intuitive prediction that, for the extensively conjugated 

biomolecules, there will again be a lowering of pKa values relative to that of the naphthol and phenol 

family, due to greater stabilisation of the conjugate base. Upon conversion of the values to either all 

water or DMSO pKa-ǎŎŀƭŜǎΣ ǘƘŜ ƘȅǇŜǊƛŎƛƴ ŎƭŀǎǎΩǎ ŎƻǊǊŜƭŀǘƛƻƴ Ŧŀƭƭǎ ƛƴ ǘƘŜ ǇǊŜŘƛŎǘŜŘ ǇƭŀŎŜΦ Figure 23 (c) 

shows the experimental pKa values for the hypericin class converted to a water scale, through use of 

the equations given in Table 12, confirming the above prediction. 

    

 

Figure 23. The o-HiCoSs and the correlation for the hypericin based biomolecules (a), shown as 

correlation of the C-O DFT bond length and experimental pKa in DMSO. The skeletal structure of the 

hypericin based family of compounds is shown in panel (b). Transformation of the pKa values from a 

DMSO to a water scale is shown in panel (c) demonstrating the corresponding correlation with the 

pre-determined naphtholic o-HiCoSs. 
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     A second group of biomolecules showed a high correlation at relatively higher pKa values than 

predicted. This group of compounds Hypomycin B, Cercosporin and Hypocrellin A and B all share a 

perylene structural commonality. Measurements of pKa for these structures were done in an ethanol 

solvent system, which is noted to raise pKa values with respect to the water scale. Upon conversion 

of these experimental values to the water pKa-scales the correlation expected was seen. A single 

outlier was seen, Hypomycin B, which had an experimental pKa value far greater than the bond 

length associated with the structure suggested. The experimental value seems far greater than 

expected, due to the high level of structural similarity between the other compounds in this group. 

There is a difference of ~1 pKa unit between the experimental values for Cercosporin and Hypomycin 

B, greater than the difference between the reference naphthols and a neighbour alcohol group. Due 

to the high correlation seen for the other species in this family, and the systematic dependence on 

the bond length seen it is prudent to regard this experimental measurement as erroneous. Through 

the AIBLHiCoS methodology it is possible to suggest a correction to this value (Figure 24). 

 

Figure 24. The o-HiCoSs and the correlation for the hypocrellin based biomolecules (a), shown as 

correlation of the C-O DFT bond length and experimental pKa in water. The skeletal structure of the 

hypericin based family of compounds is shown in panel (b).  

 

     A third family of common active skeletons, chromomycinone, plicamycin and chromomycin A3, 

differing only in saccharide side chains, fit well into the o- HiCoSs (Figure 25). All have the same 
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experimental pKa values, demonstrating that the 'active part' of the molecule, in these cases at least 

can be understood to be restricted to the conjugated chromomycinone skeleton.  

 

 Figure 25. The o-HiCoSs and the correlation for the chromomycinone based biomolecules (a), shown 

as correlation of the C-O DFT bond length and experimental pKa in water. The skeletal structure of 

the chromomycinone based family of compounds is shown in panel (b).  

     These structures fit the correlation of the other biomolecules (Figure 26). Through correcting the 

experimental pKa values for the class of biomolecules it is possible to render a dataset with a good 

correlation, which can be understood in the context of the previously discussed o-HiCoSs. The 

biomolecules form an o-HiCoS of their own, o-HiCoS3. The relative pKa values of these compounds 

are understood to be more acidic than the naphthol o-HiCoSs. The heightened acidity was predicted 

through consideration of the increased conjugation and electronegative neighbouring atoms in this 

set. 

 

Figure 26. The o-HiCoSs for naphthol and the biomolecules, shown as correlation of the C-O DFT 

bond length and experimental pKa in water.  
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 Biomolecule Exp pKa   AIBLHiCoS ɲǇYa  ACE and JChem Acidity 

Calculator  

ɲǇYa  ChemAxon ɲǇYa  

62* Hypericin 6.77 6.673 -0.097 8.9 2.13 6.91 0.14 

63* Dibromohypericin 6.52 6.527 0.007 7.6 1.08 4.96 -1.56 

64* Tribromohypericin 6.06 5.820 -0.240 7.6 1.54 4.82 -1.24 

65* Tetrabromohypericin 5.66 5.503 -0.157 7.2 1.54 4.24 -1.42 

70 Chromomycinone 7 7.012 0.012 9.1 2.10 4.74 -2.26 

71 Chromomycin A3 7 7.079 0.079 7.9 0.90 4.54 -2.46 

72 Plicamycin 7 7.079 0.079 7.9 0.90 4.54 -2.46 

67 Hypocrellin A 4.78 4.904 0.124 9.1 4.32 7.03 2.25 

68 Hypocrellin B 4.98 5.242 0.262 8.7 3.72 6.62 1.64 

69 Cercosporin 4.55 4.485 -0.065 9.2 4.65 7.25 2.70 

 

Table 13. Experimental values of pKa in aqueous solution, for the drug compounds that form o-HiCoS 

3, compared to the prediction from AIBLHiCoS and those of two prediction packages. 

        Table 13 provides predicted pKa values for the compounds used to form o-HiCoS 3. AIBLHiCoS 

predictions were made using the equation given in Table S14. For each of the prediction 

methodologies the variation between the experimental and predicted pKa is given. The AIBLHiCoS 

predictions are consistently more accurate than either of the alternative predictions, with the 

greatest error associated with Compound 68 (0.26 units). For the non-AIBLHiCoS methodologies 

there are errors ranging from small to glaring. It is unclear whether these predictions arise from 

overestimation of the effect upon addition of substituents around the active fragment, or from lack 

of compensation for a non-aqueous solvent system on design of the package. Through consideration 

of both of the above factors we present a prediction method able to negotiate these complexities.   

 

3.11.1 Predictive power of AIBLHiCoS model: sr-HiCoS Biomolecules 

 

     The biomolecules above all fit into the o- HiCoS with good correlation. There were compounds 

found that showed a high correlation with other HiCoSs. A number of experimental pKa values were 

available for estrogens steroids,60 which have high structural similarity with m+p-phenols or sr-

naphthols. It was predicted that the two compounds with high structural similarity to the sr-

ƴŀǇƘǘƘƻƭ ŎƻƳǇƻǳƴŘǎΣ ŜǉǳƛƭŜƴƛƴ ŀƴŘ мтʲ-dihydro equilenin, would fit the 2-naphthol sr-HiCoS. The 

other 7 estrogen derivatives had much greater structural similarity with the m+p phenol HiCoS.  The 

degree of structural similarity is based on the extent of conjugation with respect to the active 
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hydroxyl group, the m+p phenol HiCoS is discussed in greater detail below, in the context of both the 

m+p-ƴŀǇƘǘƘƻƭ Iƛ/ƻ{ ŀƴŘ ǘƘŜ ΨǇƘŜƴƻƭƛŎΩ-estrogen biomolecules. 

 

 Figure 27. The sr-HiCoSs and the correlation for the naphtholic estrogen compounds (a), shown as 

correlation of the C-O DFT bond length and experimental pKa. The skeletal structures of the 

naphtholic estrogen compounds are shown in panel (b).  

 

     Figure 27 shows the correlation of the naphtholic estrogens with the sr- HiCoSs. As the hydroxyl is 

in the 2-position of the naphthol skeleton, it was predicted that these two estrogen compounds 

would have a greater correlation with the sr- HiCoS for the 2-naphthols. The graph indicates that the 

dependence relationship between the bond length and the experimental pKa shows similarity to that 

seen in the predicted HiCoS. The two values sit at slightly higher values of pKa than predicted using 

AIBLHiCoS, by 0.35 units, a discrepancy that can be accounted for by a variety of subtle changes to 

experimental set-up which result in minor fluctuations in pKa measurements, discussed in detail in 

earlier sections. Regardless of the absolute experimental pKa value reported, the relationship 

between the two compounds and the predicted HiCoS shows a strong linear correlation. 

3.11.2 Predictive power of AIBLHiCoS model: Phenolic HiCoS Biomolecules 

 

     As mentioned in the previous section, 7 estrogen derivatives were predicted, based on structural 

commonality, to fit the phenol m+p-HiCoS with strong correlation (Figure 28). 
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 Figure 28. The phenol and naphthol m+p-HiCoSs and the correlation for the phenolic estrogen 

compounds (a), shown as correlation of the C-O DFT bond length and experimental pKa. 

Incorporation of the biomolecules into the phenol m+p-HiCoS is shown in panel (b). The skeletal 

structures of the phenolic estrogens are shown in panel (c).  

     The phenolic estrogens fit the predicted HiCoS with high accuracy. The strong results shown 

regarding the predictability of HiCoS across families of chemical compounds give great weight to the 

methodology.  

     Through the comparative work done with the previous phenol family and the naphthol family of 

this study it has been possible to establish common HiCoSs based on chemical space between 

substituents, and to understand which fragment of the molecule is active in a larger biomolecule, 

with regards to the extent of conjugation. The relationships shown in this body of work are 

chemically intuitive; it is understood and predicted that with more conjugation there is greater 

stabilization of the conjugate base which lowers the pKa value. It is also natural that with a closer 

ŎƘŜƳƛŎŀƭ ǇǊƻȄƛƳƛǘȅ ōŜǘǿŜŜƴ ǘƘŜ ΨŀŎǘƛǾŜΩ ŦǳƴŎǘƛƻƴŀƭ ƎǊƻǳǇ ŀƴŘ ǘƘŜ ǎŜŎƻƴŘŀǊȅ substituent, a greater 

influence on the pKa is seen. 

 

 








