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The Negative Logarithmic Acid Dissociation Constant:
pKa

ωQuantitative measure of the strength of an acid in solution

ωKa is the equilibrium constant for an acid dissociation 
reaction
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ωpKa is the negative logarithmic constant for the acid 
dissociation reaction ςthe smaller the pKa, the stronger the 
acid
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The Value of a Good pKa Prediction

LƳǇǊƻǾŜŘ ω ƛƴ ǎƛƭƛŎƻ ǘƻƻƭǎ ŀǊŜ ǳǎŜŦǳƭ ǘƻ ƳŜŘƛŎƛƴŀƭ ŎƘŜƳƛǎǘǎ 
ƛƴ ǘƘŜ ǊŜǎŜŀǊŎƘ ǎǘŀƎŜ

aŀƴŀƎŜ ǘƛƳŜΣ ŎƻǎǘΣ ǊŜǎƻǳǊŎŜǎҍ

9ƴǎǳǊŜ ǘƘŀǘ ƎƻƻŘ ǉǳŀƭƛǘȅ ŎƻƳǇƻǳƴŘǎ ƳŀƪŜ ƛǘ ǘƻ ŎƭƛƴƛŎŀƭ ǘǊƛŀƭҍ

YƴƻǿƭŜŘƎŜ ƻŦ ω ǇYŀƛǎ ǾŀƭǳŀōƭŜ ǘƻ ŎƘŜƳƛǎǘǎΩ ŘŜŎƛǎƛƻƴ 
ƳŀƪƛƴƎ

LƴŦƭǳŜƴŎŜ ƻƴ ǇƘȅǎƛŎƻŎƘŜƳƛŎŀƭ ŀƴŘ !5a9 ǇǊƻǇŜǊǘƛŜǎҍ

ƻ!ōǎƻǊǇǘƛƻƴΣ 5ƛǎǘǊƛōǳǘƛƻƴΣ aŜǘŀōƻƭƛǎƳΣ 9ȄŎǊŜǘƛƻƴ
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The Value of a Good pKa Prediction

Ketoconazole ςpKa 6.43, 3.64

pH LogD[1] Aqueous solubility (mg/mL) 
[2]

% Ionised

3 0.35 0.43 Highest

5 2.37 0.1

7.4 3.46 0.006 Lowest

[1] Mackenzie, H. (2013).The Central Role of pKain Drug Discovery.
[2] Ghazal, H., Dyas, A., Ford, J. and Hutcheon, G. (2014). The impact of food components on the intrinsic dissolution rate of ketoconazole.Drug 
Development and Industrial Pharmacy, 41(10), pp.1647-1654.
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Project Context
Current and past research

ωDirect pKacalculation

ҍ Ab initio and DFT studies with implicit solvation model [1]

ωQSAR: Correlating pKa with ab initio and DFT calculated descriptors

ҍ Partial atomic charges [2] 

ҍ Bond lengths [3]

ωCorrelation with semi-empirical FMO descriptors calculated with 
computed eigenvectors and eigenvalues [4]

ώмϐ Řŀ {ƛƭǾŀΣ DΦΣ YŜƴƴŜŘȅΣ 9Φ ŀƴŘ 5ƭǳƎƻƎƻǊǎƪƛΣ .Φ όнллсύΦ !ō Lƴƛǘƛƻ tǊƻŎŜŘǳǊŜ ŦƻǊ !ǉǳŜƻǳǎπtƘŀǎŜ ǇYŀ/ŀƭŎǳƭŀǘƛƻƴΥ¢ƘŜ !ŎƛŘƛǘȅ ƻŦ bƛǘǊƻǳǎ 
!ŎƛŘΦ¢ƘŜ WƻǳǊƴŀƭ ƻŦ tƘȅǎƛŎŀƭ /ƘŜƳƛǎǘǊȅ !Σ ммлόофύΣ ǇǇΦммотмπммотсΦ

ώнϐ {ǾƻōƻŘƻǾŀȳ ±ŀǊȽŜƪƻǾŀȳ Ŝǘ ŀƭΦ όнлммύΦ tǊŜŘƛŎǘƛƴƎ ǇYŀ±ŀƭǳŜǎ ƻŦ {ǳōǎǘƛǘǳǘŜŘ tƘŜƴƻƭǎ ŦǊƻƳ !ǘƻƳƛŎ /ƘŀǊƎŜǎΥ  /ƻƳǇŀǊƛǎƻƴ ƻŦ 5ƛŦŦŜǊŜƴǘ vǳŀƴǘǳƳ 
aŜŎƘŀƴƛŎŀƭ aŜǘƘƻŘǎ ŀƴŘ /ƘŀǊƎŜ 5ƛǎǘǊƛōǳǘƛƻƴ {ŎƘŜƳŜǎΦWƻǳǊƴŀƭ ƻŦ /ƘŜƳƛŎŀƭ LƴŦƻǊƳŀǘƛƻƴ ŀƴŘ aƻŘŜƭƛƴƎΣ рмόуύΣ ǇǇΦмтфрπмулсΦ

ώоϐ IŀǊŘƛƴƎΣ !Φ ŀƴŘ tƻǇŜƭƛŜǊΣ tΦ όнлммύΦ ǇYŀtǊŜŘƛŎǘƛƻƴ ŦǊƻƳ ŀƴ ŀō ƛƴƛǘƛƻ ōƻƴŘ ƭŜƴƎǘƘΦtƘȅǎƛŎŀƭ /ƘŜƳƛǎǘǊȅ /ƘŜƳƛŎŀƭ tƘȅǎƛŎǎΣ моόноύΣ ǇΦммнспΦ

ώпϐ ¢ŜƘŀƴŜǘ ŀƭΦ όнллнύΦ 9ǎǘƛƳŀǘƛƻƴ ƻŦ ǇYŀ¦ǎƛƴƎ {ŜƳƛŜƳǇƛǊƛŎŀƭaƻƭŜŎǳƭŀǊ hǊōƛǘŀƭ aŜǘƘƻŘǎΦ tŀǊǘ мΥ !ǇǇƭƛŎŀǘƛƻƴ ǘƻ tƘŜƴƻƭǎ ŀƴŘ /ŀǊōƻȄȅƭƛŎ 
!ŎƛŘǎΦvǳŀƴǘƛǘŀǘƛǾŜ {ǘǊǳŎǘǳǊŜπ!ŎǘƛǾƛǘȅ wŜƭŀǘƛƻƴǎƘƛǇǎΣ нмόрύΣ ǇǇΦпртπптнΦ
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Drawbacks

ωDFT and ab initio are computationally expensive

ωFMO descriptors alone were not enough to produce a good 
correlation

ωSeparate models for separate compound classes ςnot 
universal across any ionisablecentre. 
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Goals for Improvements to Current Methods

ωMulti-faceted QSAR model combiningpartial atomic charge 
and bond length descriptors with FMO and energy 
descriptors

ҍAll calculated with AM1 level of theory

ҍMuch faster than calculating descriptors using ab initio and DFT 
methods

ωUnified model: One model accurately predicting pKa for 
multiple compound classes

ҍPrevious research involved one model for each compound class 
resulting in the production of a number of different models



DFT Approach
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DFT Approach
Computational details

CƛǊǎǘ ƭƻƻƪŜŘ ŀǘ ŀŎŎǳǊŀǘŜ 5C¢ ŘƛǊŜŎǘ ŎŀƭŎǳƭŀǘƛƻƴ ƳŜǘƘƻŘω

¦ǎƛƴƎ ŀ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ŎȅŎƭŜ ŀƴŘ Dƛōōǎ ŜƴŜǊƎƛŜǎҍ

ω.о[¸tκсπомҌҌDϝϝ ƭŜǾŜƭ ƻŦ ǘƘŜƻǊȅ ŀƴŘ /h{ah ǎƻƭǾŜƴǘ ƳƻŘŜƭ

/ƻƴǘƛƴǳǳƳ ǎƻƭǾŀǘƛƻƴ ƳƻŘŜƭҍ

/ŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ b²/I9a ǎƻŦǘǿŀǊŜω

Image credit: Casasnovas, R., Ortega-Castro, J., Frau, J., Donoso, J. and Muñoz, F. (2014). Theoretical pKa calculations with continuum 

model solvents, alternative protocols to thermodynamic cycles. Int. J. Quantum Chem., 114(20), pp.1350-1363.

ὴὑ ϳЎὋ ςȢσπσὙὝ
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DFT Results
140 compounds

R2 RMSE

0.85 3.17
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DFT Results
Thiols

R2 RMSE

0.79 0.82

Best fit line
r2

corr = 0.96
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DFT Corrected Results
Thiols

R2 RMSE

0.96 0.35
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DFT Corrected Results
Corrections to all compound classes

R2 RMSE

0.95 1.82
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DFT Drawbacks

ωAlthough an accurate method, computational time is slow

ҍCalculations took days, or weeks for large drug-like compounds

ωEnd-user will want accurate and fast results

ҍSmaller basis sets still computationally expensive

ωUltimately, a compromise is needed between accuracy and 
speed 

ҍCan semi-empirical methods produce the same results?



Semi-empirical Approach
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Direct Calculation of pKa with AM1

ωMOPAC calculations of energy terms

ҍAM1 semi-empirical method with COSMO solvation model

ҍMethod based on the Neglect of Differential Diatomic 
Overlap(NDDO) integral approximation

ωDirect calculation of pKa failed

ωNo correlation between AM1 and DFT energies

ωHow to use AM1 to get a meaningful prediction?
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QSAR
An effective way to use AM1 

ǇYω ŀƻŦ ŀ ŎƻƳǇƻǳƴŘ ŘŜǇŜƴŘǎ ƻƴ ƛǘǎ ǎǘǊǳŎǘǳǊŜ

¢ƘǳǎΣ ƛǘ Ƴŀȅ ōŜ ǇƻǎǎƛōƭŜ ǘƻ ŦƛƴŘ ŀ vǳŀƴǘƛǘŀǘƛǾŜ {ǘǊǳŎǘǳǊŜ !ŎǘƛǾƛǘȅ ҍ
wŜƭŀǘƛƻƴǎƘƛǇ όv{!wύ 

Lǎ !aҍ м ŀōƭŜ ǘƻ ŎŀƭŎǳƭŀǘŜ ŘŜǎŎǊƛǇǘƻǊǎ ǘƻ ōǳƛƭŘ ŀ v{!w ƳƻŘŜƭΚ

LƴŎƭǳŘƛƴƎ ǘƘŜ ҍ ŀō ƛƴƛǘƛƻ ŀƴŘ 5C¢ ŎŀƭŎǳƭŀǘŜŘ ŘŜǎŎǊƛǇǘƻǊǎ ǿƘƛŎƘ ǎƘƻǿŜŘ 
ŀ ŎƻǊǊŜƭŀǘƛƻƴ ƛƴ ǇǊŜǾƛƻǳǎ ǊŜǎŜŀǊŎƘ

/ŀƭŎǳƭŀǘƛƻƴ ƻŦ ǾŀǊƛƻǳǎ ŘŜǎŎǊƛǇǘƻǊǎ ŦƻǊ Ϥω слл ŎƻƳǇƻǳƴŘǎ 
ǎƘƻǿǎ ǇƻǎƛǘƛǾŜ ǊŜǎǳƭǘǎ
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Computational Details

ωAM1 in MOPAC

ωAll calculations carried out in gas phase

ωDescriptors calculated:

ҍBond lengths 

ҍPartial charges

ҍHOMO/LUMO energies

ҍHeats of formation

ҍFMO descriptors: electrophilic superdelocalisability(SE) and 
nucleophilic frontier electron density (FN) [1]

[1] Fukui, K., Yonezawa, T. and Nagata, C. (1954). Theory of Substitution in Conjugated Molecules.Bulletin of the Chemical Society of Japan, 
27(7), pp.423-427.
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Results
One model per compound class

ω Auto-Modellerƛƴ {ǘŀǊ5ǊƻǇϰ ǿŀǎ ǳǎŜŘ ǘƻ ōǳƛƭŘ v{!wǎ ŦƻǊ ƛƴŘƛǾƛŘǳŀƭ ŎƻƳǇƻǳƴŘ 
classes

ω Tested various modelling methods such as Random Forests, PLS and Gaussian 
Processes

ω The most successful, Radial Basis Function (RBF), modelling method used for all 
compound classes

Compound class R2 (test set) RMSE

Carboxylic acids 0.89 0.37

Heterocycles 0.89 0.64

Amines 0.96 0.77

Phenols 0.96 0.47

Thiols 0.72 0.97

Oxygen acids 0.88 0.84 Phenols
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Unifying the Model

ωAttempted to build a unified model 

ҍOne model which will be used for all compound classes as opposed 
to separate models for each compound class

ωEncompasses all descriptors used in each model and, 
additionally, a binary indicator variable to classify the site of 
deprotonation

ωRBF model produced in Auto-Modeller

ҍKeeping consistency in the modelling method from the individual 
models to the unified model
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Results
External test set

wн όǘŜǎǘ ǎŜǘ ƴҐмулύ RMSE

0.96 0.69
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Performance of Model on Different Classes

ωTested unified model on separated compound classes

ҍTo evaluate if different classes are predicted better than others

Compound class R2 RMSE

Carboxylic acids 0.82 0.47

Heterocycles 0.92 0.58

Amines 0.94 0.99

Phenols 0.92 0.66

Thiols 0.70 0.74

Oxygen acids 0.94 0.57

Phenols


