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Overview

• Brønsted acidity and basicity of molecules in solution

• What data exists (pKa and pKaH values, absolute and relative 
values)?

• How and why does solvent influence pKa values?

• How do solvation energies, solvent properties
(polarity, acidity, basicity), ion properties (charge
localization) play a role?

• What non-aqueous pKa data are available?

• How to estimate pKa of compound X
in solvent S?

• How good are the data?

HAS

S

SH+ A- S
+

S

S

S



Some notes
• We start with basics

• Only Brønsted acidity-basicity

• Big Picture is more important than nuances
• A lot of explanations are simplified

• A lot of data are approximate

• We leave ion-pairing out of discussion
• In most considered solvents at low

concentration ion-pairing can be neglected

• In others free-ion pKa values can be estimated

• Slides: analytical.chem.ut.ee/ISSP21/ and:
3

Non-aqueous pKa values:

rarely highly accurate

Uncertainties (pKa units, k=2): 

≤ ±0.1: the best data

±0.3: almost always sufficient

±1: often OK

https://analytical.chem.ut.ee/ISSP21/
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Why do we need non-aqueous pKa data?

• Understanding and predicting reactivity
• Reactions often in non-aqueous solutions

• Very often involving protonation and/or deprotonation

• pKa determines if a reactant is neutral or ionized

• Neutrals and ions have very different
polarity, solubility, distribution/partition, reactivity

• Design of novel acids and bases

• Development of theoretical calculation methods

• Increasingly: machine learning, training AI



5

• Acidity of molecules in solution is defined in the 
framework of the Brønsted theory via the pKa values

HA    +    S                      A¯ +    SH+

• Solvent S acts as a base

• Simplified scheme, valid in polar solvents
• Ion-pairing is not considered

Acidity of molecules in solution

Ka

p𝐾a HA = − log𝐾a(HA) = − log
𝑎(A−) ⋅ 𝑎(SH+)

𝑎(HA)
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• Basicity of a molecule B in solution is defined as 
the acidity of its conjugate acid (its pKa value)

BH+ +    S                      B    +    SH+

• Solvent S acts as a base

• Simplified scheme, valid in polar solvents
• Ion-pairing is not considered

Basicity of molecules in solution

Ka

p𝐾a BH+ ≡ p𝐾aH B ≡ p𝐾BH+ B =

= − log𝐾a(BH+) = − log
𝑎(B) ⋅ 𝑎(SH+)

𝑎(BH+)
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Acidity and basicity of solvent molecules: pKauto

Kauto

SH + SH ⇄ SH2
+ + S-

Kauto = a(AH2
+)  a(S-)      pKauto = -logKauto

• pKauto defines the span of pKa scale

• Differentiating ability, related also to ion solvation ability

• Low ion solvation  → High pKauto → wide pKa span
7
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Solvent acidity,
basicity and pKauto

Kütt et al. Tetrahedron Letters 2018, 59, 3738–3748

Solvent

acidity

Solvent

basicity

Values on the blocks are pKauto

„Open ends“ mean unavailable data

* Computational estimates



Some solvents

Solvent/

medium
ET

N ε
ΔtransferG° of H+

from H2O

HB doni-

city, a
pKauto Comments

Gas phase – 1 – – –

THF 0.207 7.47 NA 0 Very high
Aprotic, ion-pair pKa (free-ion

pKa values can be estimated)

1,2-Dichloro-

Ethane
0.327 10.7 NA 0 Very high

Aprotic, ion-pair pKa (free-ion

pKa values can be estimated)

MeCN 0.460 35.9 +11.1 0.19 ca 39 Aprotic, free-ion pKa

DMSO 0.444 46.7 -4.6 0 ca 33 Aprotic, free-ion pKa

Methanol 0.762 33 +2.5 0.98 18.9 Protic, free-ion pKa

Water 1.000 81 0 1.17 14.0 Protic, free-ion pKa

9

C. Reichardt, T. Welton Solvents and Solvent Effects in Organic Chemistry, 4th ed. VCH, 2011

J.L.M. Abboud, R. Notario Pure Appl. Chem. 1999, 71, 645-718

M. J. Kamlet et al. J. Org. Chem. 1983, 48, 2877-2887
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• Intrinsic acidity/basicity of molecules

• Expressed via deprotonation Gibbs' free energy

HA                          A¯ +    H+

BH+ B    +    H+

Acidity and basicity of molecules in the gas phase

Ka

GB = Δ𝐺base
o = −𝑅𝑇 ln𝐾a

Ka

GA = Δ𝐺acid
o = −𝑅𝑇 ln𝐾a

1 pKa unit ≡ 1.36 kcal/mol
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Acids in
different media

Data:

Raamat et al J. Phys. 
Org. Chem. 2013, 26, 
162

Trummal et al J. Phys. 
Chem. A 2016, 120, 
3663

Paenurk et al Chem. 
Sci. 2017, 8, 6964–
6973

Parman et al J. Phys. 
Org. Chem. 2019, 
e3940

Kütt et al Eur. J. Org. 
Chem. 2021, 1407
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pKa
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Acids in different media
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Org. Chem. 2013, 26, 
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Kütt et al Eur. J. Org. 
Chem. 2021, 1407

*

Free-ion pKa values calculated

from experimental pKip. 

Computationally anchored

GA in kcal mol-1

pKa, GA
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Acids in
different media

Q: Why the differences
in acidity order?



Acid (uncharged) dissociation in a polar solvent

• Two ions are formed from a neutral

• Very solvent-sensitive
14

HAS

S

SH+ A- S
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S
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S

A: Solvation!



HAS

S

S

HA

Desolvation

–DsolvG(HA,S) > 0

H+

Dissociation in the gas phase

DGa(HA) >>> 0

Solution

Gas phase

Thermodynamic cycle
of acid dissociation

+

SH+

SH+S

Dissociation

in solution

DGa(HA,S) A- S
+

–DGa(SH+) << 0

DsolvG (SH+,S) << 0

DsolvG(A–,S) << 0

S

DsolvG(H+,S)

<<< 0

A-



Different solvation energies → different pKa values

• The pKa differences of a compound in different solvents are 
first of all due to differences in three solvation energies:

• DsolvG(H
+,S)

• DsolvG(A
–,S)

• DsolvG(HA,S)

• These energies are influenced by the solvent properties

• Are solvation energies of all species equally important?

16



Dissociation

in solution

DGa(HA,S) =

+4.3 kcal/mol

HAS

S

S

HA A-H+

H2O

Gas phase

Example: Acetic acid

+

SH+

SH+S A- S
+

S

DGa(HA) =

+341.1 kcal/mol

–DsolvG(HA,S) =

+6.7 kcal/mol

DsolvG(A–,S) =

-77.6 kcal/mol

DsolvG(H+,S) =

-265.9 kcal/mol

17

1 kcal = 4.184 kJ



Link between acidity in the gas phase and solution (water)

Ka(HA)

HA   +   S   ⇄ SH+ +  A–

ΔG°a(HA,S) = +4.3
+ ΔG°a(HA) +341.1
+ ΔsolvG°(H

+,S) -265.9
+ ΔsolvG° (A–,S) -77.6
- ΔsolvG°(HA,S) +6.7

• Experimental: +6.5 kcal mol-1 (pKa = 4.76)

18

Solvent: water

All values in kcal mol-1

1 pKa unit ≡ 1.36 kcal/mol

18
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The most important is the ability to solvate H+

• Differences of ΔsolvG° of H+ from water to solvents:
(transfer free energias from H2O to S)

Solvent, S

ΔtransferG° of H+ from H2O
Difference of ΔsolvG° of H+ from H2O

(kcal/mol)

1,2-Dichloroethane Highly positive

MeNO2 +23

MeCN +11.1

MeOH +2.5

Water 0.0

DMSO -4.6

Pyridine -6.7

20

Just the different

solvation of H+ leads to

pKa difference of more than

11 pKa units

Y. Markus, et al J. Phys. Chem. 1988, 92, 3613

1 pKa unit ≡ 1.36 kcal/mol
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Next is the ability to solvate the anion A–

• Differences of ΔsolvG° of anions from water to solvents:
(transfer free energies from H2O to S)

Solvent, S Protic? Difference of ΔsolvG° of A– from H2O (kcal/mol)

CH3COO– Br–
2,4-Dinitro-
phenolate

C6F5-octa-
fluoro-
fluorenide

1,2-Dichloroethane Aprotic 20 13 7 -9

MeCN Aprotic 17 10 3 -13

DMSO Aprotic 17 10 2 -15

MeOH Protic 7 6 4 -10

Water Protic 0.0 0.0 0.0 0.0

21Source: COSMO-RS Computations

1 pKa unit ≡ 1.36 kcal/mol
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Charge localization in anions



Solvation free energies of neutrals are typically small,
compared to ions

• If aiming at the big picture then we can ignore them

22
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pKa of acids: some generalisations

• Mostly ion solvation matters
• Especially small ions and/or with localized 

charge

• Solvation of H+ shifts the whole scale
• More basic solvent  → lower the pKa

• „Acidity order reversals“ are due to 
differences in anion solvation
• Constant differences  → constant pKa 

differences

• Varied differences   → „acidity order reversals“

• pKauto determines the span of the pKa

values

pKa differences between MeCN 

and DMSO are 11 .. 14 units

You will not find an acid which

has lower pKa in MeCN than in 

Water or DMSO

pKa order of a carboxylic acid and 

a CH acid often changes between

water and DMSO

pKa span in water is 14 pKa units,

in DMSO ajd MeCN it is more

than 30 pKa units



Acid (uncharged) dissociation in a polar solvent

• Two ions are formed from a neutral

• Very solvent-sensitive
25
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Base in a polar solvent
(Handled as acidity of a cationic acid)

• Number of ions does not change

• Somewhat less solvent-sensitive
26

BH+
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SH+ B
S

+

S

S

S



Solvent effects on bases are different from acids!

• The interpretation 
logic is the same but 
the trends are 
different

• In a broad 
approximation the  
pKaH trends are 
governed by 
differences in 
solvation of H+

• Cation solvation 
ability does not differ 
between solvents as 
much as anion 
solvation ability

27
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Bases in
different media
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Bases in
different media
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Sources of non-aqueous pKa values?

31



The iBond database

• Lots of data

• Many solvents

• Search by structure, 
substructure, …

• But no critical revision of 
the pKa values

32ibond.nankai.edu.cn/pka/

http://ibond.nankai.edu.cn/pka/


33

analytical.chem.ut.ee/HA_UT/

https://analytical.chem.ut.ee/HA_UT/


Example: Self-consistent
basicity scale in MeCN

• 270 bases

• pKaH span: 1.3 .. 33.1

• 682 relative basicity (ΔpKaH) 
measurements

• Consistency std dev:
• 0.03 pKa units „normal“ compounds

• 0.06 pKa units „difficult“ compounds

• Accounts for random effects

34Tshepelevitsh et al. Eur. J. Org. Chem. 2019, 6735–6748



35Tshepelevitsh et al. Eur. J. Org. Chem. 2019, 6735–6748

Example: Self-consistent
basicity scale in MeCN



36Tshepelevitsh et al. Eur. J. Org. Chem. 2019, 6735–6748

Example: Self-consistent
basicity scale in MeCN



37Tshepelevitsh et al. Eur. J. Org. Chem. 2019, 6735–6748

Example: Self-consistent
basicity scale in MeCN

„Ladder“ available from:

analytical.chem.ut.ee/HA_UT/

https://analytical.chem.ut.ee/HA_UT/


Typical issue: no pKa data for X in solvent S
• Possible solutions:

• Measure

• Compute

• Increasingly useful and used

• Usually correlations with experimental data are needed for good accuracy

• Correlate between solvents

• Reliable data of similar compounds are needed in both solvents
• Best if large span

• Works best within a homogeneous compound series

• Not between any solvents

• Cross-use between solvents

• Only with structurally similar compounds!
• In many cases acidity/basicity order remains the same

• Often acidity/basicity differences remain similar

38Kütt et al. Tetrahedron Letters 2018, 59, 3738–3748



Sometimes correlations are very good

39

pKaip,rel(DCE) =1.08 pKa(MeCN) -11.9

R2 = 0.994,  S = 0.6

E. Paenurk et al Chem. Sci. 2017, 8, 6964
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Sometimes correlations are satisfactory

40

pKaH(THF) = 0.86·pKaH(MeCN) - 3.4
R² = 0.967
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MeCN vs THF, cationic acids

Kütt et al. Tetrahedron Letters 2018, 59, 3738–3748



Sometimes correlations are tricky or do not work

41

pKa(Pyridine) = 1.12·pKa(MeCN) - 15.0
R² = 0.968
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Kütt et al. Tetrahedron Letters 2018, 59, 3738–3748



pKa correlation
possibilities

Legend:

Reliable

Mediocre reliability

Tricky

„+“: real data
available

42

MeCN PC

Ace-

tone DMSO DMF THF DME Py

DCE/ 

DCM

MeOH

/EtOH H2O

MeCN + + + + +

PC +

Acetone + + +

DMSO + + + + + B

DMF + + + + + A

THF + S

DME + E

Py + + + + + S

DCE/ 

DCM + +

MeOH/ 

EtOH

H2O + + + +

A C I D S

Kütt et al. Tetrahedron Letters 2018, 59, 3738–3748



• Correlations 
within families 
work better!
• But only for 

compounds 
belonging to the 
families!

43
Kütt et al Eur. J. Org. Chem. 2021, 1407

… Sometimes published 
correlation equations are 
available



To be submitted soon: Critical compilation of acid pKa values in 
polar aprotic solvents

• More than 9000 pKa values

• Close to 5000 acids

• In DMSO, MeCN, DMF, pyridine, 
acetone, propylene carbonate, THF

• Critical evaluation
• Flagging as „preferred“ or „doubtful“

• Correcting, where possible

• To be submitted to Pure Appl. 
Chem. during autumn 2024

• Huge XLSX file will be deposited

• To be continued with pKaH of 
bases

44



Excerpt of data table

• Results of 
critical 
evaluation:

• Out of 9713
values:
• Doubtful 

1932

• Unreliable 
811 

• Corrected 
2376

45



Warning signs for potentially low reliability pKa data

• Molecular structure 

• Strongly outlying pKa from a good correlation within a series

• Substituents behave unexpectedly

• Solvent effects

• Unexpected differences between pKa values in different solvents

• Values outside the „pKauto range“ in the solvent

• Unsure? Confused?     Write me:   ivo.leito@ut.ee
• Or talk to me here at ISSP21

46

mailto:ivo.leito@ut.ee
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Thanks
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pKaH
H2O MeCN THF GP

0

30

20

40

10.7

9.66

20

17.5

11.77

13.0

18.83 12.5
166.4 (227.0)

17.96

32.94

20.84

23.35

28.42

11.2

25.3

14.0

20.2

170.2 (232.1)

176.2 (240.4)

194.0 (264.6) EtP2(dma)

172.1 (234.8)

189.6 (258.7)

15.5

15.8

15.1

11.5

27.01

20.8

187.0 (255.1)

25.85

19.7

183.0 (249.6)

22.32
16.0

184.8 (252.0)

4.62

10.64

5.2

149.0 (203.3)

10

NH
2

5.23

11.47

4.9

159.3 (217.3)
N

PN

N

N

N

PP NN

N

N N

N

N

177.9 (242.7)

16.8

24.31

N

N

5.06 12.53

5.5

157.4 (214.7)

N

PN

N

N

NH

P NN

N

N

H

PN

N

N

N

N
N

N
H

N
N

N

NN

N
9.38

22.73

15.4

176.5 (240.8) N N

N N
172.5 (235.2)

19.28 13.0

t-BuP1(pyrr)

HP1(pyrr)

HP1(dma)

PhP1(pyrr)

pKa GB

13.5

10.6

9.5

159.3 (217.3)

N
H

N

6.95
15.07

pKa

H2O MeCN DCE
1,2-Dichloroethane

Gas Phase

-5.9

<-1

10.3

240.5 (328.1)

11.61

11.0

23.92

219.2 (299.0)
219.6 (299.5)

213.4 (291.1)

238.2 (324.9)

10.00

4.76

9.5

29.2

251.0 (342.3)

23.5

250.1 (341.1)

229.0 (312.4)

-10

10

30

0 0.4

20

20.5

237.5 (324.0)

5.33

-8.8

5.4

233.4 (318.3)

1.0

214.8 (293.0)

~ -12

2.3

OH

CF
3

CF
3

F
3
C

OH

NO
2

NO
2

O
2
N

CN

CN

O
2
N

8.15

231.6 (315.9)

14.57

1.8

S
NH

O

O
O

HCl

HBr

17.73

229.8 (313.5)

5.89

CN

COOEt

H

FF

F

F F

OH

CH3COOH

18.87

220.4 (300.6)

10.1

21.09

CN
F

F

F
F

F
F

F

F
F

F

CF3SO2OH

216.1 (294.8)

-5.1

HNC

CN

CN

195.9 (267.2)

-20

H

NC

NC

CN

CN

CN

5.0

11.08

-2.6

SO
2
NHSO

2
NO

2
O

2
N

F F

F

SO
2
NH

2
CH

3
244.9 (334.0)

26.95

10.21

45.0

45.2

40.6

41.1

38.1

29.7

33.7

-9.5

2.8 37.7

226.7 (309.2) HI

OH

SO
2
CF

3

SO
2
CF

3

F
3
CO

2
S

4.44

208.4 (284.2)

-2.0

38.4

221.5 (302.1)

4.4

16.12

CN
F

F

F
3
C

F
F

F
CF

3

F
F

F
16.65

226.2 (308.6)

4.09

OH

NO
2

NO
2

<-2

210.0 (286.5)

0.4

33.0

~ -9

45.7

48.6

50.4

~60

55.2

50.9

52.5

55.8

~65

53.8

~62

58.6

CF
3
SO

2

NH
CF

3
SO

2

48

Slides:

analytical.chem.ut.ee/ISSP21/

Thank you for

your attention!

https://analytical.chem.ut.ee/ISSP21/

