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1. INTRODUCTION 

Brønsted acidity and basicity of molecules in different media have been in the 
focus of researchers for decades. However, there are still some problematic 
areas in the field of acid-base chemistry which require further research. For this 
study, two of such areas were identified.  
 One of the two main topics of this dissertation is gas-phase acidity. It re-
presents intrinsic acidity of compounds as no solvent effects are present in the 
gas-phase. Therefore, gas-phase acidities have fundamental importance. In addi-
tion, heterolytic dissociation reaction in the gas-phase is rather straight-forward 
and the range of acidities in gas-phase is virtually unlimited. This means that 
gas-phase acidities are very useful for describing substituent effects as well as 
developing and testing computational methods. Comparisons of acidities in the 
gas phase and in solvent enables elucidating solvent effects. Gas-phase acidities 
of a myriad of medium-strong, as well as many of the weakest acids have been 
reliably measured.[1,2] On the other hand, computational studies show the gas-
phase acidity scale can be extended significantly further towards higher acidi-
ties.[3,4] Moreover, the reliability of the reported experimental gas-phase acidi-
ties for many strong acids has been disputed, suggesting that they should be re-
measured.[5]  

The second area of focus is biphasic pKa. Acidities, expressed as pKa values, 
have been measured in a number of different solvents. The most common is ob-
viously water,[6] but non-aqueous solvents, such as dimethylsulfoxide,[7] aceto-
nitrile,[8] 1,2-dichloroethane[9] and others[6,10] have also been used. However, 
there is not much data available on the acidity in biphasic systems, such as ones 
consisting of an aqueous phase at equilibrium with a water-immiscible phase. 
Such systems are present in various applications, for example, liquid-liquid 
extraction,[11] phase-transfer catalysis[12] and sensor membranes.[13] In these sys-
tems, compounds often act as ligands or catalysts and their acid-base properties 
are often approximated from single-phase data, such as aqueous pKa. Such an 
approach is too simplified due to the presence of various phase transfer pro-
cesses. As a result, especially in case of more lipophilic compounds, significant 
amounts of compound may be dissolved in the water-immiscible phase, while 
bulk of solvated H+ resides in the aqueous phase. The ionization state of an acid 
in the organic phase can be very different from what it is in water at the same 
pH. Recently, the biphasic pKa concept was developed in order to more ade-
quately describe acid-base properties in biphasic systems[14] and as the study 
demonstrates, biphasic pKa can be vastly different from the corresponding 
aqueous pKa. These results show that more research on biphasic pKa values is 
required. Biphasic acidity is a novel concept and before the start of this disser-
tation there were no biphasic pKa values available for uncharged acids.  
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This thesis aims to: 
• improve the previous gas-phase acidity measurement method, 
• provide revised gas-phase acidities for some of the strong acids for which 

the previous experimental gas-phase acidity is deemed questionable, 
• extend the gas-phase acidity scale towards higher acidities, 
• refine existing and develop new methods for measurement of octanol:water 

biphasic pKa (pKa
ow) values, 

• provide pKa
ow values for acids of various structures and properties.  
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2. LITERATURE OVERVIEW 

2.1 Gas-phase acidity 
The gas-phase acidity (GA) of an acid HA is defined as the Gibbs’ free energy 
change (ΔGa) of heterolytic dissociation of the acid (Eqs. 1–2). 

   HA  ீ஺ ⇄ Aି + Hା
  (1) 

   ∆𝐺ୟ = 𝐺𝐴 = −𝑅𝑇ln𝐾ୟ   (2) 
 

Here, A– represents its conjugate base. GA values are typically expressed in 
kcal∙mol-1 and a lower GA value indicates stronger acidic properties of the com-
pound. Examples of experimental GA values of various compounds: methane, 
408.7 kcal∙mol-1;[1] water, 383.7 kcal∙mol-1;[1] hydrogen bromide, 318.3 kcal∙mol-1[1] 
and sulfuric acid, 302 kcal∙mol-1.[15] Gas-phase acidities can also be expressed in 
pKa units (at 298.15 K, 1 kcal∙mol-1 is equivalent to 0.73 pKa units), based on 
Eq. 2. 

In most cases, gas-phase acidity measurements are performed using Fourier 
transform ion cyclotron resonance (FT-ICR-MS) equilibrium method. This 
method allows for measurement of relative GA values, meaning that the result 
of a measurement is the difference of gas-phase acidities between two com-
pounds. Based on many individual relative GA measurements, a self-consistent 
scale is compiled.[16] Absolute gas-phase acidities are obtained by anchoring this 
scale to the compound with the most reliable absolute GA value(s) available.[1] 
When using the FT-ICR-MS method, the acidities of the compounds measured 
against each other need to be similar, typically within 4 kcal∙mol-1. Therefore, 
the extension of the self-consistent scale can only be achieved stepwise through 
a number of measurements with acids of various gas-phase acidities. 

Measurements of gas-phase acidities are significantly different from mea-
surements of acidities (typically expressed as pKa values) in a solvent. Both 
theoretical and experimental gas-phase acidities are typically (but not always[17]) 
obtained under high-vacuum conditions, where it is assumed that the inter-
actions between molecules and ions of the acid have essentially no influence on 
the measured acidity. In order to be able to measure the acidity of a compound 
in the gas-phase, the compound needs to be sufficiently volatile, while in a sol-
vent, the compound needs to be sufficiently soluble. In addition, the range of 
acidities that can be measured in the solvent is limited by the solvent’s autopro-
tolysis. In gas-phase, the acidity of any compound with sufficient volatility can 
in principle be measured. 

GA measurements are of fundamental significance as gas-phase acidities re-
present a quantification of compound’s intrinsic acidity, free of any solvent ef-
fects. The differences between acidities in the gas phase are usually much larger 
than in a solvent,[18] (with rare exceptions[19]) i.e. the gas phase is the most diffe-
rentiating “medium”. The reason for this is that there is no solvation present in 



11 

gas-phase and solvation effects typically increase the acidities of weaker acids 
more than the acidities of stronger acids, thereby compressing the range of aci-
dities in solvent.   

Knowing GA values and using them as references enables us to adequately 
understand and describe the effects solvents have on acid-base properties of 
compounds. Similarly, gas-phase acidities enable comparing the effects various 
substituents have on acidities without the simultaneous presence of solvent ef-
fects.[20] In addition, heterolytic dissociation reaction of an acid in the gas-phase 
is relatively straight-forward and therefore, suitable for a model reaction for the 
development and testing of computational methods.[21] 

When describing solvent and substituent effects and developing computatio-
nal methods, it is very useful to have data available for as wide as possible 
range of acidities. The low-acidity end of the scale has been well established as 
even the GA values of various alkanes, known to be very weak acids, have been 
measured.[2] However, it is clear that the experimental GA scale can be extended 
significantly further towards higher acidities than the most acidic compound 
currently on the scale, (C4F9SO2)2NH. The previously reported gas-phase aci-
dity of this compound is 278.7 kcal∙mol-1 although the reliability of this value as 
well as the gas-phase acidities of many other superacids, discussed in Chapter 
2.4, has been called into question. In 1,2-dichloroethane, multiple compounds 
have been shown to be more acidic than (C4F9SO2)2NH.[9] There is some experi-
mental evidence (although with large uncertainties involved) suggesting that 
undecachlorocarborane acid, H(CHB11Cl11), is more acidic than (C4F9SO2)2NH 
in the gas-phase.[22] Theoretical calculations suggest that it could be possible to 
extend the gas-phase acidity even down to 200 kcal∙mol-1 or below.[3,4] All these 
studies indicate that there is a need for a lot of experimental work in the super-
acidic part of the scale. However, experimentally extending the scale further is 
complicated. This is highlighted by the fact that until this work, (C4F9SO2)2NH 
remained the most acidic compound on the self-consistent experimental gas-
phase acidity scale since 1994,[16] even though its gas-phase acidity has been 
revised in a later study.[23] 

Generally, the strategy of extending the gas-phase scale towards stronger 
acids to a large extent revolves around the discovery and design of types of 
compounds that have a suitable range of gas-phase acidities so that they can be 
measured against previously known strongest acids and at the same time, their 
properties (for example, volatility and thermal stability) must be suitable for the 
measurements itself. The acidity of the suitable types of compounds can often 
be fine-tuned with the introduction of various substituents, such as fluorocarbon 
chains of various lengths. However, at some point, it becomes impossible to 
significantly enhance the acidity simply by varying the substituents and new 
types of acids are needed in order to expand the scale further. As such, even 
minor extensions of the scale are important as the difference in acidity to a 
generally more acidic type of compounds is reduced, perhaps even to an extent 
that would yield this difference to be directly measurable or at least provide 
insight on what kind of acids could be used next for this purpose. All of this 
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complicates the process of extending the gas-phase acidity scale towards higher 
acidities, making it also rather unpredictable at the same time. 

The compounds measured in this study have GA values below 300 kcal∙mol-1.  
 

2.2 Methods for determining gas-phase acidity 
Gas-phase acidity measurements are typically performed using the FT-ICR-MS 
equilibrium method. FT-ICR-MS allows trapping ions in the vacuum system for 
several minutes (or even longer if necessary), have them equilibrate with vapors 
of neutrals and then subsequently detect the ions formed during the reaction, 
making it a suitable method for observing and measuring equilibrium constants 
of various gas-phase ion-molecule reactions. 

The FT-ICR-MS measurement method of gas-phase acidities is relative – the 
acidities of two compounds are compared against each other, and the result of 
the measurement is the difference in the acidities of the two compounds (ex-
pressed as ΔGA or ΔΔGa). This means that in order to obtain absolute acidities, 
the ΔGA values measured using the FT-ICR method need to be anchored to one 
or more compounds with known absolute GA values. Typical measurement 
using this method uses the following steps (see also Fig. 1): (1) the samples 
containing compound(s) of interest are placed in a container that is suitable for 
the insertion to the high-vacuum system (for example, either via solid probe or 
volatile compound source), so that a stable and sufficient vapor pressure of the 
compounds in the ICR cell can be achieved; (2) stable and sufficient vapor pres-
sures of the compounds are generated; (3) various settings (such as, for examp-
le, trapping plate voltages, electron ionization pulse length and amplitude vol-
tage) are optimized to ensure highest possible quality of the mass spectra at 
various durations of ion trapping; (4) generation of ions, using the electron ioni-
zation method, and collection of mass spectra at various durations of ion trap-
ping, which are needed to adequately describe the equilibrium, are collected; (5) 
calculating equilibrium constant and the difference in gas-phase acidity, using the 
estimated partial pressures of the acids and equilibrium intensities of their anions 
in the mass spectra (see Fig. 2). The specifics of the used measurement method 
depend heavily on the intricacies and capabilities of the instrumentation used.  

For some compounds, gas-phase acidities can also be estimated from other 
thermodynamic data. This includes absolute values with very low uncertainties 
which can be used as a reference. One such example uses the negative ion 
thermochemistry cycle,[1] which relates the bond dissociation energy (BDE) of a 
neutral acid (HA) with its deprotonation enthalpy, the electron affinity of the 
radical (A), and the ionization energy (IE) of hydrogen atom, according to Eq. 
3. Gas-phase acidity of the neutral acid can then be calculated from the defining 
equation (Eq. 4) of Gibbs free energy. 

   𝐵𝐷𝐸(HA) = ∆𝐻ୟ(HA) + 𝐸𝐴(A) − 𝐼𝐸(H)          (3) 

   ∆𝐺ୟ(HA) = ∆𝐻ୟ(HA) + 𝑇∆𝑆ୟ(HA)      (4)  
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2.3 Superacids 
The term “superacid” was introduced in 1927, referring to acid systems stronger 
than conventional mineral acids.[24] In 1960s, it was discovered that long-lived 
electron deficient cations, such as carbocations, could be obtained in such sys-
tems.[25] George Andrew Olah received a Nobel Prize in 1994 for his research in 
this field. 
 Superacid chemistry is rather diverse. The first known superacids were mainly 
inorganic, for example HClO4 and HSO3F. These compounds require extreme 
care when handling, as many of them are powerful oxidizers or readily liberate 
toxic gases, such as HF.[25] For many applications, organic superacids are pre-
ferred as their properties are often more suitable from many aspects (solubility, 
possibility to tone acidity, etc).[25] Probably the best known organic superacids 
are perfluoroalkanesulfonic acids, such as triflic acid, CF3SO3H.[26] There are 
also various solid superacids known, examples of these include zeolitic acids, 
polymeric resin sulfonic acids (polystyrenesulfonic acid complexed with AlCl3) 
and perfluorinated polymer resin acids (Nafion).[27] However, accurately de-
scribing their acidity is complicated as the acidity of such materials is often not 
uniform.[25]  
 Superacids are used as catalysts in various reactions and processes. Use of 
superacids allows generation and stabilization of various cations. Under extre-
mely acidic conditions, protosolvation of these cations occurs,[25] further in-
creasing electron deficiency at the reaction As various examples show, without 
an appropriate level of acidity, transformations do not take place or occur at a 
much lower rate.[25] For example, straight-chain alkanes are among the major 
components of petroleum which are not desirable in gasoline due to their low 
octane number. Conversion reactions of these alkanes into branched-chain alka-
nes or olefins is often carried out at a large industrial scale, require acidic cata-
lysts such as AlCl3 (at around 100 oC) or noble metal catalysts (at 200–500 oC) 
in order to activate the C–H and C–C bonds.[25] In superacidic conditions, such 
conversions can take place even at temperatures below 0 oC.[25] 
 Superacid anions are very weak bases. Many of them are considered weakly-
coordinating, as their charge is delocalized.[28] Some of them exhibit high ther-
mal and electrochemical stability.[29,30] These properties have led to the use of 
superacid anions in ionic liquids and electrolytes in various devices such as 
supercapacitors and Li-ion batteries.[31–33]  
 In order to properly design and apply superacids, it is important to know 
their acidities. Gas-phase acidities serve as a reference, as they represent the 
compound’s intrinsic acidity without the presence of any solvent effects.  
 

2.4 Gas-phase acidities of superacids 
Gas-phase acidities of several superacids, defined as acids stronger than sulfuric 
acid in the respective medium, have been previously measured by Koppel et 
al,[16] Leito et al[34] and Zhang et al.[23] The reliability of some of the results has 
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been disputed as in case of many strong acids, there is a significant difference 
between the reported experimental GA values and corresponding high-level 
computational GA values.[5,35] An important example of such acids is trifluoro-
methanesulfonic acid with experimental GA values of 299.5 kcal∙mol-1 at  
373 K[16] and 298.8 kcal∙mol-1 at 368 K,[15] while its gas-phase acidity obtained 
using a high-accuracy computational method W1BD[36,37] is 291.3 kcal∙mol-1 at 
373.15 K (Publication I) or 292.7 kcal∙mol-1 at 298.15 K.[35] Other computa-
tional methods have yielded GA values between 290 and 293 kcal∙mol-1 for 
triflic acid.[5] 

Discrepancies between experimental and computational values are most 
likely related mainly to uncertainty of the experimental values, as the standard 
uncertainty of values obtained using a high-level computational method (such 
as W1BD) can rather reliably be estimated to be approximately 1 kcal∙mol-1, 
even though the availability of gas-phase acidities obtained with this method is 
limited. For example, the root mean square difference of W1BD energy calcu-
lation results was 0.62 kcal∙mol-1 compared to G2/97 experimental data set with 
a root mean square uncertainty of 0.48 kcal∙mol-1[36] and 1.4 kcal∙mol-1 when 
compared to a set of 54 gas-phase enthalpies of formation.[37]  

Individual relative GA measurements using the FT-ICR-MS can have un-
certainties as low as 0.2 kcal.[1] However, in many cases, uncertainties can be 
significantly higher, mainly due to difficulties in obtaining accurate estimates of 
partial pressures of the two compounds in the ICR cell. When using the FT-ICR-
MS method, the acidities of the two compounds need to be within 4 kcal∙mol-1 in 
most cases. As the number of suitable reference compounds is limited, it is not 
possible to measure most acids directly against a reference compound with a di-
rectly determined absolute GA value. The previously reported GA scales[23,34,38] 
have been fundamentally anchored using the experimental absolute GA value of 
HBr (318.28 kcal∙mol-1 at 298.15 K[1]), although in two out of three the anchor 
point was the GA value of an acid stronger than HBr, which itself has been 
anchored to the same HBr GA value. The uncertainty of the gas-phase acidity of 
HBr is estimated to be as low as 0.05 kcal mol-1.[1] Therefore, HBr is a suitable 
reference acid. Unfortunately, gas-phase acidities with such accuracy are avail-
able only for compounds, for which reliable measurement of the corresponding 
homolytic bond dissociation energy is possible, such as hydrogen halogenides. 
This means that the choice of suitable reference acids is very limited. 

The gas-phase acidity scale now stretches downwards by around 40 kcal mol-1 
from HBr. This means that the acidities of the strongest acids have been ob-
tained by combining tens of relative GA measurements. This leads to a signifi-
cant extrapolation. True, numerous overlapping measurements have been carried 
out and this improves the reliability of the results. However, each measurement 
has uncertainty, making the combined uncertainty of the GA values of the stron-
gest acids quite high. In this context, especially significant are uncertainty sour-
ces that lead to systematic contraction (less commonly expansion) of the scale. 

As a part of this work, in order to improve the accuracy of ΔGA values, 
changes to the previously used measurement methods were introduced. In addi-
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tion, the results are anchored to high-level computational GA values, rather than 
to experimental GA values as has been done previously. These changes are 
introduced in order to provide more reliable GA values than the ones previously 
reported. 

 

2.5 Acid-base properties in biphasic systems 
Quantification of acid-base properties in a single solvent is rather well estab-
lished. Acidity and basicity of molecules are commonly expressed via pKa, the 
negative logarithm of the equilibrium constant of the dissociation reaction of the 
acid, or in case of basicity, the conjugate acid of the base. Various methods 
have been developed for measuring pKa values,[39] including spectrophoto-
metric,[18,40,41] potentiometric[42] and NMR spectroscopic[43] methods. pKa mea-
surements have been carried out in a number of solvents, such as dimethyl-
sulfoxide,[7] acetonitrile,[8] 1,2-dichloroethane[9] and, of course, water.[6,43]  

It is much more complex and challenging to adequately describe acid-base 
properties in heterogenous systems. This is due to potential phase transfer pro-
cesses but also because the properties (such as composition) of each of the 
phases contribute to the properties of the system as a whole. Acid-base equi-
libria often have a significant influence on various processes in heterogenous 
systems. Therefore, adequate quantification of acid-base properties of com-
pounds in these systems is very important. 

Biphasic systems, such as one consisting of an aqueous phase and a water-
immiscible organic phase, are found in many applications, such as liquid extrac-
tion,[11] sensor membranes[12] and phase-transfer catalysis.[13] Various acids and 
bases often act as catalysts or ligands in these systems. However, their acid-base 
properties are usually estimated from the corresponding monophasic acidity data 
such as aqueous pKa, as quantitative acidity-basicity measurements are nearly 
universally performed in monophasic conditions. Such approximation, especial-
ly in the case of more lipophilic compounds, can be erroneous, as lipophilic spe-
cies, both neutrals and ions (as ion pairs) are predominantly dissolved in the 
low-polar non-aqueous phase. At the same time, the bulk of solvated H+ ions 
are mainly present in the aqueous phase. Moreover, acid-base properties in bi-
phasic systems involve ionization, distribution, dissociation, ion-pairing and 
migration between phases – many of these processes are either much simpler or 
not even relevant in a system consisting of one phase. Therefore, the common 
approach of describing a compound’s biphasic acid-base properties using its 
single-phase pKa cannot be considered appropriate. 

As the two phases in a biphasic system, such as one consisting of octanol 
and water, are in an equilibrium with each other, the chemical potential and there-
fore, thermodynamic activity, of the species, including solvated H+, is equal in 
both phases. This means that the acidities of the phases are equal in terms of the 
unified pH (pHabs).[44] Usually, the solvated H+ concentration is significantly 
higher in the aqueous phase. At the same time, the activity of each individual 
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solvated proton is much higher in the organic phase. This is due to protons in 
the organic phase being not as strongly solvated as those in the aqueous phase. 
All of this means that we can know the activity of H+ in both phases simply by 
measuring it in one of the phases.[44] 

Recently, a novel concept, termed as “biphasic pKa”, was introduced.[14] Bi-
phasic pKa enables quantifying acid-base properties in biphasic systems in a more 
realistic way by accounting for the distribution of the neutral and anion into the 
lipophilic phase. A preliminary measurement method was developed and applied 
on a few iminophosphorane bases in a system, which consisted of a 1-octanol 
phase at an equilibrium with an aqueous phase.[14] The ratio of the base and its 
conjugate acid was measured in the 1-octanol phase, using a UV-Vis spectro-
photometric method. The activity of H+ was measured in the aqueous phase with 
a conventional pH-meter. As a result of that study, it was discovered that the 
octanol:water biphasic pKa values (pKa

ow), were significantly (by 1.6 to 3.4 
units) lower than the corresponding aqueous pKa values.[14] These results high-
light the dangers of using single-phase pKa values for describing acid-base 
properties in biphasic systems. 

Although biphasic pKa values can be measured for various biphasic systems, 
the octanol:water biphasic pKa values (pKa

ow) are particularly relevant as octa-
nol:water system is considered a suitable reference system for biological parti-
tioning[45] and the most commonly used quantitative estimate of a compound’s 
lipophilicity is its octanol-water partitioning coefficient, logPow. 

As was explained above, using aqueous pKa values to describe acid-base 
properties of compounds in biphasic systems is not a reasonable approach. 
However, the amount of available data of the more relevant pKa

ow values is 
extremely limited. In particular, before the start of this work there were no 
pKa

ow values available for uncharged (neutral) acids. In this work, the pKa
ow 

measurement method is further developed and applied to the measurement of 
biphasic of a range of uncharged acids from different families. 
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3. EXPERIMENTAL SECTION 

3.1 Instruments and equipment 
FT-ICR-MS measurements 
The measurements were performed on a Varian 930MS FT-ICR mass spectro-
meter with a 7 T superconducting magnet. A comprehensive description of this 
particular spectrometer is given by Kaljurand et al.[46] Varian Omega software 
was used for controlling the instrument and data acquisition.  
 
NMR measurements 
NMR measurements were performed on a Bruker Avance-III 700 NMR spectro-
meter (16.4 T, 1H resonance frequency 700.1 MHz, 13C resonance frequency 
176.0 MHz, 19F resonance frequency 658.7 MHz, 31P resonance frequency 
283.4 MHz). Measurements were carried out in water-saturated octanol at  
25.0 ± 0.1 oC, using TopSpin 3.2.7 software. The largest peak of the spectrum 
(corresponding to -CH2 hydrogens of carbons 3–7 in 1-octanol) was used for 
shimming. Calibration of spectra was performed as indicated in publications II 
and III.  
 
UV-Vis measurements 
UV-Vis spectrometric measurements were carried out at room temperature 
(23.0 ± 2.0 oC) on a Thermo Spectronic Evolution 300 double-beam spectro-
photometer, using 10.00 mm quartz cuvettes. In measurements where the con-
centration of the acid of interest was in the sub-mM range, the wavelength for 
absorbance measurements was chosen so that the difference in molar absorp-
tivities of the neutral acid and its conjugate base was maximal. At higher con-
centrations, the absorbances at these wavelengths were often significantly above 
the usually recommended maximum absorbance value of 1 absorbance unit 
(AU) and therefore, a longer wavelength (at which the maximum absorbance 
was below 1 AU) was chosen. Stock 1-octanol was used as the reference solu-
tion. One-point baseline correction was used. 
  
pH measurements 
pH was measured using a Mettler Toledo InLab Micro pH-sensor, which was 
calibrated using pH 4.00 and pH 7.00 buffers. A pH 10.00 buffer was used to 
verify the calibration (discrepancies usually did not exceed 0.03 pH units and 
never 0.05 pH units). Details of the buffer solutions used are given in publica-
tions II and III.  

3.2 GA measurement method 
The main principle of the used Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR-MS) equilibrium gas-phase acidity measurement method 
was described in detail by Leito et al.[34] The vapors of the two acids were 
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leaked into the ICR cell region kept at near 373 K. Compounds were introduced 
using either the specifically designed inlet system (volatile compound source) 
or the solid sample probes. The latter method allows introducing compounds of 
very low volatility. Anions of the acids were generated by low energy (typically 
-15 to -20V) electron impact ionization pulses. The formed ions were trapped in 
the ICR cell and allowed to react with the neutrals in the gas phase until equi-
librium could be observed. Equilibrium is considered to be reached when equi-
librium constants calculated from data obtained after a certain reaction time 
form a plateau. Partial pressures of the compounds (estimated from mass spect-
ra, see below), denoted as p(HA1) and p(HA2); the equilibrium-state signal in-
tensities of the anions, I(A1

-) and I(A2
-); isotopic abundances of the anions, 

σ(A1
-) and σ(A2

-); polarizabilities of the acids as a measure of the efficiency of 
electron ionization for these acids, Sr(HA1) and Sr(HA2), were the parameters 
used to calculate the equilibrium constant value (K) of the proton transfer re-
action and ΔGA of the acids HA1 and HA2, using Eq 5–7. Details about these 
parameters are provided in SI of Publication I. 

                                                                HAଵ + Aଶି  ∆ீ஺ ⇄ HAଶ + Aଵି        (5) 

   𝐾 = ௣(ୌ୅మ)∙ௌೝ(ୌ୅భ)∙ூ(୅భష)∙஢(୅భష)௣(ୌ୅భ)∙ௌೝ(ୌ୅మ)∙ூ(୅మష)∙஢(୅మష)             (6) 

   Δ𝐺𝐴 = −𝑅𝑇ln𝐾ୟ                      (7) 

In the previous studies,[16,23,34] partial pressures of the neutrals were typically 
estimated from the pressure gauge readings. However, the results obtained using 
this approach were inconsistent, likely due to the lack of selectivity. When using 
this method, it is assumed that the changes in the total pressure of the high-
vacuum system result from changes in the partial pressures of the compounds 
being measured. However, various volatile impurities, products of partial de-
composition and previously measured compounds desorbed from the surfaces of 
the high-vacuum system may contribute significantly to the total pressure in the 
high-vacuum system, especially when their vapor pressure is much higher than 
the vapor pressure of the compound actually being measured. This can lead to 
seriously over-estimated partial pressures, possibly even by a several orders of 
magnitude. It is also worth noting that in order to obtain consistent readings, the 
pressure gauge needs to be placed relatively far from the ICR cell due to the 
presence of strong magnetic field in and around the ICR cell during measure-
ments (see Fig. 1). It is likely that the changes of the pressure at the pressure 
gauge are different from the changes in the ICR cell. 

Due to these reasons, short-reaction-time negative ion mass-spectra were 
used to estimate the ratio of partial pressures of the compounds. Based on the 
assumption that the main product of electron ionization of the strong acids with 
low-energy electron beam is the corresponding conjugate base,[16] the intensity 
ratio of the conjugate bases of the acids, obtained at various short reaction 
times, was extrapolated to zero reaction time and corrected with the same Sr 
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parameters as above. This method of estimating partial pressures yielded con-
sistent measurement results and therefore, was used in this study. Negative ion 
mass spectra were more suitable for estimating the ratio of partial pressures than 
positive ion mass spectra because they were generally more straight-forward to 
interpret. This is at least partially due to higher intensities of the negative ion 
signals. Therefore, positive ion mass-spectra were not used for determination of 
partial pressure ratios.  Further discussion of the method used to estimate partial 
pressures is provided in the SI of Publication I. 

In order to show that proton transfer is reversible and true equilibrium is 
reached, the data was collected also under double resonance conditions, where 
all ions with the exception of the conjugate base of one of the acids were re-
moved from the ICR cell (i.e., the conjugate base of the acid was isolated). In 
order to obtain signals of sufficient intensity, the removal of all other ions was 
performed usually 500 ms to 2 seconds after the start of the ionization pulse. 
Changes in the intensities of the conjugate bases under these conditions can 
clearly be attributed to proton transfer reactions. Ions were trapped in the ICR 
cell and allowed to react with the neutral species in the cell according to Eq. 5 
until equilibrium could be observed under the double resonance conditions as 
well. Agreement between equilibrium constant values measured with and with-
out the removal of ions confirms that true equilibrium state was indeed reached. 
Example of the data collected during a single measurement is shown on Fig. 2. 

Details of the measurement method and the changes introduced to the pre-
vious method are further explained and rationalized in Publication I. 
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3.3 pKa
ow measurement method 

When measuring pKa
ow, we monitor the dissociation reaction of the acid of inte-

rest in the octanol:water biphasic system with the phases being in equilibrium 
with each other. The directly measured quantity is the equilibrium constant 
(Ka

ow) of the dissociation reaction of this acid, denoted as HA, according to the 
following equilibrium (8): 

        HA୭ + EtସN୵ା  ௄౗ow ⇄ (Aି · EtସNା)୭ + H୵ା                                              (8) 

Subscripts “o” and “w” indicate the phase in which the species are mainly dis-
solved in. It is assumed that the rather lipophilic acid HA, as well as its con-
jugate base A– mainly reside in the octanol phase. Due to the relatively low 
polarity of water-saturated octanol, A– is predominantly in the form of an ion 
pair. Previous study on pKa

ow values[14] shows that the composition of the 
aqueous phase, especially the ion that acts as a counter-ion in the acid-base 
equilibrium, can have a strong effect on the observed pKa

ow values of the com-
pounds. Based on tentative experiments performed in the current study, the 
pKa

ow values of acids obtained with a more lipophilic counter-ion could be up to 
3–4 pKa units lower than the corresponding value obtained using a hydrophilic 
counter-ion, such as Na+ or K+. Et4N+ was used as the counter-ion used in this 
study. It is somewhere in the middle of this range as results with this counter-
ion appear to be roughly 1 pKa unit lower than with Na+ or K+. The main draw-
back to using a more hydrophilic counter-ion is that it leads to the compound of 
interest partitioning more into the aqueous phase as the stability of the ion pair 
in octanol phase is reduced. Often, these measurements operate at the lower 
limits of the concentration range in which the NMR measurement method is 
suitable. Due to this, use of hydrophilic counter-ions, and by extension, lower 
concentrations in the octanol phase, are generally undesirable.  

As the properties and activity of the counter-cation strongly influence the 
ionization of the acid, the cation needs to be included in the standard state defi-
nition in order to ensure comparable results. In this study, tetraethylammonium 
(denoted as Et4N+) at concentration level 0.1 M was used. Et4N+ was chosen 
partly due to experimental considerations but also because there are various 
organic bases present in living organisms and Et4N+ could be a suitable appro-
ximation for their protonated forms.  

 Based on this, Ka
ow and pKa

ow can be expressed by Eqs. 9–11. fo denotes the 
ion pair’s activity coefficient in octanol. The activity of the neutral HA in octa-
nol is assumed to be equal to its equilibrium concentration. 
 

   𝐾 = ௔(ୌశ)౭⋅௔(୅ష· ర୒శ)౥௔( )౥     (9) 

   p𝐾 = − log 𝐾 = pH − log  (10) 

ୟo౭
ୟo౭ ୟo౭

Et
HA

௔( )౥HA
⋅௔(୅ష· ర୒శ)౥Et
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   = pH − log [୅ష⋅୉୲ర୒శ౥]⋅௙౥౥ = pH − log [୅ష⋅୉୲ర୒శ౥] − log 𝑓୭     (11) 

For each measurement, a roughly 1 mM solution of the compound of interest is 
prepared in stock octanol. If necessary, this solution is further diluted with octa-
nol. For each sample, 2 mL of 1-octanol solution of the compound of interest was 
prepared into 4 mL vials and 2 mL of aqueous phase with measured pH was 
added. Aqueous phases with different pH values were generated by combining 
the following aqueous solutions in various ratios: (1) 0.1 M Et4NCl + 0.01 M 
zwitterionic buffering agent HEPES; (2) 0.1 M HCl + 0.1 M Et4NCl; (3) 0.1 M 
Et4NOH. After preparation, the samples were equilibrated by shaking. Subse-
quently, the phases were separated by centrifuging the samples. Then, the pH of the 
samples was measured in the aqueous phase while the ratio of the equilibrium con-
centrations of the acid and its anion (conjugate base) at that pH was measured in the 
octanol phase, using one or both of NMR spectrometry and UV-Vis spectrometry. 

From every measurement series an apparent pKa
ow is calculated from the ex-

perimental data by using the least-squares method described in detail in publi-
cation II. In case of NMR measurements under fast proton exchange conditions, 
chemical shift values of the compound at different pH can be directly related to 
the ratio of the neutral acid and its conjugate base through degree of dissocia-
tion (α). Therefore, chemical shift values are plotted against the pH of the cor-
responding sample. A sigmoid curve is fitted to the data points so that the sum 
of squared distances on the chemical shift axis would be minimal. A similar 
approach was used for UV-Vis measurements (absorbance value at a chosen 
wavelength was used for the same purpose as chemical shift for NMR mea-
surements). The apparent pKa

ow value is one of the parameters varied in this 
least-squares optimization process. 

The obtained apparent pKa
ow values depend on the acid concentration they 

are measured at. Concentration-independent pKa
ow values were calculated via 

extrapolation of the apparent pKa
ow values to zero concentration using a Debye-

Hückel-like model which is thoroughly explained in publication II. In case of 
relatively hydrophilic compounds, significant migration of the compound to the 
aqueous phase was frequently observed, resulting in lowered concentrations in 
the octanol phase. UV-Vis method was not suitable for the measurement of 
these compounds as the absorbance value depends on the concentration and the 
used method assumes constant concentration in the octanol phase. On the other 
hand, chemical shift is independent of the concentration and therefore, NMR 
method was used for compounds that exhibited significant partitioning into the 
aqueous phase. Reduction of concentration in the octanol phase, resulting from 
this partitioning, was taken into account by comparing peak areas (relative to a 
suitable octanol peak) of the sample with its pH closest to the pKa

ow value and 
the sample with the lowest pH, corresponding to the sample where the acid was 
almost entirely in the neutral form. Reduced concentration was used as the 
estimate of the concentration at which the pKa

ow value was measured. More 
details of this are given in Publication II. 

HA[  ] ౥HA[  ]p𝐾ୟo౭
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4. RESULTS AND DISCUSSION 

4.1 Gas-phase acidity measurements 

4.1.1 Results of gas-phase acidity measurements 

The section of the self-consistent gas-phase acidity scale measured in this work 
is presented in Table 1 and consists of 20 superacids. The consistency standard 
deviation of this section is 0.2 kcal∙mol-1 indicating good consistency. In addi-
tion, the previous experimental literature values as well as acetonitrile and 1,2-
dichloroethane acidity data are provided, where available. Each acid on the 
scale has been measured against at least two other compounds and there are 
multiple independent pathways from the top of the scale to the bottom, which 
enhances the reliability of the data. 

Acid 20 extends the previously reported self-consistent experimental gas-
phase acidity scale.  
 
 
Table 1. Self-consistent gas-phase acidity scale compiled based on the results 
of this study 

 
a All GA values at 373K and in kcal mol-1. GA exp. denotes values measured in this study while 
GA lit. denotes previously reported experimental values. b Results have been anchored to the 
computational GA values of acids 3 and 15 (W1BD, 291.3 and 286.2 kcal mol-1, respectively).  
c 1,2-dichloroethane. d Ref [34]. e Ref [40]. f Ref [47]. g Ref [9]. h Ref [23]. i Ref [16].  
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As explained above, the directly measured quantities were the acidity diffe-
rences (relative acidities), ΔGA values. Absolute GA values were assigned to 
the compounds in a two-step process. First, the initial GA values were assigned 
by minimizing the sum of squared differences between each of the measured 
ΔGA values with acids i and j, ΔGAij, and the difference in assigned GA values 
for the same pair of acids (GAi and GAj), as shown in Eq. 12. 

 
   ∑ ൣΔ𝐺𝐴௜௝ − (𝐺𝐴௜ − 𝐺𝐴௝)൧ଶ௜,௝ → 𝑀𝑖𝑛 (12) 

In the second step, the obtained initial acidity scale was shifted in order to ob-
tain the minimal possible differences between the independent GA values of the 
anchor compounds and their values on the scale. As discussed in Chapter 2.4, 
the choice of suitable anchor compounds in the range of gas-phase acidities in-
vestigated in this work is limited. Therefore, the scale is anchored to the compu-
tational GA values of triflic acid (291.3 kcal∙mol-1) and bis(fluorosulfonyl)imide 
(286.2 kcal∙mol-1), obtained using the high-level W1BD method (Publication I, 
computations were carried out by A. Trummal.). These are the only acids in the 
current study for which W1BD calculations were practical. The anchoring was 
done so that the GA values for triflic acid and bis(fluorosulfonyl)imide would be 
as close as possible to the computational values, while experimentally found dif-
ferences in gas-phase acidity between these two acids, as well as other com-
pounds studied, were maintained. Therefore, the values 292.2 and 285.3 kcal∙mol-1 

were assigned to triflic acid and bis(fluorosulfonyl)imide, respectively. 
In all cases except for bis(nonafluorobutylsulfonyl)imide, there are signifi-

cant discrepancies between the gas-phase acidities measured in this study and 
the previously reported values.[16,23,34] These differences are likely due to one or 
more of the following reasons: 

1. Anchoring. As discussed in detail in Section 2.4, the previous experimental 
self-consistent gas-phase acidity scales involving superacids were anchored 
directly or indirectly to the GA value of HBr (318.28 kcal∙mol-1 at 298.15 K).[1] 
This GA value is around 40 kcal∙mol-1 higher than the gas-phase acidities of 
the most acidic compounds on the scale. Such range of gas-phase acidity is 
covered by tens of individual relative measurements. Therefore, anchoring 
the scale to HBr is likely to result in significant uncertainty in the strongest 
acid part of the scale. In this work, high-level computational GA values were 
used for anchoring. 

2. Method of choice for estimating partial pressures of the compounds. The 
most common method used in previous studies for this purpose was the pres-
sure gauge method,[16] which requires that changes in the total pressure of the 
high-vacuum system are caused only by changes in the partial pressures of 
the compounds being leaked into the high-vacuum system. During this study, 
it became clear that this requirement cannot always be satisfied. In this study, 
negative-ion short-reaction-time mass-spectra were used for estimating the 
partial pressure ratio of the acids. Details of this are provided in Publication I 
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3. The presence of true equilibrium state was not explicitly verified in pre-
vious studies. When using the relative FT-ICR-MS gas-phase acidity mea-
surement method, equilibrium is considered to be reached when the equi-
librium constants calculated at various reaction times form a plateau after a 
certain reaction time. However, such plateaus can sometimes be formed also 
before the true equilibrium state is reached, especially if the data points 
which form this plateau are collected over a relatively narrow range of re-
action times. Under such circumstances, the ΔGA values observed may be 
vastly different from the ΔGA value observed in true equilibrium state. To 
avoid this, the data in this study were collected also in double resonance 
mode (Section 3.2). In case of true equilibrium state, the equilibrium 
constant observed in this mode is in agreement with the value obtained via 
the common approach. The presence of true equilibrium state was verified 
during each of the ΔGA measurements. 

As a part of the current study, gas-phase acidities using G4(MP2) method were 
calculated for (CF3SO2)2CH2 and (CF3SO2)2NH (294.4 and 284.8 kcal∙mol-1 at 
373 K, respectively). The obtained experimental GA values are in satisfactory 
agreement with these values. This gives indirect evidence that the changes 
introduced to the measurement method and the current approach to anchoring 
the scale have led to improved reliability of the results obtained.  

Notably, the current GA value for triflic acid 292.2 kcal mol-1 is in good to 
excellent agreement with previously reported computational data (290.2 kcal∙ 
mol-1,[5] 292.4 kcal∙mol-1[5]), unlike the previous experimentally reported values 
of 299.5 kcal∙mol-1[16] and 298.8 kcal∙mol-1.[15] Strictly speaking, the current 
value for triflic acid, presented in Table 1, cannot be considered experimental, 
as a computational GA value of triflic acid is used as one of the references. This 
was done to ensure the most accurate results possible. Using only bis(fluoro-
sulfonyl)imide as a reference would shift all values in Table 1 upwards by  
0.9 kcal∙mol-1, resulting in an experimental gas-phase acidity of 293.1 kcal∙mol-1 
for triflic acid, which would still be in a satisfactory agreement with the experi-
mental data available when considering the uncertainties of the experimental 
and computational values themselves. 

 

4.1.2 Relationships between structure and gas-phase acidity 

The relationships found, based on the results of this study and the available 
MeCN and DCE acidity data, include the following: 

1. The strength of (CxF2x+1SO2)2CH2 and (CxF2x+1SO2)2NH acids increases upon 
the increase of fluorocarbon chain length. (Fig. 3). However, the further the 
additional atoms are from the acidity center, the lower this increase is.  
The latter observation is especially pronounced in DCE,[9] as the 4 
(CxF2x+1SO2)2NH type acids, for which DCE acidity data is available, have 
relatively small differences in acidity in this solvent. 
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Figure 3. Experimental gas-phase acidities of the (CxF2x+1SO2)2CH2 (▲) and 
(CxF2x+1SO2)2NH (♦) acids with exponential decay functions as in ref. [48]. 

 
2. In general, the order of compounds in terms of acidity is similar in the gas 

phase and acetonitrile. The sulfonic acids included in this study are the most 
notable exceptions to this. 2,4-dinitrophenylsulfonic acid and, especially, 
triflic acid are relatively compact molecules in terms of structure. Anions 
derived from such acids (especially if they have spatially localized charges) 
often have higher solvation energies than bulkier anions with more pro-
nounced charge delocalization[47] and therefore, relatively higher acidity in 
MeCN. In the gas-phase, solvation is absent and charge delocalization in an 
anion is generally a more important contributor to the stability of the con-
jugate base of the acid. Also, the efficiency of resonance stabilization is typi-
cally correlated with the size of the structure. Due to these factors, triflic acid 
and 2,4-dinitrobenzenesulfonic acid are weaker than (C6F5SO2)2NH in the 
gas-phase by 4.3 and 2.3 pKa units, respectively. On the other hand, in 
MeCN, triflic acid is stronger by 4.4 and 2,4-dinitrobenzenesulfonic acid by 
1.1 pKa units, compared to (C6F5SO2)2NH.  

3. The increase in acidity upon introducing the C6F5SO2– group appears to be 
more significant in MeCN than in the gas-phase. This effect is the most 
visible with C6F5SO2NHSO2C6H3-3-NO2-4-Cl and (C6F5SO2)2NH. Their gas-
phase acidities are very similar but in MeCN, the latter is stronger by more 
than 1 pKa unit. Similar observation can be made when comparing the acidi-
ties of (3‐NO2‐C6H4SO2)2NH and C6F5SO2NHSO2C6H4‐4‐Cl. The former is 
more acidic in the gas-phase by 1.9 kcal∙mol-1 or 1.1 pKa units, while in 
MeCN the latter is more acidic by nearly 0.6 pKa units. 
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4.1.3 Conclusions and outlook 

Main conclusions drawn based on the gas-phase acidity measurements perfor-
med in this study:  
• The changes introduced to the measurement and anchoring methods have 

likely led to appreciably increased reliability of the GA values obtained using 
the FT-ICR-MS equilibrium method for measuring gas-phase acidities.  

• There is now sound agreement between the experimental and computational 
GA values of several acids featured also in the previous studies as GA values 
of these have been significantly (by up to 7.3 kcal mol-1) revised. 

• The aforementioned improvements serve as groundwork for expanding the 
gas-phase acidity scale even further. 

Another result of this work was the extension of the self-consistent gas-phase 
acidity scale towards higher acidities (lower GA values). At a glance, extending 
the scale by just a single acid may not seem particularly impressive. However, 
these experiments also provided additional information about what kind of 
compounds would likely be needed to extend the scale further. Measurements 
were performed also with (CF3SO2)3CH. Unfortunately, they were unsuccessful 
due to the apparently too large difference in acidity (> 4 kcal∙mol-1) between 
(CF3SO2)3CH and the strongest acid of the current scale C4F9SO2NHSO2C8F17. 
Nevertheless, this gap, based on both these experiments and available com-
putational evidence,[5] appears to be likely within reach if compounds slightly 
more acidic than C4F9SO2NHSO2C8F17 or slightly less acidic than (CF3SO2)3CH, 
such as C6F5SO2CH(SO2CF3)2, could be measured. Once this gap is bridged, it 
would likely open up a variety of options to extend the self-consistent gas-phase 
acidity scale significantly further, as the acidity of (CF3SO2)3CH type com-
pounds can in theory be enhanced significantly by extending one or more of the 
fluorocarbon chains. It appears that the biggest obstacle to reaching new hori-
zons in experimental gas-phase acidity is related to the difficulties with syn-
thesis of suitable acids. 

 

4.2 pKa
ow measurements 

4.2.1 Results of pKa
ow measurements 

In this study, pKa
ow values of 37 uncharged acids were measured. The directly 

measured (apparent) pKa
ow values depend on the concentration of the com-

pound. Measurements were performed at various concentrations and the appa-
rent pKa

ow values were extrapolated to zero concentration, using the Debye-
Hückel model.  

The dependence on concentration is likely due to ionic strength effects on 
ion-ion interactions in the octanol phase. Therefore, to model this dependence, 
the second approximation of Debye-Hückel theory was used. The use of Debye-
Hückel theory under the current experimental setup is a rather simplistic  
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approach. However, it appears to describe this dependence surprisingly well, 
even though it was originally developed with the assumption of free ions, 
whereas the deprotonated acids are mainly present as ion pairs in octanol. The 
possibility of using the Debye-Hückel theory is likely due to the relatively weak 
Coulombic interactions between the anion and cation forming the ion pair and 
relatively strong interactions between the ion pair and the solvent. 

The apparent pKa
ow values (as a difference from the corresponding zero-con-

centration pKa
ow values) along with the Debye-Hückel model fitted through all 

experimental points are shown on Fig. 4. The extrapolated values are presented 
in Table 2 with the available pKa values in acetonitrile and water for com-
parison. Compounds of various structures and acidities are included. As can be 
seen from Fig. 4, there are no significant differences between the behavior of 
OH, NH and CH acids. Therefore, the use of the same Debye-Hückel model for 
all studied compounds is reasonable. The estimated standard uncertainty of the 
zero-concentration pKa

ow values is 0.1 units. 
 

 

 
Figure 4. Overall representation of extrapolation of pKa

ow values to zero concentration. 
Circles – CH acids, rectangles – NH acids, triangles – OH acids, solid line – the used 
Debye-Hückel model. Shades of data points indicate, which techniques were used (see 
the legend). 

 
UV-Vis and NMR measurement methods were used. NMR measurements were 
performed using the following nuclei: 1H, 13C, 19F and 31P. The apparent pKa

ow 
values obtained using different methods were in very good to excellent agree-
ment (Publications II and III). The pros and cons of each measurement method 
used, their applicability and general practical considerations are discussed in 
Publications II and III. 
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The results show that the use of aqueous pKa values for quantifying acid-
base properties in biphasic systems consisting of an aqueous phase and a water-
immiscible phase is not an adequate method. For example, based on aqueous 
pKa values, most carboxylic acids are almost fully deprotonated at pH 7.4 which 
is the typical physiological pH. Many of them, especially the more lipophilic 
carboxylic acids, largely reside inside cell membranes (for which octanol is 
considered a decent approximation[45]) and fat tissue. In such environments, 
based on the results shown in Table 2, most of them would be mainly present as 
neutrals while it is often assumed from their aqueous pKa values that they would 
be mainly deprotonated. Currently, pKa

ow is probably the best available quan-
titative parameter of acid-base properties in such biphasic systems. This is be-
cause, unlike aqueous pKa values which are often used for this purpose, pKa

ow 
accounts for various processes, such as distribution and migration between 
phases, that take place in biphasic systems. The approach used in this study and 
its results are expected to be useful for researchers whose work involves bi-
phasic systems.  
  
Table 2. pKa

ow values, extrapolated to zero concentration, of the acids measured in this 
study with available literature MeCN and H2O acidities. 

Compounds pKa
ow pKa MeCN d pKa H2O e 

Carboxylic acids    
sorbic acid 7.7b 22.97 4.62 
cinnamic acid 7.4b  4.44 
benzoic acid 7.6b 21.5 4.20 
stearic acid 8.0b   
hexanoic acid 8.0b  4.88 
lauric acid 8.0b  4.85 
ibuprofen 7.7b  4.31 
naproxen 7.6b  4.18 
4-nitrobenzoic acid 6.2b 19.9f 3.44 
2,4-dinitrobenzoic acid 4.1b 16.6f 1.42 
1-pyrenecarboxylic acid 7.1b,c   
salicylic acid 5.9b 16.7 2.99 
4-trifluoromethylbenzoic acid 6.8b  3.67 
Other OH-acids    
Br5-phenol 7.0b,c 17.81 4.82 
Cl5-phenol 7.2c 18.00 4.75 
2,4,6-Br3-phenol 8.5b,c 20.34 6.17 
2-perfluoronaphthol 7.0c 18.5  
N-OH-phthalimide 8.7b   
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Compounds pKa
ow pKa MeCN d pKa H2O e 

[Ph]-BPA-[H8]h 2.3b 13.38g  
diheptylphosphinic acid 6.2b   
NH-acids     
3-NO2-C6H4SO2NHCOC6H4-3-Cl 4.2c 14.55  
4-NO2-C6H4SO2NHCOC6H4-3-Cl 4.0b,c 14.43  
4-NO2-C6H4SO2NHCOC6H4-3-
OCH3 

4.6b,c   
4-NO2-C6H4SO2NHCOC6H4-4-
CH3 

4.8 b,c 15.68  

4-NO2-C6H4SO2NHCOC6H4-2-F 4.4 b,c   
4-NO2-C6H4-SO2-NH2 11.8 b 24.57 9.04 
Tos2NH a 1.6 b 11.97  
Tos-NH-Boc a 7.7 b  5.05 
(4-NC5F4)(C6F5)NH 11.6c 20.39  
(4-CN-C6F4)(C6F5)NH 11.6c 19.87  
CH-acids 

(4-NC5F4)(C6F5)CHCN 6.0c 16.39  
(4-NC5F4)(2-C10F7)CHCN 5.5c 16.01  
3-CF3-C6H4CH(CN)2 4.0b,c 14.70  
2-CN-C6H4CH(CN)2 2.8c   
2,4-(CH3O)2-C6H3CH(CN)2 9.1c   
(2-C10F7)CH(CN)COOEt 6.1c 17.48  
C6F5CH(CN)2 2.2c 13.01  

 

4.2.2 Correlations of pKa
ow with pKa values  

in acetonitrile and water 

pKa
ow values were correlated with the available pKa values in MeCN and H2O. 

The following correlation equations (Eq. 13–14) were established (regression 
coefficients are given with standard deviations): 

a Tos = 4-CH3-C6H4-SO2-; Boc = t-BuOCO-. b Measured with NMR method. Nuclei 
used for the measurements with each compound are specified in Publications II and III. 
c Measured with UV-Vis method. d MeCN pKa values from ref. [8], unless stated other-
wise. e Aqueous pKa values are from the i BonD databank http://ibond.nankai.edu.cn/ 
(references to original works are available in the SI of Publication II). f Values from 
refs. [42] and [49], corrected upwards by 0.8 and 0.4 pKa units, respectively, to align 
with the values in ref [8]. g Estimated value, based on MeCN pKa values of 9−[Phenan-
threne]−BPA−[H8], [9−Phenanthrene]−BPA and [Ph]−BPA from ref. [8]. h Structure 
shown on Scheme S1 of Publication II. 
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   p𝐾ୟow= (0.96 ± 0.06) ⋅ p𝐾ୟୌమ୓ + (3.10 ± 0.30); 

   𝑛 = 16, 𝑅ଶ = 0.943, 𝑆 = 0.38    (13) 
 
   p𝐾ୟow= (0.76 ± 0.09) ⋅ p𝐾ୟ୑ୣେ୒ − (7.19 ± 1.69); 

   𝑛 = 22, 𝑅ଶ = 0.766, S = 1.43     (14) 
 

Generally, in the case of Et4N+ counterion pKa
ow values tend to be roughly 3 

units higher and 11 units lower than corresponding aqueous and acetonitrile pKa 
values, respectively. However, these differences are not constant. Correlation 
with aqueous pKa values underestimates the pKa

ow of ibuprofen and naproxen 
(by approximately 0.5 pKa units), while the three halogenated phenols were the 
compounds with most overestimated pKa

ow (by approximately 0.4 to 0.7 pKa 
units). The differences between measured values and values predicted from 
correlations were for all compounds between -0.5 to 0.7 pKa

 units. Importantly, 
in the correlation between pKa

ow and aqueous pKa values, there are no CH acids 
included because of the lack of aqueous pKa values for the compounds involved. 
However, based on the aqueous pKa values of some similar compounds in ref [47], 
it can be expected that the differences between pKa

ow and aqueous pKa values 
for the CH acids involved is smaller and might be below 2 pKa units. The reason 
for this is likely that the more lipophilic anions of these compounds are less 
stabilized in water than the anions of OH and NH acids. 
 Correlation with MeCN acidities displays even higher scatter of points. It ap-
pears to significantly underestimate the pKa

ow values of the two diphenylamines, 
by 3–4 pKa units. Conversely, this correlation overestimates the pKa

ow values of 
benzoic acid, 4-nitrobenzoic acid, 2,4-dinitrobenzoic acid and sorbic acid (by 
1.4 to 2.7 units). For the other 12 compounds for which MeCN pKa is available, 
the differences between correlated and measured pKa

ow values were between -
0.6 to 0.8 units. 
 These differences demonstrate that there are nuances to the acid-base pro-
perties in biphasic systems that cannot be estimated from “monophasic” pKa 
values via simple correlation analysis.  
 

4.2.3 Conclusions and outlook 

Main conclusions drawn from the pKa
ow measurements performed in this study:  

• Measured pKa
ow values differ significantly (by several units) from the cor-

responding aqueous pKa values, further highlighting the fact that aqueous (or 
any other monophasic) pKa values are not suitable for quantitatively esti-
mating acidity in biphasic systems such as cell membranes. 

• The current study significantly expands the number of compounds for which 
pKa

ow values are available. A number of well-known acids, such as benzoic 
acid, salicylic acid and ibuprofen, were measured in this study. 

• The NMR measurement method developed in this study significantly ex-
pands the choice of compounds for which pKa

ow can be measured. All 4 of 
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the nuclei used in this study (1H, 13C, 19F, 31P) are suitable for these mea-
surements as they yielded consistent results. 

• Biphasic acidity as a concept requires further investigation. 
 
pKa

ow is a relatively novel concept as previous research on pKa
ow values is limi-

ted to only a few rather exotic bases. The most important aspect of these mea-
surements is the relevance of the results to practical situations. One potential 
application of pKa

ow could be biological systems. For example, octanol is con-
sidered a relatively good approximation for lipid membranes,[45] although the 
membrane itself consists of a large number of different compounds.[50] Simi-
larly, there is a wide variety of ions in both intracellular fluid and extracellular 
fluid. It is likely that there are counter-ions which would be more suitable to 
approximate the ion-pair stabilizing effect in cell membranes and other bio-
logical biphasic systems than the currently used Et4N+ ion. Identifying these 
ions could help further develop the pKa

ow concept towards more relevant results.  
 The current study on pKa

ow involves a variety of acids of various structures 
and properties, different experimental approaches and considerations are dis-
cussed in detail. Many of the findings from this study are likely to be relevant 
for bases as well. However, as the previous research on pKa

ow values of bases is 
limited to the initial study which included just a few rather exotic imino-
phosphorane bases, a more comprehensive study, encompassing the common 
organic bases, is needed for bases. 

A further exciting development avenue of biphasic pKa measurements could 
be the ability to perform these measurements directly in cell membranes. This 
would require nano-scale measurement of both NMR spectra and pH. Versions 
of similar applications have been suggested and designed.[51,52] The suitability of 
these or any other similar applications for measuring specifically the biphasic 
pKa of a compound in a cell membrane is difficult to assess without an in-depth 
study designed for this purpose. 
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SUMMARY 

In this study, two problematic areas of Brønsted acidity that require further re-
search were identified and investigated.  

One of these is gas-phase acidity. Gas-phase acidities of compounds repre-
sent a measure of their Brønsted acidity without solvent effects. Therefore, 
knowing gas-phase acidities of compounds helps us better understand solvent 
effects as well as substituent effects in both gas phase and solvents. Further-
more, gas-phase acidities are useful for the development and testing of com-
putational methods as the dissociation reaction of an acid in the gas-phase is 
usually simple in its nature and the range of acidities that can be observed in the 
gas-phase is practically limitless. The gas-phase acidity scale in the range of 
very weak to medium-strong acids has been reliably established. However, 
before this work, the same could not be said about the superacidic part of the 
gas-phase acidity scale. The reliability of the experimental gas-phase acidities 
reported for many important superacids, such as triflic acid, had been called into 
question. In addition, computational studies show that gas-phase acidity scale 
can be extended significantly further towards higher acidities. In order to 
address these issues, changes were introduced to the previous FT-ICR-MS 
method for measuring relative gas-phase acidities. Based on measurements with 
the improved method, a self-consistent segment of the gas-phase acidity scale 
consisting of 20 superacids, including triflic acid, and ranging from 295.4 to 
277.1 kcal mol-1 i.e., around 13 orders of magnitude. The scale was anchored 
using gas-phase acidities obtained from a high-level computational method 
(W1BD) as there are no suitable reference compounds in the sub-300 kcal∙mol-1 
range known to us for which the absolute gas-phase acidity has been measured 
with sufficient reliability. The current study extends the previous self-consistent 
gas-phase acidity scale towards higher acidities. The results exhibit significantly 
improved consistency and agreement with available computational data and can 
therefore be considered reliable. 

The other topic of focus was biphasic acidity. Biphasic systems are present 
in a variety of applications and in all living organisms. However, acidity of li-
gands, catalysts and other compounds with important roles in these systems are 
almost universally estimated from single-phase pKa values. This cannot be con-
sidered a reliable approach as biphasic systems involve additional processes, 
such as distribution between phases or ion-pairing, that in a single-phase system 
are simpler in their nature or not present at all, such as phase transfer. Recently, 
the concept of biphasic acidity was developed and as the first measurements in 
an octanol:water system with protonated acids have shown, these biphasic pKa 
(pKa

ow) values are significantly different from the corresponding aqueous pKa 
values which are typically used for estimating acidity in biphasic systems con-
sisting of an aqueous phase at equilibrium with a water-immiscible phase. 
Before this work, there were no pKa

ow values available for neutral acids. In this 
study, the previous UV-Vis measurement method was slightly improved and an 
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NMR method (used with 4 different nuclei) for measuring pKa
ow was developed. 

Using these methods, pKa
ow values were measured for 37 neutral acids, in-

cluding such important compounds, as ibuprofen, benzoic acid and sorbic acid. 
The methods as well as their advantages and disadvantages were thoroughly 
discussed. However, there are other aspects of pKa

ow values that need to be 
further studied.    
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SUMMARY IN ESTONIAN 

Kvantitatiivsed Brønstedi happelisuse mõõtmised 
kahefaasilistes süsteemides ning gaasifaasis 

Käesolev doktoritöö põhineb kahel Brønstedi happelisuse rakendusel, mille pu-
hul leiti, et nendega seotud varasemas teadustöös esinevad tõsised puudused. 

Üks nendest rakendustest on gaasifaasiline happelisus. Ühendite gaasifaasi-
line happelisus väljendab nende lahustist sõltumatut happelisust. Gaasifaasiliste 
happelisuste teadmine aitab paremini mõista solvendiefekte ja substituendiefek-
te nii gaasifaasis kui ka vedelikes. Gaasifaasiline happelisus on sobilik arvutus-
like meetodite väljatöötamiseks ja testimiseks, sest happe dissotsiatsioonireakt-
sioon gaasifaasis on oma olemuselt lihtsakoeline ning uuritavate happelisuste 
vahemik gaasifaasis on sisuliselt piiramatu. Nõrkade kuni mõõdukalt tugevate 
hapete jaoks on gaasifaasilise happelisuse skaala usaldusväärselt paigas. See-
vastu superhapete gaasifaasiliste happelisuste osas esines enne käesolevat tööd 
märgatav ebakindlus. Mitmete oluliste superhapete, nagu näiteks trifluoro-
metaansulfoonhappe, jaoks mõõdetud gaasifaasilise happelisuse väärtusi peeti 
kaheldavaks. Samuti viitavad mitmed arvutuslikele meetoditele põhinevad tööd, 
et gaasifaasilise happelisuse skaala on ulatuslikult laiendatav kasvava happe-
lisuse suunas. 

Selleks, et püüda eelpool toodud probleeme lahendada, täiustati käesolevas 
töös varasemat FT-ICR-MS meetodit gaasifaasiliste happelisuste mõõtmiseks 
suhtelise mõõtmismetoodika alusel. Täiustatud meetodit rakendati 20 superhappe 
gaasifaasiliste happelisuste mõõtmiseks. Tulemuste põhjal koostati kooskõlalise 
gaasifaasilise happelisuse skaala lõik vahemikus 295.4 kuni 277.1 kcal mol-1, 
selline vahemik vastab ligikaudu 13 pKa ühikule. Skaala ankurdamiseks kasutati 
kõrgetasemelise kvantkeemilise arvutusmeetodi, W1BD, abil saadud gaasifaasi-
lisi happelisusi, sest sobivaid referentsühendeid gaasifaasilise happelisusega alla 
300 kcal mol-1 teadaolevalt ei esine. Käesoleva töö tulemused pikendavad vara-
semat gaasifaasilise happelisuse skaalat ning on heas kooskõlas omavahel, sa-
muti on selle töö tulemused varasematega võrreldes oluliselt paremas kooskõlas 
saadaolevate arvutuslike andmetega. Sellest lähtuvalt võib käesoleva töös mõõ-
detud gaasifaasilisi happelisusi pidada usaldusväärseteks. 

Doktoritöö teiseks teemaks on kahefaasilised happelisused. Kahefaasilised 
süsteemid esinevad mitmesugustes rakendustes ning ka kõigis elusorganismides. 
Samas, erinevate ligandide, katalüsaatorite ja teiste oluliste molekulide happeli-
suste kvantitatiivse hinnanguga kasutatakse peaaegu alati ühefaasilist pKa väär-
tust. Selline lähenemine ei ole põhjendatud, sest kahefaasilised süsteemid hõl-
mavad lisaks dissotsiatsioonile faasiülekandeprotsesse, mida ühefaasilistes süs-
teemides ei esine, aga mis oluliselt mõjutavad hapete käitumist. Hiljuti töötati 
välja kahefaasilise happelisuse kontseptsioon. Esimesed sellel põhinevad mõõt-
mised oktanool:vesi süsteemis näitavad, et ühendite kahefaasiline happelisus 
(väljendatuna kahefaasilise pKa ehk pKa

ow väärtusena) erinevad tunduvalt 
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vastava ühendi vesilahuse pKa väärtusest. Süsteemides, kus veefaas on tasakaalus 
vees mittelahustuva faasiga, kasutatakse peamiselt aga just vesilahuse pKa väärtusi 
ühendite happelisuse kvantitatiivse hinnanguna. Neutraalsetele hapetele pole 
varasemalt pKa

ow väärtusi mõõdetud. Käesolevas töös täiustati põgusalt varasemat 
UV-Vis spektroskoopial põhinevat pKa

ow mõõtmismeetodit ning töötati välja 
tuumamagnetresonantsspektroskoopial põhinev mõõtmismeetod (4 erineva tuu-
maga). Nende meetodite abil mõõdeti 37 erineva neutraalse happe, sealhulgas 
selliste oluliste ainete, nagu ibuprofeeni, bensoehappe ja sorbiinhappe, pKa

ow 
väärtused. Kasutatud meetodeid ning nende eeliseid ja puuduseid kirjeldati põh-
jalikult. Samas, mitmeid erinevaid pKa

ow väärtustega seotud aspekte on vajalik 
täiendavalt uurida. 
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