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Abstract: This compilation includes more than 9000 pK, values determined in seven dipolar non-hydrogen-
bond-donor solvents {dimethyl sulfoxide, acetonitrile, N,N-dimethylformamide, pyridine, acetone, 4-methyl-
1,3-dioxolan-2-one (propylene carbonate), oxolane (tetrahydrofuran)} for close to 5000 acids collected from
around 800 original works published during the last 60 years. The data have been critically evaluated on the
basis of defined quality criteria and depending on situation, kept as they were originally published, marked as
doubtful/unreliable (around 2700 values) or corrected (around 2400 values). To enable automated processing
and mining, the data are presented as a set of spreadsheets, together with structural codes (SMILES and InChI
strings), compound class qualifiers, and comments. The document contains also comprehensive educational
background information on the acid-base processes in non-aqueous media, as well as brief descriptions of the
main measurement methods, with focus on the reliability of the data and sources of uncertainty. The full
dataset is available at the permanent address https://doi.org/10.5281/zenodo.12608876.
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List of abbreviations and acronyms

9PF 9-phenyl-9H-fluorene

AcOH Acetic acid; ethanoic acid

CAS RN Chemical Abstracts Service Registry Number

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide; (methanesulfinyl)methane
HBD Hydrogen bond donor

InChI International Chemical Identifier

IUPAC International Union of Pure and Applied Chemistry
MeCN Acetonitrile; ethanenitrile

ND No data

NF Not found

NMR Nuclear magnetic resonance

PC Propylene carbonate; 4-methyl-1,3-dioxolan-2-one
RSC Royal Society of Chemistry

SMILES Simplified Molecular Input Line Entry System

THF Tetrahydrofuran; oxolane; 1-oxacyclopentane
TNP 2,4,6-Trinitrophenol; picric acid

UV-VIS Ultraviolet-visible

VIS Visible

1 Introduction

Hydrogen ion? transfer in solvents (referred to as ionization or dissociation of acids and bases in the present
context) is ubiquitous,” affecting a myriad of processes in many fields of science and technology. Accurate
quantitative information on the ionization and dissociation (see below for more detailed explanations of
these terms) is essential for understanding and utilizing processes involving acid-base interactions. Dissociation
constants K, or their negative base-10 logarithms (-log;, K, = pK,) are widely used as quantitative descriptors of

a We interpret the term “hydrogen ion” as embracing both the proton (H') and the deuteron (D*). The term “hydron” has been
recommended by IUPAC' to embrace both H* and D*, but it is not widely used. Therefore, we use the term hydrogen ion in this
collection.
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the “strength” of acids and bases (see below for more details). Of all chemical reaction types, the dissociation of

acids and bases has been arguably the most extensively studied. In consequence, a large pool of pK, data is

available in the scientific literature.*>

The processes and interactions involved in ionization are strongly solvent-dependent. Consequently, pK,
values are also solvent-dependent, often differing by many pK; units.>® Also the orders of acidities and basicities
sometimes change when moving from one solvent to another.” Thus, for practical use, the pK, value is needed in
the same solvent where the system/process under investigation takes place. This requirement is to some extent
eased by good correlations of pK, values between some (but not all) solvents.*"°

As expected for historical reasons, the largest body of pK, values exists for water. A number of pK, compi-
lations are available, ranging from the classical stability constants handbooks by the Royal Society of Chemistry
(RSC),"** as well as collections by Kortiim et al.®> and Perrin* to more recent collections”®"” and prediction
engines.'® However, in some areas — such as organic synthesis, acid-base catalysis, process chemistry, electro-
chemical power sources, etc. — knowledge of pK, values in non-aqueous solvents is needed. In addition, the pK,
values of very strong or very weak acids or bases cannot be experimentally determined in water with reasonable
reliability and for such compounds reliable experimental pK, data can be obtained only in non-aqueous solvents.
Furthermore, many acids and bases are too sparingly soluble in water to be measured reliably.

In contrast to water, the data available in non-aqueous solvents are less abundant.® Probably the most
voluminous and user-friendly compilation currently available is the internet iBonD database of the group of J.-P.
Cheng." The most recent comprehensive multi-solvent compilation from International Union of Pure and Applied
Chemistry (IUPAC) is that of K. Izutsu.” The Tables of Rate and Equilibrium Constants of Heterolytic Organic
Reactions edited by V.A. Palm'®*° are another extensive compilation, but are already quite old and not easily
accessible. Good pKj, collections are available in DMSO,*** although a significant amount of data is not included.

In broad terms, there are three aspects where the currently available compilations of non-aqueous pK,
values do not fully meet the needs of users.

(1) Coverage: Many of the easily accessible compilations have numerous omissions. For example, many do not
include all of the pK, values published by groups from the former Soviet Union (A.I. Shatenshtein, M.I.
Kabachnik, to name a few), typically published in Russian language in journals not widely available.

(2) Traceability: In non-aqueous solvents, pK, values are often presented on different “scales” (for examples,
see comments below about DMSO, MeCN, and THF). In metrology terms this means that they have different
origins of traceability,”® which makes their direct comparison problematic (in some cases meaningless). In
the above-mentioned collections, the presented values are neither brought to a single scale nor supple-
mented with comments as to which scale they belong to, leaving the reader without guidance on what can
and cannot be compared.

(3) Reliability: The above-mentioned collections (with few exceptions) present values without assessing their
reliability. There are often serious discrepancies between values (even if belonging to the same scale) from
different groups. For example, the pK, values of chloroacetic acid at 25 °C found in literature lie within the
range 6.2-9.0 in DMSO, 15.3-20.3 in acetonitrile, and 4.2-11.5 in N,N-dimethylformamide. The reader is left
without guidance as to which values are the most reliable.

The present compilation of dissociation constants of neutral (uncharged) acids in dipolar non-hydrogen-bond-
donor (non-HBD) solvents (also known as dipolar aprotic/non-protogenic solvents) has been prepared under the
auspices of the International Union of Pure and Applied Chemistry. Its main aim is to provide a comprehensive
and critically evaluated pool of pK, data of acids and bases in selected non-aqueous solvents. This is the first part
of a planned series of four compilations, which are planned as follows:

(1) Uncharged acids in dipolar non-HBD solvents.

(2) Uncharged bases (cationic acids) in dipolar non-HBD solvents.

(3) Uncharged acids in protogenic solvents.

(4) Uncharged bases (cationic acids) in protogenic solvents.



4 —— 1 Leito et al.: Acid dissociation constants in selected dipolar aprotic solvents DE GRUYTER

Dissociation constants (pK, values) of neutral acids in the following solvents have been collected in this part of the
compilation.

(1) Dimethyl sulfoxide (DMSO, (methanesulfinyl)methane), ca. 4700 values

(2) Acetonitrile (MeCN), ca. 1600 values

(3) N,N-Dimethylformamide (DMF), ca. 1700 values

(4) Pyridine, ca. 300 values

(5) Acetone (propan-2-one), ca. 600 values

(6) Propylene carbonate (PC, 4-methyl-1,3-dioxolan-2-one), ca. 80 values

(7) Tetrahydrofuran (THF, oxolane, 1-oxacyclopentane), ca. 500 values

Some properties of these solvents are collected in Table 1. Figure 1 shows the structures of the solvents and their
basicity centers.

For these solvents, the present authors have attempted to include, as far as possible, all available pK, data up
to 2023 (with some additions from 2024). The choice of solvents was governed by the following criteria: (1) the
solvent is non-HBD and (preferably) has a high relative permittivity (¢,); (2) a reasonably large amount of reliable
PK. data are available and have been reasonably widely used. Five out of seven solvents have &, > 20 and support
dissociation of ion pairs into free ions such that ion pairing is under most experimental conditions not an issue in
them. Pyridine and tetrahydrofuran have &, < 20 and ion pairing is often encountered in them.

The dipolar non-hydrogen-bond-donor solvents considered have very low hydrogen ion donor ability
(i.e., they are weak Brgnsted acids), but their hydrogen ion acceptor abilities differ widely. Acetonitrile, acetone,
4-methyl-1,3-dioxolan-2-one (propylene carbonate), and oxolane (tetrahydrofuran) are weak hydrogen ion

Table 1: Relevant Properties of the Solvents Selected for this Compilation. Data from ref. 24 unless indicated otherwise.”

Solvent (S) & EN  A,G°(HY, H,0 — 5)P2%° |2 a  pKauto pK, values of selected acids’
k] mol™

HCl TNP AcOH Phenol
DMSO 47  0.444 -19 0.71 0.00 34 -2.0 -0.3 12.3 18.0
MeCN 36 0460 46 037 023 43¢ 10.3 11.0 235 29.2
DMF 37 0.386 -14 069 000  29° 1.4 ca.l 13.5 18.4
Pyridine 13 0302 -28 0.69  0.00 Veryhigh 5.7 3.0 12 -
Acetone 21 0355 29° 049 004  33° 9.9 9.2 21.2 -
PC 63 0472 50 040 000  Veryhigh® 109 1.4 227 -
THF 75  0.207 13¢ 0.58  0.00 Very high - ng 244 29.2f
Water® 78  1.000 0 037 154 14 -59 0.4 476 10.0

%, - relative permittivity; £ - normalized £+(30) parameter®; A, G°(H*, H,0 — S) - standard molar Gibbs energy of transfer of H* from water
to the solvent S, based on the tetraphenylarsonium/tetraphenylborate (TATB) assumption, postulating that for the reference electrolyte
Ph,As*/Ph,B~, the standard Gibbs energies of transfer for the electrolyte from one solvent to another are equal for the cation Ph,As* and the
anion Ph,B~.2>%; B, a - Kamlet-Taft solvatochromic parameters for hydrogen-bond-acceptor (HBA) basicity and hydrogen-bond-donor (HBD)
acidity, respectively®; pKaut - Negative base-10 logarithm of autoprotolysis constant. A very high pK,,, does not necessarily mean a very
wide pK; range is available. In practice it means that the limits of the pK; scale in the solvent are determined by impurities (most often water)
rather than the solvent itself. “The values presented are the most probable according to the current knowledge of the present authors. See
also specific comments on the different solvents. TNP is 2,4,6-trinitrophenol (picric acid), AcOH is acetic acid. “-” means that no data are
available. “Value estimated on the basis of pK; of MeCN in DMSO (31.3%"y and correlation of pK; values between DMSO and MeCN. “The
estimated AG° values were obtained from the observation of a linear trend between the experimental values (refs. 25, 26) and the beta values
(ref. 27) for the short set of non-HBD solvents of this Table with the additional data for nitromethane for extending the range of A,.G° values.
foverall pK, value (equation (6)).

N 0]
(0]
0 / = 0 )k 0 )
[ —N N | o o Fig. 1: Structures of the solvents
/5\ H \ N /\k \ ( included in the compilation. The
most basic atoms are
DMSO MeCN DMF Pyridine Acetone PC THF highlighted.
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acceptors (relative to water) and are classified as protophobic dipolar non-HBD solvents.®*® Pyridine, DMSO, and
DMF are strong hydrogen ion acceptors (i.e., as solvents they are relatively strong Brgnsted bases) and are called
protophilic dipolar non-HBD solvents.

In the context of hydrogen ion transfer in non-HBD solvents, we will use the terms permittivity and polarity
as follows.

Permittivity refers strictly to the relative permittivity &, (formerly dielectric constant). Dipolar solvents,
i.e, those having a substantial molecular dipole moment, tend to have also a high relative permittivity. This
property depends also on strong intermolecular interactions, first of all hydrogen bonding, like in water. In the
context of weakly associated, non-hydrogen-bond-donor solvents, changes in dipole moment and relative
permittivity are correlated. The term permittivity is used here to characterize the power of a medium to screen
the electrostatic attraction between ions of opposite charges and hence to promote dissociation of oppositely
charged ions.

Polarity of a solvent is defined as the overall solvation capability (solvation power) of a solvent toward
solutes, which depends on the action of all possible intermolecular interactions between solute ions or molecules
and solvent molecules, excluding interactions leading to definite chemical alterations of the ions or molecules of
the solute.?’ In our context, polarity includes, in addition to permittivity, first of all the ability of the solvent to
provide solvation shell for anions and cations, thereby easing the separation of ions of opposite charges and
dissociation of ion pairs.

2 The physico-chemical meaning of the tabulated pK;, values

Bronsted acidity constants pK, of an uncharged acid HA in solvent S are listed in this compilation. In solvents of
sufficient polarity, acid HA dissociates according to reaction 1:

(HA); + S= (SH"), + (A7), )]

The subscripts “S” indicate that the participating species are solvated by the solvent molecules. The same is true
for the species in the subsequent equations but the subscripts “S” are omitted for simplicity. The equilibrium
constant of reaction 1 is the acidity constant K, of acid HA defined via equation (2).

_a(A)a(SH")

= T 4 (HA) (3]

The terms a in this definition are the activities of the respective species. In dilute solutions, the activity of the
solvent S approaches unity and can be omitted from the expression. In practice, activities are often approximated
by equilibrium concentrations, typically using molar concentrations and 1M (equivalent to mol dm™) as the
standard state.

The pK, value is defined as the negative base-10 logarithm of the equilibrium constant K:

PK, = -logy K, ®)
In solvents of sufficient polarity (DMSO, MeCN, DMF, PC, and most of the time acetone), this is the typical
definition of “absolute” pK,.

In the case of uncharged diacids H,A, the pK, of the first acid dissociation step (pK,;) corresponds to the above
equation and pK, of the second dissociation step (pK,,) corresponds to the pK, value of the anionic acid HA™:

HA  +S=SH" + A* 4

b The term “absolute” in this compilation does not carry the meaning “undisputable” or “100 % correct” but indicates the way the pK,
value was obtained. It is useful to distinguish between absolute and relative measurement methods. The first group enables direct
measurement of the pK, value, while the second one gives a ApK, value against a reference acid. This difference is especially important in
solvents that have low basicity and polarity (e.g., THF), so that spontaneous dissociation according to equation (1) essentially does not
occur.
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In less polar non-aqueous solvents, acids do not always dissociate according to the simple Brgnsted scheme
(reaction 1). Two additional processes should be considered: ion pairing and homoconjugation.

Ion pairing. In somewhat simplified form, the consecutive equilibria that occur in solution when a neutral
acid HA reacts with a base B (which can be a solvent molecule or some other base) to release a hydrogen ion can be
represented by the general scheme involving ionization and dissociation of the formed ion pair:®

K; Ky
B+HA=BH'A"=BH'+ A" 6]

In this case, the product of these consecutive equilibrium constants — the ionization constant of the acid K; and the
dissociation constant of the ion pair K, —is the K, value: K, = K; Kq (Where the activity of the solvent S is omitted).

Depending on the properties and concentrations of the acid HA, the base B, the formed ions, as well as the
solvent S, the hydrogen ion transfer from the acid molecule to a base or the solvent may be complete. That is, the
Bregnsted scheme of reaction 1 and equation (2) is realized (polar solvents) or may stop at the stage of ion pair
(weakly polar solvents) or give a mixture of ion pairs and free ions (medium-polarity solvents). The actual picture
is determined by a complex interplay of factors:

(1) Solvent properties. K; is (mostly) determined by the hydrogen-bond-donor and hydrogen-bond-acceptor
properties of the solvent and the solutes (determining the ability to form solvation shells for ions, thereby
screening them form each other). The value of K, is determined (mostly) by the solvent’s ;.

(2) The size and charge distribution of the formed solvated ions BH" and A". The larger the ions and the more
their charge is delocalized, the more is the acid-base equilibrium (reaction 5) shifted toward formation of the
free solvated ions.

(3) Concentrations of the species. Formation of free ions (dissociation of ion pairs BH*A") is favored by low
overall acid concentration — the lower it is, the less extensive is ion pairing.

If a solvent’s relative permittivity &, > 30, ion pairing is often insignificant unless high concentrations are used.*
Low concentrations of ionic compounds (<1 mM, equivalent to mmol dm) are advisable if ion pairing is to be
minimized. Because of this, techniques that work at low concentrations (e.g., spectrophotometry) have an
advantage. For relative permittivities between 20 and 30, the formation of ion pairs will depend on the nature of
the ions and their concentration. The higher the concentration, the higher the probability of ion pairing. For
relative permittivities less than 20, the formation of ion pairs has to be considered under most measurement
conditions.

In low permittivity solvents, because some of the most common measuring techniques (potentiometry,
conductometry) cannot distinguish between the unionized acid (HA) and undissociated ion pairs (SH*A"), the
overall dissociation constant (K9) defined by equation (6) is sometimes measured instead of the acidity constant
(K:

K- a(A™)a(SH")
& a(HA)+a(SH'A")

- KiKq / (Ki +1) ®)

Analyzing the published pK, values in low permittivity solvents reveals that in many cases possible ion pairing is
simply neglected, i.e., some fraction of the anions A™ is free while some fraction is paired with a counterion, either
SH* or BH" (B being the basic titrant). This means that instead of K, (as often claimed by authors) essentially the
following “constant” is obtained (equation (7)):

_[a(A) +a(SH'A") + a(BH'A")]a(SH")
- a(HA)

Kaip (7
This “constant” is sometimes — especially if the ions in solution exist almost exclusively as ion pairs — termed an
“lon-pair K,”. It is important to stress that K;, cannot be called a true constant because it depends on the counter-
ion and its concentration. However, if the difference in pKj;, values between two acids is measured (as is often
done, for example, in spectrophotometry, see below) then the counterion effect largely cancels out.* Values of
PKaip are especially common in oxolane (THF) where essentially all anions are ion-paired. The counter-ion is
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usually a solvated cation such as Li*, Cs*, etc. (denoted as M* below) rather than the conjugate acid SH* of the
solvent S or the conjugate acid BH" of the base B, so that under most measurement conditions, Ky, is better
represented as:

_a(M'A)a(SH)

Kaip = a (HA) (8)

To avoid having to measure the (negligible and hence difficult to measure) value of a(SH"), relative measurements
are almost always used in such solvents (see equation (10)) and the results are combined into “scales” of values.
Such scales are typically anchored to arbitrarily chosen reference values. A good illustration of this situation is
provided in the oxolane (THF) section below.

Homoconjugation. Solvents with poor hydrogen-bond-donor capabilities cannot efficiently solvate and
hence stabilize the conjugate base of the acid (A7). As aresult, A™ interacts with other HBDs in the medium, such as
its conjugate neutral acid HA (homoconjugation) or other acids present (heteroconjugation).” Homo-
conjugation®*** refers to the hydrogen-bonded (HB) adduct formation between an acid molecule HA (HB donor)
with its anion A™ (HB acceptor):

Kuc
A +HA=AHA 9

This reaction can be regarded as selective solvation of the anion A~ by HA.** Homoconjugation becomes important
primarily in non-HBD solvents that solvate anions poorly and especially for OH acids, particularly those that
produce anions with poor charge delocalization and no steric hindrance of the anionic center. So, for example,
almost all carboxylic acids and most phenols undergo homoconjugation in acetonitrile, at least to some extent. At
the same time, homoconjugation of 2-substituted and 2,6-disubstituted phenols is often ins.igniﬁcant.10 As for ion
pairing, low acid (and anion) concentrations suppress homoconjugation. If homoconjugation cannot be sup-
pressed by dilution, then to obtain pK, values according to equation (2), homoconjugation has to be accounted
for.!°

Some generalizations. In protophilic dipolar non-hydrogen-bond-donor solvents with &, > 30 (in this
compilation: DMSO and DMF), the acid/base interaction generally produces free ions. Homoconjugation is not
extensive in these solvents® because the HA molecules are efficiently solvated, reducing their HBD ability.

In protophobic dipolar non-HBD solvents with &, > 30 (in this compilation: MeCN and PC), homoconjugation is
often significant.>*® Its extent is strongly dependent on the nature of the acid and its anion, as well as on
concentration.

Acid-base equilibria in dipolar non-HBD solvents are often significantly influenced by trace amounts of water
and other acidic or basic impurities. The presence of uncontrolled amounts of water may shift the acid-base
equilibrium and can cause considerable enhancement of the apparent acidity of HA corresponding to a decrease
in pK,. The effect of water is especially prominent in the case of weak acids and if the formed anions have a
strongly localized charge. The influence of water can be significantly suppressed if relative instead of absolute
measurement is used (see the Measurement techniques section).

Efforts have been made in this review to ensure that the listed pK, values correspond to equation (2) in the
specific solvent. However, this is not always possible in all solvents: particularly in oxolane (THF) and partly in
pyridine and acetone. The situation with respect to ion pairing and homoconjugation in the selected solvents is
described below. In oxolane (THF), pyridine, and acetone, different definitions of pK, are given in some cases (see
below).

¢ Terms homo- and heteroassociation have been recommended instead of homo- and heteroconjugation.*> However, those terms
might be misleading as they imply that two molecules/ions of the same species (e.g. HA) associate (leading to HA---HA), which is not the
case. Thus, in this work we use the original terms homo- and heteroconjugation.
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3 Measurement techniques

This section aims to help the user of this compilation to better understand the physico-chemical meaning of the
tabulated pK, values. We have avoided a comprehensive coverage of pK, measurement methods, which can be
found in the literature.'®*>® Here we describe the four most-used techniques: conductometry, potentiometry,
UV-VIS spectrophotometry, and Nuclear Magnetic Resonance (NMR) spectrometry. Figure 2 shows the preva-
lence of these techniques in pK, studies covered in this work.

3.1 Conductometry

Conductometry utilizes the fact that when a neutral acid molecule dissociates into free ions, the conductivity of
the solution increases. Measuring conductivity at different acid concentrations and relating the conductivity data
to acid concentration data enables calculation of the pK, value. The technique is by its nature “absolute”, i.e., it
does not need to use a reference acid. Conductometry works best with medium to strong monoprotic acids,
corresponding to a pK, range of about 3-6. To limit the number of conducting species in solution, conductometric
measurements are usually performed by changing only the acid concentration (e.g., by dilution).

Conductometry is unable to distinguish between neutral HA and ion pairs SH'A™. Thus, in principle, rather
than pK,, as defined by equation (2), conductometry yields the overall dissociation constant pK,® (equation (6)). In
solvents of sufficiently high permittivity (here DMSO, MeCN, DMF, PC and usually acetone) ion pairing is negli-
gible and pK, values as defined by equation (2) can be measured by conductometry.

In non-HBD solvents, a key drawback of conductometry is that moisture in solvents makes acids seem
stronger. This is because water molecules are efficient in selectively solvating the anions (and in some solvents
also the hydrogen ions) thereby promoting ionization/dissociation. A second drawback is that if a relatively weak
acid contains a strong acid as an impurity, then the conductivity can increase markedly because of the more
extensive dissociation of the stronger acid. In extreme cases, essentially all the observed conductivity can be
caused by impurities, leading to meaningless results. These drawbacks become more serious as the measured acid
becomes weaker. The second drawback points to a more general limitation of the technique: conductometry
provides no direct evidence of the origin of the conductance, be it the extent of the acid dissociation in the
solution, or the presence of impurities, or some other source. In conductometry of acid solutions alone,

Technique: D Conductometry D Potentiometry Uv-VIS . NMR | Other
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Fig. 2: Distribution of pKj, values in this compilation by measurement technique.
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homoconjugation is mostly not a problem because there are no acid/conjugate base (salt) mixtures. Upon partial
dissociation, there are both HA and A™ in the solution and the degree of dissociation of HA increases upon dilution.
However, dilution also suppresses homoconjugation.

3.2 Potentiometry

Potentiometry enables direct measurement of the solvated hydrogen ion activity a(H") (subject to the usual
Bates—Guggenheim convention®?). It is mostly used in the potentiometric titration mode.

In a potentiometric titration, if the titrated acid is strong enough (or if correction for incomplete reaction is
applied), then the concentrations/activities of HA and A™ in solution for use with equation (2) can be obtained from
the amounts and concentrations of the solutions involved (the so-called Henderson-Hasselbalch equation™).
However, potentiometric titration is unable to detect whether the formed A~ is free or ion-paired with SH" or BH".
So, while in high permittivity solvents potentiometric titration gives the pK, directly according to equation (2), in
less polar solvents the presence of ion pairs of A~ with the conjugate acid BH* of the basic titrant B (BH*A") or
other counter-cation may complicate direct calculation of the activity of HA.

One possibility is to group the ion pair with the neutral acid. In this case, the so-called overall dissociation
constant (equation (6)) is obtained. For that, the formation constant of the salt ion pairs must be known (usually
measured by conductometry) to calculate the overall dissociation constant (equation (6)). The other possibility is
grouping the ion pair(s) with A", which leads to the apparent constant K;, (equation (7)).

Homoconjugation, if it occurs to a noticeable extent (which is favored by the relatively high concentrations
used in potentiometric titrations), also has effects: it decreases pH before and increases pH after the
half-neutralization point from that expected from the Henderson-Hasselbalch equation. To calculate the pK,
from the titration curve in such solvents, the homoconjugation constant must be measured first. An exception
is the half-neutralization point of the titration where homoconjugation has no effect. According to the Hender-
son-Hasselbalch equation, the pH of the half-neutralization point of the titration corresponds to the pK, value.
Therefore, potentiometric half-neutralization points are often directly given as good estimates of pK,, even
neglecting the significant extent of homoconjugation. Of course, this approach is not applicable to low permit-
tivity solvents where salts are not dissociated.

Potentiometric pH measurement can in principle be an absolute technique. However, usually it is used as a
relative technique, especially in non-aqueous solutions. This means that the pH-sensitive electrode (typically a
glass membrane electrode) is calibrated by buffer solutions composed of a reference acid with a well-known pK,
and its salt in the same solvent where the pK, is measured. It is important that the pK, of the reference acid(s) used
for calibration is not too different from the expected pK, value of the acid to be measured. Such calibration is often
carried out as a potentiometric titration of the reference acid with a strong base. Such calibration, if correctly
done, brings, besides the ability to obtain an estimate of a(H"), the advantage that the influence of some un-
certainty sources that affect both the acid used for calibration and the acid for which pK, is measured, most
notably, the water content of the solvent, will decrease by partial cancellation.

Potentiometry has the same general limitation as conductometry: there is no way to directly monitor the
process that occurs in solution during titration and whether it corresponds to the expected acid-base reaction.
Only limited insights can be obtained from the shape of the titration curve. This limitation makes impurities quite
dangerous, as for conductometry. It becomes especially noticeable with high and low pK, values that are near the
limits of the solvent under investigation. Another disadvantage of the technique is the relatively high concen-
trations that must be used, typically in the order of 10~ to 107> M. At this concentration level, homoconjugation
and ion pairing become non-negligible in several solvents.
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3.3 UV-VIS spectrophotometry

Direct UV-VIS spectrophotometry means that the relative amounts of the uncharged acid HA and its anion A~
in solution can be measured using their UV-VIS spectra. There are two important conditions: (1) the UV-VIS
spectra of HA and A™ must differ measurably and (2) at least one of them must absorb at wavelengths where the
solvent is sufficiently transparent.® The concentration/activity of the solvated hydrogen ion is found either
(a) from the overall acid concentration and the [A™]/[HA] ratio; (b) from potentiometry or (c) from the dissociation
ratio of a reference acid HA,.;, which is simultaneously present in the same solution.® In the first case, the
technique is “absolute”, in the remaining two cases, it is “relative”. As in potentiometry, the relative way of
measuring enables (at least partial but often substantial) canceling of some sources of uncertainty. If a
measurement is carried out against a reference acid, then the difference of their pK, values (ApK,, equation (10))
is obtained and a rather complex data treatment is necessary because of the (almost inevitable) overlap of the
UV-VIS spectra of the four species involved.'® In the majority of cases, it can be assumed that activity coefficients
of the species of the same charge type cancel so that equilibrium concentrations can be used in equation (10)
instead of activities.
[HA][Ar]

ApK, = pKa (HA) — pKa (HAyer) = logmm (10)
At the same time, in that case, since both acids are in the same solution and are influenced by the same factors,
some uncertainty sources cancel either partially (e.g., water in the solvent) or fully (most importantly the
uncertainty of measuring the activity of solvated hydrogen ion). Furthermore, depending on the exact procedure,
concentration errors may also cancel. If this advantage is combined with measuring against different reference
acids, then highly accurate results can be obtained.

In general, UV-VIS spectrophotometry cannot distinguish between free anions A~ and ion pairs BH'A™. Thus,
in low permittivity solvents, UV-VIS spectrophotometry works according to equations (7) or (8). In fact, the large
majority of ion-pair pK, values have been measured this way (the rest have been measured mostly with NMR).
However, the low concentration that can be used in spectrophotometry — typically 10~ to 10 * M — means that in
most solvents of sufficiently high permittivity, (here: DMSO, MeCN, DMF, PC, acetone, and occasionally pyridine)
ion pairing and homoconjugation are (usually) negligible and pK, values corresponding to equation (2) are
measured. The low concentration also enables use of ratios of equilibrium concentrations instead of ratios of
activities in equation (10).° The possibility of working at low concentrations is a distinct advantage of direct
UV-VIS spectrophotometry along with the possibility of directly monitoring the dissociation process. In most
cases it is possible to detect side processes, such as decomposition, often also homoconjugation, from the spectra,
by monitoring the shapes of the absorption bands and the sharpness of isosbestic points. Because of the possibility
of directly observing the processes taking place in solution, UV-VIS spectrophotometry is more suitable than
conductometry or potentiometry for determining pK, values that are close to the solvent limits. Impurities that do
not absorb in the used spectral range do not disturb direct UV-VIS measurements, even if they are acids or bases.

Important downsides of direct UV-VIS spectrophotometry are that (1) it is not applicable to all compounds;
the compound needs to absorb radiation in a suitable range (typically at wavelengths longer than 230 nm) and the
spectra of HA and A™ have to differ significantly and (2) it is not well suited to solvents with long-wavelength
ultraviolet cutoffs (see Table A-4 in Reichardt and Welton®).

Indirect UV-VIS spectrophotometry operates similarly to direct UV-VIS spectrophotometry when the acid
HA and areference acid HA,rare titrated simultaneously in the same solution. However, it differs from the direct
mode because the spectra of HA or A™ are not used. Instead, the [HA]/[A"] ratio is found using the amounts of HA ¢
and A,r in solution (found from spectra), as well as the concentrations of the solutions and the amounts of titrant
added. Indirect UV-VIS spectrophotometry has a broader applicability, both in terms of which HA can be
measured (since its spectral properties are not important) and what solvents can be used (if HA,.f has changes in
the UV-VIS spectrum at sufficiently long wavelengths). The obvious downside of indirect spectrophotometry is
that the actual dissociation process of HA in the solution is not monitored, and information about side reactions is
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not obtained. The requirements with respect to the purity of the solvent and substrate are also much higher than
with direct UV-VIS spectrophotometry.

3.4 NMR spectrometry

NMR spectrometry observes changes in the NMR spectrum of the acid HA upon its ionization. Usually ‘H-, *C-,
31p—, or YF-NMR are used. NMR is almost always used as a relative technique, similar to the relative mode of direct
UV-VIS spectrophotometry. Under fast exchange conditions (which is the preferred way of working), the
[A7]/[HA] ratio is found from the displacement of the chemical shift of a selected atom (reporter atom) in the
molecule, where the chemical shift is influenced by ionization. In relative measurements, a reference acid HA¢ris
added to the solution and the chemical shifts of its reporter atom are also recorded. As a result, the difference of
the pK, values of HA and HA,.f (ApK,) is obtained. Because of the much higher resolution and discriminating
power of NMR compared with UV-VIS spectrophotometry, it is almost always possible to find an HA,.s whose
NMR signals do not overlap with those of HA. Even more, it is often possible to measure ApK, simultaneously in
the same solution against two different reference acids.

In general, NMR does not distinguish between free anions and BH*A™.*! Thus, it works according to equation
(7). However, when sufficiently low concentrations can be used, ion pairing, as well as homoconjugation can be
negligible and pK, values corresponding to equation (2) can be measured directly.

NMR is a more widely applicable technique than direct UV-VIS spectrophotometry, because almost all
organic compounds have NMR spectra with at least one of the above-mentioned nuclei, and it is almost always
possible to find a suitable reporter atom (which does not necessarily need to be in the immediate vicinity of the
acid center®?).

NMR is similar to (but more informative than) UV-VIS spectrophotometry in that it “sees” processes
occurring in solution. Chemical shifts can be measured with good accuracy, concentrations of compounds are not
important (under fast exchange conditions) as long as signals can be measured, and in most cases, impurities do
not hinder measurements. These things, put together, enable good accuracy and reasonable results are often
obtained, even with impure compounds or when partial decomposition occurs, as long as the signals of the
measured compounds are still present and distinguishable. For these reasons, NMR has become increasingly
popular for pK, determination, especially by research groups active in organic synthesis.

The main drawback of NMR is that in general it needs higher concentrations than UV-VIS spectrophotom-
etry, which increases the probability of side reactions in low-polarity solvents. Depending on the used nucleus, the
concentrations are usually in the range of 10™*~1072 M.

4 Data overview
4.1 General

This compilation is available at the permanent address https://doi.org/10.5281/zenodo.12608876.

At the time of publication, it includes more than 9000 pK, values for close to 5000 uncharged acids collected
from around 800 original works published since the middle of the 20th century (the earliest included publication
is from 1941).

Although the vast majority of acids included in this compilation are uncharged, ionic acids have been
included in some special cases.

(1) Second (in a few cases also third and fourth) ionization constants, i.e., pK,, values of acids, which are
effectively the pK, values of anionic acids, i.e., acids having a negative charge.

(2) Compounds that are generally perceived as acids, although they actually have both acidic and basic prop-
erties. Typical examples are amino acids, for which all available data have been included, irrespective of the
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charge type (e.g., the pK, value corresponding to ionization of the COOH group of most amino acids in DMSO
refers actually to a cationic acid, i.e., an acid with a positive charge).

(3) Acids that are cationic, but by their structures are best represented as “acids with charged substituents”. An
example is (3-carboxyphenyl)trimethylammonium ion, which can be viewed as benzoic acid carrying the
-N(CHa);" substituent in the position 3.

Most of the compiled pK, values are experimental. As a rule, computational values have been omitted except
where the following conditions were satisfied: (1) the tabulated pK, value is a combination of several values
obtained by different routes, e.g., from a number of high-level calculations (possibly combined with exper-
imental evidence) and where the values obtained via different routes agree satisfactorily; (2) the acids are
particularly important and (3) there is a reason to believe that for these acids, no reliable experimental value
in the respective solvent can be obtained in the foreseeable future. The main reasons for the latter are too
high acidity (e.g., the hydrogen halides in DMSO) or too low acidity (e.g., molecular hydrogen).

4.2 Order of data

The acids have been ordered according to the classification algorithm that is based on a structural identifier (see
below) and is presented in the “Comments” tab of the data file (see Section 5). The two highest levels of ordering
are presented here.

OH acids:

carboxylic acids; aromatic OH compounds; alcohols; NOH acids; SOH acids; POH acids; AsOH acids; other OH
acids.

NH acids:

carboxamides, thiocarboxamides; amidines; sulfonamides; phosphonamides; aliphatic amines; aromatic
amines; other amines; hydrazines/hydrazones; imines; aromatic heterocycles; other heterocycles; other NH acids.

CH acids:

monosubstituted methanes; disubstituted methanes; trisubstituted methanes; ethynes; carbocyclic CH acids;
heterocyclic CH acids; other cyclic CH acids; other CH acids.

SH acids

PH acids

Metal hydrides

Other acids

The presentation follows chemical logic, starting off from the acid center (in compounds with several acid
centers: the most acidic one) as the key feature and then splitting the body of data into further groups and
subgroups based on their structure. There are 4 classification levels leading to altogether around 200 classes or
subclasses. Within subclasses, the compounds are loosely ordered according to their structure.

There are some special situations. The two most important ones are: (1) compounds that markedly tauto-
merize and (2) compounds that have different acid centers of comparable strengths. Such compounds are located
in the tables on the basis of the following considerations.

(1) Ifthere is experimental tautomeric equilibrium data available for a given compound in a given solvent, then
the compound is positioned in the group of the most abundant tautomer and other tautomers are listed in the
order of decreasing abundance. For example, the extensively enolized beta-diketones are typically positioned
among alcohols (enols), not ketones. This information refers to solutions in a specific solvent, not to neat
compounds.

(2) All forms of amino acids are placed under OH acids, even though the acid center is often —-NH;".

(3) Ifthere are experimental data in some other solvent or there is some other consideration (e.g., computational
data or experimental data for similar compounds), the compound is placed in the group of the most abundant
tautomer. However, this is not necessarily the most abundant tautomer in the specific solvent where the pK,
is determined. In such cases, the order of tautomers does not necessarily reflect their order of abundance.
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(4) In cases when there are no experimental data on tautomer abundance, the compound is positioned to the
group where the original authors have deemed it to be. In such cases, the order of tautomers does not
necessarily reflect their order of abundance.

(5) Compounds that have different acid centers have typically been positioned according to the acid center
indicated by the authors of the original work. Compounds for which there was no such indication were
positioned according to the common chemical knowledge and experience of the present authors.

For most compounds, the Chemical Abstracts Service Registry Numbers (CAS RNs; serial numbers assigned to
chemical substances), Simplified Molecular Input Line Entry System (SMILES; a text sequence that describes a
molecule’s structure) and International Chemical Identifier (InChl; a unique text identifier for a chemical sub-
stance) are given and in the majority of cases, for all tautomers. Nevertheless, in some cases, compounds have
been placed into groups where they are most commonly anticipated to belong, even if the actual acid center is
different from the “canonical” one (e.g., amino acids, as indicated above). However, the names, acid types, CAS
RNs, SMILES and InChl strings are given for both tautomers.

Importantly, in the case of compounds that can be present in the solution as mixtures of tautomers, the pK,
values correspond to the mixture, not to the individual tautomers, unless specifically indicated otherwise. All in
all, in spite of the efforts to give as reliable as possible data on tautomer abundance, such data in this collection
should be considered as approximate and mistakes are possible.

4.3 References

All listed pK, values are from the original literature and are supplied with references to the respective original
publications. The pK, values initially found from compilations were verified with the original publications. As a
special case, the large body of unpublished DMSO pK, data from the F.G. Bordwell group (approximately 300
values, some of which are available at the website compiled by H.J. Reich?) has been included in this compilation,
although those pK, values have not been published in peer-reviewed publications.

If the same pK, value from same author(s) is given in several publications, then usually the earliest publi-
cation — where the experiments were actually performed - is cited in the compilation. If author(s) have corrected
the earlier value without performing new experiments, e.g., due to the change of pK, values of reference or
calibration compounds, modification of data treatment model, taking into account association or counter-ion
effects, then this new value is included as a separate entry.

References that contain only tautomer abundance data are given in parentheses.

4.4 Critical evaluation of data

The collected pK, values have been critically evaluated. In some cases, corrections have been made
(see below). In cases when the original publication presented insufficient detail but there is evidence that the
presented pK, values may be inaccurate, the values are marked as “doubtful”. If the evidence is very strong
(i.e., the present authors are essentially convinced the reported value is inaccurate), then it is marked as
“unreliable”. Unreliable values are typically thought to be in error by several pK, units.

Although obviously inaccurate, we have retained the unreliable values in the table, mainly for two reasons.
(1) Although these data are of low quality, they can still be of some help if one knows how to use them. For
example, the relative order of strength of acids determined in the same work may still be correct, even if all the
values are biased by several units. (2) Even more importantly, having the article cited and the reported values
flagged as “unreliable” gives the potential user a clear warning and should minimize time-wasting “rediscovery”.

It is important to note that in spite of the critical approach and corrections, it is not always possible to reach a
firm conclusion as to which of the published pK, values of a compound is the most reliable.
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Consistent with the present critical evaluation, approximate or less reliable data are flagged and pK, values

in a given solvent are mutually comparable (except in tetrahydrofuran, see below). We considered the following
aspects during our critical evaluations.

M

@

Does the presented pK, value have the claimed physico-chemical meaning? For example, if dissociation
according to reaction 1is claimed, is there evidence that ion pairs are not involved (or have been taken into
account)? In cases when there is a reason to doubt this, the corresponding values are marked as “doubtful”.
Specifically, if in low-permittivity solvents ion pairing was neglected, then the obtained values are typically
marked as “doubtful”, unless there was evidence that neglect of ion pairing was justified.

How has the measurement system been calibrated in terms of a(H")? Estimation (usually using the
Bates—Guggenheim convention) of a(H") in non-aqueous media is difficult and is one of the largest uncer-
tainty sources of non-aqueous pK, values. Therefore, usually reference compounds with known pK, values
are used for calibration. If none was mentioned or no information was given about calibration we almost
always considered the values as “doubtful”. The selection of the reference compounds and their pK, values
served to determine the traceability — based on which “scale” values are presented. A good example is
in DMSO where 9-phenyl-9H-fluorene (9PF) is frequently used as a standard by both the Bordwell*® and
Petrov-Shatenshtein®® groups. However, the pK, values that these groups use are different (17.9 and 18.5,
respectively) due to different definitions. Such situations were typically handled by corrections, as explained
below, separately for individual solvents. A special case is using reference compounds of different charge
type, e.g., cationic acids for the calibration of pK, measurements of uncharged acids or for direct comparison
with pK, values of uncharged acids. If the charge types do not match and activity coefficients are not explicitly
used, we have typically marked such values as “approximate”. In some works, the potentiometric system was
calibrated in water and thereafter measurements were carried out in non-aqueous solvents with the same
electrode system. The pK, values obtained in such works often differ from other authors by several units.
Such values were marked as “doubtful” or “unreliable”.

(3) Are the pK, values of the reference compounds close to the measured values? A frequent problem that

@

©)

(6)

occurs with, e.g., potentiometric measurements is that the electrode system is calibrated in a narrow pa(H")
range, e.g., 1to 5, and thereafter pK, values are measured in a much wider range (up to, e.g., 20), requiring a
lengthy extrapolation. Such a situation was usually considered a valid reason for marking the affected values
as “doubtful”. Exceptions were occasionally made if the acids in question were measured more reliably in
other work(s) and the results were either in good agreement with those from the work under question or
could be used after correction.

Was the ionization ratio for the pK, calculation measured directly (from UV-VIS spectra, NMR shifts,
or similar approaches)? Direct monitoring of the ionization ratio, as opposed to obtaining it indirectly (as
the ionization ratio of a reference compound via ApK, measurements or pH measurements in solutions of
very strong acids or bases in given solvent, or conductance), is generally more reliable. Indirectly obtained
ionization ratios may be affected, to an unknown extent by the solvent impurities (e.g., acidic or basic
impurities in the compound of interest or titrants), incorrect assumptions, etc. As an example, several sulfonic
acids, HCl, and HBr have been measured in DMSO* using conductance, without monitoring the actual
ionization state of the molecules. pK, values well above zero were obtained. At the same time, there is strong
evidence that most of these compounds are strong acids in DMSO with pK, values below zero.*

Was the concentration used sufficiently low (given the polarity of the solvent)? As discussed above, low
concentrations are important for suppressing ion association and/or homoconjugation processes.® The
importance increases with decreasing solvent polarity. If such association processes have been considered
appropriately when calculating the pK, values from the measured data then that is of course fully acceptable.
Was the solvent appropriately purified and dried? Water strongly influences acid-base properties in non-
HBD solvents, even if present in trace amounts. The two main effects of traces of water are (1) selective
solvation/stabilization of H* and (2) selective solvation/stabilization of the anion. The typical effects of using
insufficiently dried solvents are (1) lowering the pK, values (water supports acid dissociation) and (2)
compression of the pKj, scale.
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(7) Is the pK, value within the conveniently accessible range of the chosen solvent? The conveniently
accessible pK, ranges of the individual solvents (if available) are given below. Values of pK, can be measured
(or estimated) outside these ranges but are typically less reliable. This criterion was in some cases further
supported by looking at the odd behavior of particular values in inter-solvent correlations. Examples of this
are the reported pK, values between 1 and 3 above zero. In several cases, the actual pK, values of such acids
are in fact around or less than zero.

(8) Isdifference between pK, values of the same compound in different solvents consistent with available
knowledge of the solvation energies of the species present in those solvents? In some cases, solvation
energies of the species present in different solvents*®*’ or the transfer energies of the acid or anion of interest
between solvents® are available. Such data enable approximate estimates of differences in the pK, values of a
given compound between these solvents. The uncertainties of solvation energies are typically high compared
to good-quality pK, values, but solvation energies can still offer useful insights (e.g., see the MeCN, DMF, and
PC sections below). For example, the pK, values in MeCN are usually by 9-12 pK, units higher than those in
DMSO. Values outside that range can be found, but it is highly unlikely for any acid to have similar pK, values
in MeCN and DMSO.

(9) Does the pK,value follow common chemical intuition? If the compound under question is part of a family
of compounds with similar structure (e.g., phenols, benzoic acids, sulfonamides, etc.,) and if pK, values are
available for some other members of the family, then inference can be made as to whether the pK, value
follows the general chemical logic. For instance, introducing electron-withdrawing substituents into acid
molecules is unlikely to make pK, higher. Obviously, care is needed with such inference because situations
where the common chemical intuition does not hold (e.g., due to steric reasons) do exist.

If the experiments appear to have been made correctly but the pK, values of reference compounds or calibrants
used differed significantly from our “best estimates” (see below), then we give the corrected pK, value but include
the original pK, with the comment (<original value>, corrected by < correction value>). For example, the (relative)
PK, of 9PF in DMSO, frequently used as a reference acid, is often taken to be 18.5.%3 However, the “best estimate” is
17.9 (see below), so such values have been adjusted by —0.6 to make them comparable. In some cases, we have used
correlation analysis within a series of substituted compounds to obtain a corrected pK, value for an aberrant
value. This is possible when a series of independent reliably-determined pK, values exist. Reasons for choosing
particular reference pK, values are given below for specific solvents. It is important to note that in spite of our
effort, this critical evaluation did not always lead to clarity as to which of the several published pK, values for the
same compound in the same solvent is closest to the true value.

The number of significant figures for pK, values are typically those claimed by the original authors. Some
special cases are explained below with individual solvents.

5 Description of the data tables

The data are presented in Microsoft Excel Workbook (XLSX) files. The XLSX “pKa_Data_Table” data file consists of
six sheets: “pKa Data”, “Comments”, “References”, “Measurement uncertainty”, “How to cite”, and “Statistics”. The
contents of the pK, Data sheet are explained here (with brief comments on measurement uncertainty in the
comments to “labels related to reliability”). The remaining sheets are self-explanatory. We have also provided an
XLSX file “pKa_Dictionary”, which lists all of the unique acids that are in the data table. The dictionary includes
chemical identifiers for each compound and an image of their molecular graphs, with acid centers highlighted
wherever applicable. These images were generated using RDKit version 2023.03.3*® based on the structures
encoded by the SMILES strings provided in the dataset.

Columns in the pK, Data sheet:

For a given compound, the table lists the pK, values in all of the selected solvents, where available. The order
of solvents is that shown on page 1 of this review: DMSO, MeCN, DMF, pyridine, acetone, PC, and THF.

Column “Number” — Order number.



16 —— 1 Leito et al.: Acid dissociation constants in selected dipolar aprotic solvents DE GRUYTER

Column “Compound” — The names of the acids HA. The used names were typically those proposed by
SciFinder. If the main name given in SciFinder according to the CAS RN was too long or complicated, then one of
the alternative names was used. In the case of compounds with chiral centers, the optical configurations are
reported as given by the authors of the original reports. No attempt was made to establish whether they are
absolute or relative configurations or to convert them in any way.

Column “CAS” - Chemical Abstracts Service (CAS) Registry Number (RN) for acid HA listed in column
“Compound”. The ultimate basis for identifying the compounds was the CAS RN, whenever possible.

Column “Canonical SMILES” - SMILES strings are widely used chemical identifiers that encode the structures
of molecules as 2D graphs. The SMILES strings are not unique, i.e., several different strings can correspond to the
same molecular graph and are therefore not intended for compound look-up. However, they present a compact
and descriptive way for describing structure and are commonly used in cheminformatics. The “Canonical” label
here indicates that the SMILES strings have been standardized according to cheminformatics package RDKit.*®
However, note that several different standards exist for canonicalization, and this label is not intended to suggest
a universally-accepted standardization. The majority of these strings was generated programmatically by
translating the compound names using rules-based algorithm OPSIN*’ (implemented in Python wrapper
py2opsin®®), ChemAxon’s Molconvert software, and the PubChem database, checking for agreement among all
three of them. These were further checked for consistency with the identifier information corresponding to the
CAS RNs obtained from CAS SciFinder. In the case where there was not full agreement among the methods, we
manually checked the SMILES structures for accuracy.

Column “Isomeric SMILES” — These are SMILES strings as above, but include stereochemical information if
applicable.

Column “Atom-mapped SMILES” — These are variants of canonical SMILES strings that also include nu-
merical labels for all non-hydrogen atoms.

Column “Acid_center_index” - It indicates which atom is the acid center and corresponds to the atom index in
the atom-mapped SMILES. When combined with atom-mapped SMILES, this information allows for convenient
indexing of the acid centers using cheminformatics software. Note that such sites cannot be always determined, in
which case the label “NF” is provided.

Column “InChI” - InChl strings, which are chemical identifiers developed by IUPAC that encode chemical
structures in a unique searchable format. In this work, standard InChl strings are presented, which by default do
not distinguish between tautomers.

Column “InChIKey” — InChlI keys are compact alternatives to InChl strings. Similar to InChI strings, these are
intended to be unique identifiers that allow for species look-up. Both the InChI strings and InChI keys were
generated from their canonical SMILES strings using RDKit.

Column “Internal_ID” — An internal ID corresponding to each unique compound.

Columns “Main”, “L1”, “L2 and “L3” — Class and subclass identifiers.

Column “XYZ_pK,” — pK, value for the acid HA in solvent XYZ.

Column “XYZ_Ref” - literature source for the pK, value of the acid HA in solvent XYZ.

Column “XYZ_Comments” — Conditions, comments: method, temperature in °C, water content, ionic strength
used for the pK, measurement and, where relevant, corrections and reliability in solvent XYZ (see details below).
In many cases not all of these data are available.

Some compounds in the data table include multiple tautomers - for instance, “4-Hydroxytetrafluoropyridine +
2,3,5,6-Tetrafluoro-1H-pyridin-4-one”. In these cases, SMILES strings, acid center indices, InChI strings, and InChlI-
Keys for all tautomers are provided, wherever possible.

At the time of submission, not all compounds have had their SMILES strings and acid centers elucidated.
Approximately 150 SMILES strings and 500 acid centers have not yet been determined. Such missing structure codes
are indicated by “ND” in the dataset. On the other hand, acid centers that correspond to valid SMILES but could not
be unambiguously determined include “NF”. Future versions of this work will focus on clarifying these values.

Columns “Ref”:

All data included in the table are supplied with references to the relevant original publication(s) listed in the
“References” sheet. Each reference is characterized by two symbols denoted by the capital letter of the surname of
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the first author and by number showing the reference sequence of names of the first authors with the same
capital letter. For example: Ref C1 is M.K. Chantooni, Jr., LM. Kolthoff, J. Phys. Chem. 79 (1975) 1176.

Columns “Comments”:

In the third column for each solvent, a range of additional information is given.

Technique: the technique by which the dissociation constants were measured is shown by the following
abbreviations:

C Conductometry

Pot Potentiometry

uv UV-VIS spectrophotometry

IR Infrared spectrophotometry

\' Voltammetry

Cal Calorimetry

DvP Differential vapor pressure

X NMR Nuclear magnetic resonance with nucleus X
CE Capillary electrophoresis

EPR Electron paramagnetic resonance
PMV Photomodulation voltammetry

Some other approaches (estimated, combined, etc.) have also been used and their designations are
self-explanatory.

Temperature: Temperature is expressed in °C but is listed only when it differs from 25 °C.

Water content: Water content in solution, if determined by Karl Fischer titration, gas chromatography, or
some other appropriate method and was between 1and 2 mM (i.e., between 15 to 20 and 30—45 mg kg, depending
on the solvent density) was considered acceptable for pK, measurements in the present solvents and for pK,
measurements in non-aqueous solvents in general. Water content is shown in the table only when the reported
value was greater than 2 mM or less than 1 mM. In many cases, water content was not explicitly determined but
solvent drying was described or the reader was referred to an earlier publication from the same group describing
the drying. If the drying procedure was convincing, then water content was not indicated. If the description was
not convincing or no information was provided, this is indicated by “ND”.

Ionic strength: The ionic strength, denoted as “I”, is shown in mmol dm™ (mM). In the case of approximate
ionic strength, the “~” symbol is used instead of “ = ”. When the ionic strength was close to zero or the pK, was
corrected to zero ionic strength using the Debye—Hiickel or similar equation, then the value of the ionic strength is
either not shown or denoted as “— 0.

XX corrected by YY: This comment means that the reported pK, value was obtained from the original value XX
by correcting it with a correction of YY, as explained above.

Label “Combined value”: values obtained by combining different approaches (e.g., quantum chemical
calculations, solvation energies, bond dissociation energies).

Label “per hydrogen”: This label indicates that pK, values of acids that have n equivalent acidic hydrogen
atoms (e.g., 9H-fluorene or benzene-1,2-dicarboxylic acid (phthalic acid) have n = 2; toluene has n = 3) have been
corrected in order to eliminate the “statistical advantage” — higher probability of acid dissociation because of
higher number of such hydrogen atoms — of such acids compared to similar acids where there is only one such
hydrogen atom (e.g., 9-methyl-9H-fluorene or 2-(ethoxycarbonyl)benzoic acid (phthalic acid monoethylester),
respectively). Such correction makes sense if the pK, values are used for elucidating substituent effects.

Labels related to reliability of the values. It is impossible to assign concrete uncertainty estimates to specific
pK, values in the collection just on the basis of the data available in the original publications. Thus, we have
instead opted for labeling values with reliability above or below the average (values with average reliability carry
no label) with “preferred”, “doubtful” and “unreliable” as described below. In addition, the sheet “Measurement
uncertainty” in the data file presents possible average uncertainty estimates (actual uncertainties of individual
published values can be either lower or higher) of the pK, values with different labels in different solvents.

Label “preferred”: Denotes the pK, value, which, according to the judgement of the present authors, is
currently the most reliable of the available values. See additional comments below in the sections of specific
solvents.
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Label “doubtful”: Denotes a doubtful value, i.e., such, where it is likely that the value is seriously in error
(typically by more than one pK, unit) and that this likelihood is not recognized by the original authors.

Label “unreliable”: Denotes a value which is very likely dramatically erroneous, by several pK, units. Such
values have been kept in this collection mainly for warning the users not to use them.

Labels “estimated value”, “approximate”, “extrapolated”: values obtained using different estimation or
approximation approaches. These can be of low accuracy, but the authors of the values have recognized that the
accuracy is low.

There are some other comments in this column, which are self-explanatory.

Filtering the data

The table can be easily filtered in commonly-used spreadsheet programs via any of the columns using the
filter buttons (often displayed as “v”) beside the column titles. Some examples:

— Filtering via column “L2” by typing “ketone” into the search box enables all compounds that have been
classified as ketones to be seen.

— Filtering column “DMSO_Ref” by typing “B21” into the search box enables all values from ref B21 to be seen.

— Using the MeCN pK, column numerical filter “less than” and typing 7 enables all MeCN pK, values that are
below 7 to be seen.

6 Information about specific solvents
6.1 Dimethyl sulfoxide (DMSO)

Because of the relatively high permittivity and solvating ability of DMSO, acid dissociations in this solvent proceed
according to equation (2), essentially without side processes. The Bordwell pK, scale, termed as “absolute” in
Matthews et al.,*® serves as the primary reference for pK, values in DMSO in this compilation. That scale has been
built on the basis of a set of reference compounds (Table V in Matthews et al.*®) assuming fixed pK, values. In
general, the pK, values measured by the Bordwell group were considered the most reliable throughout this
compilation. However, not all of Bordwell’s data have been denoted as preferred. If values from the Bordwell
group were not available, then those of other groups related directly to the Bordwell scale were considered the
most reliable. Values measured against references with explicitly different pK, values (see below) were adjusted
to be comparable with the Bordwell values.

The pK, values of the Bordwell scale have been published as a rule with one decimal place. Thus, acids
measured against (or corrected using those values) cannot have a better accuracy, especially as most reported
measurements are less accurate than those made by the Bordwell group. Accordingly, such values are listed with
just one decimal place.

The reliable range of pK, values in DMSO is approximately between 2 and 30. As a solvent DMSO has a high
basicity (electron-pair donor ability). This is evidenced by, among other factors, the highly negative transfer Gibbs
energies of H* from water to DMSO (~19 k] mol ) or from MeCN to DMSO (-65 k] mol *).2 DMSO is thus well suited
for pK, measurements of weak acids. Strong acids are fully ionized in DMSO. Nevertheless, several literature
sources claim pK, values around or above zero for acids such as HCl, HBr, and even trifluoromethanesulfonic acid
(CF3S03H).* In the light of a recent study on the acidities of strong acids in solution,” it is possible to state that the
PK. values of all such acids in DMSO are negative. This is also supported by looking at the pK, values of such acids
in acetonitrile and the transfer Gibbs energies from acetonitrile to DMSO of H' (see above) and of some anions
(mostly up to few k] mol™ %).

Thus, similar to water, accurate measurement of near-zero pK, values in non-aqueous solvents is difficult and
any reported “near-zero” pK, values of such acids, for which alternative evidence points to negative pK, values,
have been marked as doubtful or unreliable.

Specific comments on the works of some groups

As noted above, the “absolute” spectrophotometric pK, scale from the Bordwell group is the primary
reference for pK, values in DMSO, both because of the very large number of pK, values determined using the
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same approach and because of the high quality of their data. The potentiometric values of a number of groups
(Pytela, Kulhanek, Koppel, etc.) are considered consistent with the Bordwell scale since they use Bordwell’s pK,
values to calibrate their potentiometric systems.

The pK, values from the Kolthoff group have generally been obtained either conductometrically, potentio-
metrically (with glass electrodes) or (sometimes) spectrophotometrically.”* In some cases, several techniques
were used to increase the reliability. Some of the pK, values from the Kolthoff group were corrected to align them
with the Bordwell scale.

The Petrov—Shatenshtein group take the pK, value of 9-phenyl-9H-fluorene (9PF) as 18.49, which is based
on the H_ scale (measured in mixtures of DMSO and aqueous tetramethylammonium hydroxide),> as their
primary reference. The H_ concept was an attempt to expand the aqueous pK, scale by successively adding
more organic solvent to the aqueous solution of tetramethylammonium hydroxide acting as an OH™ source. By
means of a series of indicator acids, apparent pH values were derived from the acid dissociation equilibria of
appropriate indicators. Thereby, the estimates of aqueous pK, values for weak indicator acids like 9PF
(practically insoluble in pure water) could be obtained by extrapolation of aqueous solvent acid dissociation
equilibria. The Petrov-Shatenshtein group used the extrapolated aqueous pK, for 9PF 18.49 as the definition
value for the “relative” pK, values in all solvents. The rationale behind this is that this compound has good UV-
spectral properties, and its anion has highly delocalized charge. For more detail on the H_ scale, see Stewart
and 0’Donnell’* and Shatenshtein and Shapiro.” The absolute pK, of 9PF in DMSO according to Bordwell is
17.9. The pK, values obtained by the Petrov—Shatenshtein group are generally of high quality and were in this
compilation typically adjusted by —0.6 or in some cases by the pK, difference of some reference acid that is
included in both the Bordwell and Petrov-Shatenshtein DMSO pK, scales in order to align them with the
Bordwell scale.

6.2 Acetonitrile (MeCN)

Because of the reasonably high polarity of acetonitrile, acid dissociation in this solvent proceeds according to
equation (2) without significant interference from side processes, provided: (1) concentrations are below 1072 M*°
and (2) the anion formed upon dissociation does not have a highly localized charge. As mentioned
above, acetonitrile is significantly less basic (lower electron-pair donating ability) than DMSO. As noted above
A:G°(H* MeCN — DMSO0) is —65 k] mol ., which corresponds to roughly 11 orders of magnitude difference. This
implies that the pK, value for the same acid in acetonitrile should be, depending on anion solvation effects,
greater by 9-12 than in DMSO. This is indeed what is mostly observed. As a result, acetonitrile is well suited for
studies of relatively strong acids.

The primary standard substance for the pK, values of acids in acetonitrile is 2,4,6-trinitrophenol (TNP, picric
acid) with pK, = 11.0 as determined using three independent approaches (conductometry, potentiometry, and
spectrophotometry).”’ As a result, the pK, value of TNP can be considered reliable, which, together with good
spectral properties, justifies its use as reference compound. Values either directly related to TNP or measured in
reference to a pK, scale set up using TNP, most recently revised in 2021,°® are considered the most reliable and not
needing revision. The pK, values of acids in ref. 58 range from 3 to 28. These values were regarded as reference
values when evaluating data from other authors, which were revised if needed.

A pK, range between 0 and 34 can be considered experimentally accessible in acetonitrile, with the range of
1-30 considered to be reasonably reliable. The upper limit of accessible pK, values in acetonitrile is caused by the
self-condensation (Thorpe reaction) of acetonitrile.”® This reaction leads to the formation of dimer 3-amino-
butenenitrile, to trimer 2-amino-4,6-dimethylpyrimidine and to a tetramer® which can act as buffer substances in
the high pK, range. It seems that these condensation reactions are dependent on the counterion. Soft cations like
phosphazenium ions allow pK, measurements of reasonable quality up to at least 33.°*
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6.3 N,N-Dimethylformamide (DMF)

The Gibbs transfer energy of H* from water to DMF is —14 k] mol % which is less negative than but still similar to
the value from water to DMSO. Transfer energies of anions between water and these two solvents are also similar.
DMEF is thus well suited for acidity measurements of weak acids, and the pK, values measured in DMF are not
expected to be very different from DMSO and are usually somewhat higher.

One should be cautious when evaluating pK, values of strong acids (hydrogen halides, 2,4,6-trinitrophenol,
etc.) in DMF. In particular, 2,4,6-trinitrophenol (picric acid) is too strong an acid in DMF to be a reliable anchor
compound or calibrant in potentiometry. Its published pK, values in DMF range from 3.7 to complete dissociation
(i.e., with pK, <1). Nitro- and dinitro-phenols have pK, values that are more convenient and these are preferred as
calibrants (reference compounds) for potentiometry and for evaluating the need for corrections of the data from
particular literature sources. Quite common calibrants in DMF are benzoic acid (pK, = 12.3) and 2-hydroxybenzoic
(salicylic) acid (pK, = 8.2). Acetic acid (AcOH) pK, = 13.5is close to the 13.2 obtained by combining its pK, in water
(4.8) with A,G°(H* H,0 — DMF)(-18 k] mol ") and A,G°(AcO” H,0 — DMF)(66 k] mol ™). Using transfer Gibbs
energies of ions for hydrohalic acids (aqueous hydrogen halides) yields pK, estimates of —0.6 for HCI (published
values 1.4 to 8), 5.6 for HBr (published values 1.8 to complete dissociation), and —9.1 for HI, all being much lower
than the published experimental values. These estimates are approximate and rely on the assumption that the
neutrals are solvated equally in water and DMF, but they should be treated as a warning sign with respect to the
PK, values of hydrohalic acids in DMF.

Data on weak acids from the groups of Kolthoff, Juillard, Demange-Guerin, Pytela, Ludwig, Bartnicka and
Petrov are considered reliable and consistent by the present authors and do not need adjusting. The preferred
values in DMF typically come from these groups. Values published by several authors from the former USSR
(Butin, Aksenenko, etc.) and some others can be corrected in a reasonable way.

6.4 Pyridine

Pyridine is the most basic of the solvents being considered in this review and at the same time the second-least
polar (Table 1). Because of its high basicity, pyridine favors the ionization of acids (HA). However, because of its
low permittivity, some of the A™ produced, depending on concentration, can be in the form of ion pairs SH*A™ or
BH'A" instead of free ions. There are very few works that separately determined K; and Kj. It has, nevertheless,
been demonstrated by careful measurements using three independent techniques (potentiometry, differential
vapor pressure, and UV-VIS spectrophotometry)®* that TNP and dinitrophenols dissociate to free ions at suffi-
ciently low concentrations (suitable for spectrophotometry). In part, this may be because the SH* (pyridinium) ion
is large and has a delocalized charge (compared with, e.g., conjugate acids of acetone or acetonitrile), which to
some extent suppresses ion pairing. The pK, value of TNP was determined by three independent methods as 3.0
and was demonstrated to be a free-ion pK,, (equation (2)).%* This pK, value of TNP can be regarded as the primary
reference pK, value in pyridine.

When looking at transfer Gibbs energies of ions from water to pyridine then it is useful to compare them
with DMSO. Thus A,.G°(H', H,0 — pyridine) is by ~9 k] mol  more negative than in the case of H,0 — DMSO. At
the same time, A,G°(A™, H,0 — pyridine) is about 6-9 k] mol™ less positive than from water to DMSO. Note
however that transfer Gibbs energies are less reliable in low-permittivity solvents, such as pyridine, because
low permittivity hinders dissociation of ion pairs to free ions. Nevertheless, assuming A.G° of neutrals are
small compared with those of ions, and that at low concentrations ion pairs in pyridine dissociate, the pK,
values in pyridine and DMSO are expected to be not too different. This is what is mostly observed when looking
at the data.
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6.5 Acetone

The transfer Gibbs energy value A, G°(H* H,0 — acetone) of the hydrogen ion and its Gibbs energy of solvation in
acetone are not known but an estimate of A, G°(H" H,0 — acetone) 29 k] mol " is presented in Table 1. This is by ca.
17 k] mol " less positive than in the case of acetonitrile. Basicity (electron-pair donor) parameters, such as ,** also
suggest that acetone is somewhat more basic than acetonitrile. At the same time, its relative permittivity (Table 1)
and anion-solvating ability* are lower. Thus, A,G°(X~ H,0 — acetone) are on an average 6 k] mol " more positive
for the halide ions, compared to acetonitrile. Consequently, pK, values in acetone are expected to be similar or
somewhat lower than those in acetonitrile. This is indeed observed in most cases.

pK, of 2,4,6-trinitrophenol (TNP) in acetone has been determined with great care® using a similar approach
to that adopted for acetonitrile,”” with two methods (UV-VIS spectrophotometry and potentiometry). The pK,
values obtained were 9.26 (UV-VIS spectrophotometry) and 9.2 (potentiometry). Most of the data from Czech
authors (Ludwig, Pytela, etc.) are related to the average TNP pK, value of 9.2 and this pK, value of TNP can be
considered as the primary reference pK, value in acetone. Whenever possible, the data from other works were
corrected, to be consistent with these Czech authors. The same authors have determined the pK, of benzoic acid as
18.2. However, in a number of works, the pK, of benzoic acid was found to be much lower. Such a systematic shift
can be corrected by adjustments ranging from +5 to +8, these corrections are very large and we do not have
information on the possible contraction of the obtained pK, ranges. Accordingly, such values, even if corrected,
were typically marked as doubtful or unreliable.

6.6 4-Methyl-1,3-dioxolan-2-one (propylene carbonate, PC)

PC and acetonitrile are rather similar solvents from the point of view of acid dissociation. Both have sufficiently
high permittivities to support dissociation of ion pairs to free ions, although that of PC is markedly higher. Their
basicities are similar. The transfer Gibbs energy A,G°(H* MeCN — PC) is ca. 4kJ mol™,” indicating that
MeCN is slightly more basic. Their § parameters are also very similar: MeCN 0.37 versus PC 0.40. The values of
AxG°(X” MeCN — PC) are just a few k] mol ™" negative™ for most anions. These things put together mean that
unless there is a significant difference in solvation of some anions or neutral species, the pK, values in acetonitrile
and PC are expected to be similar.

In most reports, the primary reference for the pK, measurements in PC has been the pK, value of TNP 9.3.%*
However, there is another serious work reporting the pK, of TNP as 11.4.°° Given the pK, of TNP in MeCN (11.0) and
the similar properties of the two solvents, both of these values are realistic (a third value 6.9 published in
Srivastava and Mukherjee® is unrealistic). There are factors that support either value. In Talarmin et al.*®® the
solvent was drier {20 mg (H,0) kg’1 (PC) as opposed to 50 mg (H,0) kg’1 (PC) in Izutsu et al.®*}, and the pK, value is
higher (water content tends to lower pK, values in non-protogenic solvents, especially in those having low
basicity). If the basicities of these solvents are similar, then the pK, values can also be expected to be similar. On
the other hand, in Izutsu et al.®* the experiment is much more carefully described, while in Talarmin et al.,%® the
description of the measurement of pK,(TNP) is essentially missing. The same group who published “Acid-Base
Equilibria of Some Acids in Propylene Carbonate”®* has previously determined pK,(TNP) = 11.0 in MeCN. The pK,
of 9.3 for TNP in PC is additionally verified by 3,5-dichloro-2,4,6-trinitrophenol (with pK, measured using two
independent methods). It is also unlikely for an increase in the water content from 20 to 50 mg (H,0) kg (PC) to
decrease of pK, by 2 units.

Thus, both pK, values 9.3 and 11.4 have some support and at this time, we are unable to prefer either.
Accordingly, we did not make changes to the values of other authors who used the pK; value of 9.3 as the reference
value for their measurements.
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6.7 Oxolane (tetrahydrofuran, THF)

Of the solvents included in this compilation, THF has the lowest permittivity (Table 1). As a result, the deviation of
the physico-chemical meaning of the measured values from equation (2) is the largest in THF. Only a handful of
reports took specific care to ensure and demonstrate that the published values corresponded to equation (2).
Another set of values, reported mostly by the Barbosa group are the so-called “overall dissociation constants” K",
corresponding to equation (6).

The majority of the reported values in THF are relative ion-pair pK, values (pK,;, values), measured
relative to specified indicator acids, and belonging to certain “scales”. Such scales differ not only by their points
of origin but also by the fundamental meaning of the values. They are anchored in different ways, sometimes to
pK, values from other solvents (e.g., DMSO). Not all authors discuss whether ion pairing is accounted for or not.
If (1) the pK, of the reference acid is a free-ion value, (2) the measured and reference acid are not too different
and (3) the counterion is inert and has a delocalized charge, then the differences between free-ion pK, values
and pK,;, values are similar, because the ion pairing largely cancels out. The counterion does, however, have an
influence on pK,;, values. The most frequently encountered counterions are Cs*, the [2.1.1] cryptate complex of
Li* (CAS RN 31250-06-3) and the 18-Crown-6 complex of K" (CAS RN 17455-13-9).

The most important ion-pair pK, (pK,;p) scales are:

- Streitwieser’s Li* ®” and Cs* ®® scales. Most of the work has been done according to the revised scales®”®® that
are anchored to the pK,;, of 9H-fluorene, defined as 22.90 for both scales.%’ In earlier works, different
anchoring was used. In the present data table, where possible, the values have been corrected to align them
with the revised scales.”*® Importantly, the Streitwieser group often reports the acidity values on “per
hydrogen” basis and wherever this is the case, the values are labeled as “per hydrogen” in the present data
table.

—  Antipin’s Li* cryptate scale (see Antipin et al.*! for a summary). Earlier values were anchored to the pK; of 9PF
in DMSO (18.5). More recent values are anchored to 9PF relative to DMSO (pK, = 17.9)). The earlier values have
been adjusted in this compilation to align them with the revised values. It has been established that ionized
acids in THF exist almost exclusively as 1:1 ion pairs with the lithium cryptate ions. Monomeric 1:1 ion pairs
are the main species under the experimental conditions.*

— Fraser’s Li* scale is based on the pK, values of 35.7 and 37.3 of diisopropylamine and 2,2,6,6-
tetramethylpiperidine as acids.” In principle, the scale could be aligned with the Streitwieser Li* scale (by
subtracting 1.5 from all values), but it was decided not to do that in this compilation as there is only one
common compound (9H-fluorene) between the two scales.

— The Morris group reports estimates of free-ion pK, values (denoted in their works as pKy). These values are
derived from measured relative ion-pair values (using different counterions) and corrected for ion pairing
using the Fuoss equation (with computationally estimated ionic radii).”" The pK, = 9.7 of tricyclohex-
ylphosphanium tetraphenylborate {[HPCy3]BPh,} is used as anchor value. Such corrections are certainly
approximate but facilitate development of a consistent set of values.

The values from Streitwieser (Li*, revised) and Antipin (Li*, revised) scales are similar and can be used inter-
changeably for practical applications not needing high accuracy. However, as a general rule, the shift between
values from different scales is not constant and depends on the nature of the anions. Therefore, in this compi-
lation, no translation was attempted between the scales in THF and the scale is indicated in the comments column
of the pKj, table.

7 Summary

The present compilation of dissociation constants of neutral acids in dipolar non-hydrogen-bond-donor (non-
HBD) solvents (also known as dipolar aprotic/non-protogenic solvents) has been prepared under the auspices of
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the International Union of Pure and Applied Chemistry (IUPAC). Its main aim is to provide a comprehensive and
critically evaluated pool of pK, data of acids and bases in selected non-aqueous solvents. This paper on pK, data of
uncharged acids in dipolar non-HBD solvents is the first part of a planned series of four compilations. Planned are
also compilation of data on i) uncharged bases (cationic acids) in dipolar non-HBD solvents, ii) uncharged acids in
protogenic solvents, and iii) uncharged bases (cationic acids) in protogenic solvents.
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