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Universal Trends between Acid Dissociation Constants in

Protic and Aprotic Solvents

Michael Busch,*™* Elisabet Ahlberg,’® and Kari Laasonen™

Abstract: pKa values in non-aqueous solvents are of critical
importance in many areas of chemistry. Our knowledge is,
despite their relevance, still limited to the most fundamental
properties and few pKa values in the most common solvents.
Taking advantage of a recently introduced computationally
efficient procedure we computed the pKa values of 182
compounds in 21 solvents. This data set is used to establish
for the first time universal trends between all solvents. Our

computations indicate, that the total charge of the molecule
and the charge of the acidic group combined with the
Kamlet-Taft solvatochromic parameters are sufficient to
predict pKa values with at least semi- quantitative accuracy.
We find, that neutral acids such as alcohols are strongly
affected by the solvent properties. This is contrasted by
cationic acids like ammonium ions whose pKa is often almost

J

completely independent from the choice of solvent.

1. Introduction

Acids have been known and used within the European cultural
area already for more than 2000 years. Initially, the (al)chemists
of these times were restricted to only rather week organic acids
like vinegar. Reported uses comprise for example food prepara-
tion and preservation” but also extremely questionable
applications like calming the stormy seas.”? From these humble
beginnings it took more than a millennium until the first
mineral acids were synthesized by Arab and European alchem-
ists through heating niter (KNO,), vitriol ((Fe,Cu) SO,) and/or
alum (KAI(SQ,), - 12H,0) to afford for example impure sulfuric
acid or nitric acid.?¥ Naturally, these new acids immediately
gained significant attention but little was known regarding their
true nature. However, over the following centuries the
fundamental understanding of chemistry developed to a level
which allowed Davy and von Liebig to suggest that hydrogen
atoms are involved in the dissociation of acids.”) Their early
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empirical theory was then refined by Arrhenius®™ and Brensted®
by stressing the role of dissolved protons for acid-base
chemistry. These dissolved protons were later shown to display
a rather complex solvation shell.”

Building on these insights we nowadays posses an excellent
understanding of acid-base chemistry in water and determining
pKa experimentally®'® or through
computations' is a routine task. For non-aqueous solvents

on the other hand no comparable level of understanding has

values in water

[11-18]

been achieved so far. Indeed, in solvents other than water our
knowledge is restricted to the most fundamental properties. It
is by now agreed upon, that acid base reactions in non-aqueous
solvents do, in contrast to water, not necessarily proceed
119200 |nstead, they are
exchanged through a direct interaction of the acidic and basic
group."®?” Naturally this significantly alters the kinetic profile of
the acid-base reaction. The reason for this change in mecha-
nism is the less negative energy of solvation of protons in non-
aqueous solvents"""*?'"2 which renders their presence unfavor-
able.

through proton-solvent complexes.

Additionally, also a less comprehensive set of pKa values in
only a rather limited number of solvents has been determined
so far experimentally.®*=" Indeed, most of the reported data
refer to the most common solvents such as dimethyl sulfoxide
(DMSO) or tetrahydrofurane (THF). However, even these exper-
imental data are often of questionable accuracy and can vary
significantly between different measurements."" Taking for
example the pKa of picric acid in 1,2-dichloroethane, pKa values
of 137 and 45" have been suggested. Similar but less
extreme variations are also observed in other solvents.”
Furthermore, measured and computed pKa values in dimethyl
sulfoxide suggest, that acids should posses comparable or lower
pKa values than in water.?*?**? The origin of this unexpected
behavior can be traced back to the predicted higher proton
solvation energy of the proton in DMSQ.?"?2?433% The proton
solvation energy corresponds to the energy required to transfer
a proton from vacuum into the solvent of interest. The validity
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of these counter-intuitive results has recently been
questioned."* These deviations are among others the result
of experimental complications such as the almost unavoidable
presence of impurities like water**? or the possible formation
of ion pairs which is corrected for in some but not all
measurements.?® However, these contributions typical cancel
within a series of measurements and therefore affect the
obtained pKa values to a lesser extend.""*® More critical are
errors associated with the need to convert the measured
relative pKa values to an absolute scale. This conversion relies
on the pKa of a reference compound which has already been
determined experimentally or computationally in an earlier
study.”® Through statistical analysis comparing computed and
measured pKa values, this conversion was identified as the
main source of uncertainties.""

The situation is complicated further by the fact, that also
computational modeling typically requires a reference value. In
most cases an experimental pKa value, which has been
determined in the solvent of interest, is used for this
purpose.**9 Owing to this direct relationship with exper-
imentally obtained pKa values also these computational results
are subject to the problems associated with determining a
suitable reference to offset the measured pKa values. In the
context of the “electrostatic transform method” this problem
was avoided by using the accurate proton solvation energy in
the solvent of interest to convert the pKa values between
different solvents.*’*®) However, proton solvation energies are
again only known in the most common solvents and often also
subject to significant uncertainties between different
studies.!""?"#22433 Eyperimentally, proton solvation energies
are obtained for example through electrochemical measure-
ments in a Kenrick cell®4-Y and tend to vary strongly between
different experiments.l"'*84% Computations of the proton
solvation energy on the other hand typically rely on the
experimental pKa of selected molecules in the solvent of
interest?"?%¥! and thus, again suffer from the aforementioned
problem of requiring a reference pKa in the experiments.
Similarly, also meta-dynamics simulations, which in principle do
not require an experimental pKa,”*¥ are only partly suitable for
determining a reference pKa. The reason for this is that these
simulations require the accurate description of the dissolved
proton in the solvent of interest. These simulations are already
complex and expensive in water and, owing to the rather large
size and complexity of solvent molecules, unfeasible in most
non-aqueous solvents and ionic liquids. Building on these rather
limited data for pKa values obtained from experiments and
computations some trends between different solvents have
been suggested,” but a truly global perspective is still missing.

In what follows we will develop for the first time a general
semi-quantitative understanding of the behavior of different
organic acids in a wide range of solvents. In contrast to earlier
work we rely on pKa values which have been computed using a
recently developed procedure for pKa prediction which only
requires an experimental pKa value in water combined with
density functional theory (DFT) computations and a suitable
solvation model as input."™" Thus, any experimental or
computational shortcomings of the above described methods
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can be avoided. Our results indicate, that acids can be divided
in different groups based on the charge of the acidic functional
group. The pKa of cationic acids like ammonium or iminium
ions remains almost completely unaffected by the choice of
solvent whereas the pKa of neutral acids like alcohols or
carboxylic acids strongly increases when moving from highly
polarizable protic solvents like water to apolar aprotic media
like cyclohexane. Zwitterions finally are found to display an
intermediate behavior.

Methods

Computational Details

pKa values reported in this contribution were either taken from our
previous work" or computed using Gaussian 16 Rev C.01.%
Independent of the origin of the data, the M06-2X functional®™' was
used in combination with a triple-C 6-311+ +G** basis set with
diffuse and polarization functions on all atoms and the SMD
solvation model as implemented into Gaussian 16.*¥ The ground
state structures were considered to be converged if the lowest
vibrational mode was larger than —100 cm™'. Following earlier
work, pKa values were computed using the method described
below and in references 11 and 40. The dissociation of formic acid
(pKa in water: 3.77®) was used as reference reaction. Note that in
principle also any other reference point could be used. However,
owing to a method inherent error cancellation” this should not
affect the relative stability between protons in different solvents.
Kamlet-Taft parameters for the fits were taken from
experiments.”’*® Solvation energies were computed by explicitly
optimizing the structures both in vacuum and the implicit solvent.
The test set of molecules was chosen such, that it spans a large
range of pKa values for a diverse set of molecules and functional
groups of compounds of chemical and pharmaceutical interest.
Similarly, also the solvents were selected such that they comprise a
set of diverse protic and aprotic polar and apolar media.

Computation of Acid Dissociation Constants

Acid dissociation constants were computed using our recently
introduced procedure to compute proton solvation energies in any
solvent using only a reference pKa in water.""“” The method relies
on a thermodynamic cycle which expresses the acid dissociation as
a series of a proton-coupled electron transfer (PCET) oxidation step
(reaction 1)

A—H— A-+H te” 6]

and an electron transfer (ET) reduction reaction (reactio 2) in the
solvent of interest (e.g. toluene).

A-4+e — A (2)

Computing the electrochemical potential of the ET step requires
knowledge of the (effective) absolute potential (E,per(SHE)) which
connects the absolute reaction energy to the the standard hydrogen
electrode (SHE). For the sake of improved error cancellation an
effective absolute potential is computed for a given computational
setup using equation 3:%
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Eabs,eff(SHE) = —nF[OSG(Hz) + G(Ai)—

®3)
—G(A — H) — AG(Dissociation)]

Here, n corresponds to the number of transferred electrons (n=1),
F to the Faraday constant and G(H,), G(A—) and G(A—H) to the total
Gibbs free energies of hydrogen, the reference acid and its
corresponding base obtained from the computations performed
assuming the solvent in which the experimental value has been
measured in (typically water). AG(Dissociation) finally is the
experimental Gibbs free energy computed from an experimental
pKa in water. Taking advantage of the effective absolute potential,
the Gibbs Free energy of the ET reduction step (AG(ET)) is then
obtained through equation 4:

Eabs,eff(SHE)

AG(ET) = G(A") — G(A-) + 240

)

The details of the procedure are described in Ref. [59]. This method
relies on the absolute potential in water. Thus, it will predict the
potential versus the SHE in water, despite using the solvation
model parameters of the non-aqueous solvent of interest.

This is opposed to the redox potential of the PCET oxidation step
(AG(PCET)) which is computed using the computational normal
hydrogen electrode.” This method uses H, in the gas phase as
reference.

AG(PCET) = G(A-) + 0.5G(H,)

—G(A— H) — RTIn([H*)) ©)

The term “RT In([H*1)" is obtained from the Nernst equation and
corrects for the pH dependence of PCET steps. In the case of
standard conditions (pH 0) it is 0. Since the solvent only enters
through the chosen solvation model, PCET steps are predicted
versus the SHE in the solvent of interest. Accordingly, the Born-
Haber cycle which connects the PCET and ET steps with the acid-
dissociation reaction (AG(Dissociation)) is no longer simply defined
by the sum of the energetics of the electrochemical steps but
instead needs to be corrected by a conversion factor to accout for
the differences in the proton solvation energy in water and the
solvent of interest (“SolvX”) and thus, puts both reaction onto the
same reference scale (equation 6).

AG(Dissociation) = AG(ET) + AG(PCET) + AGesok*. (6)

The difference between the reference solvent of the SHE can be
exploited to compute the (effective) proton solvation energy in the
solvent of interest (“SolvX”) via equations 7 and 8:

AGHESMX _ G(A — H; SolvX) — 0.5G(H,)—

conversion

—G(A™; SolvX) — feset0)

E SHE :
Gg?’IvX(HJr) — O.SG(HZ) + abs,efflg ) _ AGSHE,SoIvX (8)

conversion

Here, G(A—H;SolvX) and G(A~;SolvX) correspond to the total Gibbs
free energy of the reference acid from equation 3 in the considered
solvent while AGE%MX is the conversion factor between different

solvents. The obtained effective proton solvation energy can then
be used to predict the pKa in the solvent of interest.
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In contrast to other procedures which either rely on an exper-
imental pKa in the solvent of interest?'?** or knowledge of the
exact structure of the solvent-proton complex32433461-63l gy the
protonated and unprotonated states of the reference acid in water
and the non-aqueous solvent need to be computed. This can easily
be achieved using a standard implicit solvation model. The
obtained relative stabilities using this procedure are robust with
respect to different implicit solvation models and the choice of ab-
initio or DFT method.""*

By combining the relative stability of the proton with the effective
proton solvation energy using the above described computational
setup, the pKa can be computed. Owing to the shortcomings of
implicit solvation models, it is nevertheless still necessary to scale
the obtained raw pKa values. For protic solvents, Equation 9 was
found most appropriate when using the the above computational
setup and formic acid as reference."”

pKa(Exp) = 0.49pKa(Calc) + 3.2 9
pKa values in aprotic media were corrected using Equation 10.
pKa(Exp) = 0.75pKa(Calc) + 3.2 (10)

Note that the scaling relations can vary between different func-
tional groups and solvents."" Considering, however, that the
experimental data required to determine the scaling relations are
often of questionable accuracy in non-aqueous solvents'"" or even
completely missing we opted for this general approach. Tests for
solvents for which reasonably reliable experimental data were
available showed that this ansatz is sufficiently accurate to at least
reproduce semi-quantitative trends between solvents."” An in-
creased accuracy would require the use of explicit solvation models
which do not suffer from the same shortcomings of the SMD model
used in the present study. Using explicit solvation would, however,
require extensive molecular dynamics simulations which are not
affordable, owing to the size of non-aqueous solvents and the
number of solvents in the present study. Owing to the poor
reliability of experimental data no exact error estimated for the
presented pKa values can be provided. Nevertheless, experimental
and computed pKa values typically differ by 1 to 3 pKa units but
larger deviations are possible. This is, however, not necessarily a
sign of the poor quality of our data.""

2. Results and Discussion
2.1. Acid Dissociation Constants in Non-aqueous Solvents

General trends between the acid dissociation constants were
extracted from a test set comprising 182 molecules (240 pKa
values) in 21 solvents. This extensive data set contains
carboxylic acids, alcohols, primary/secondary/tertiary amines,
imines and CH acids. Additionally, also few thiols and mineral
acids were included. The pKa values of these compounds were
computed in a wide range of solvents which covers the full
spectrum from highly polar (e.g. DMSO or formamide) to
extremely nonpolar (e.g. cyclohexane or dimethylamine) protic
and aprotic solvents.

The behavior of one representative compound for some of
the most common functional groups in different solvents is
summarized in Figure 1. For convenience the solvent properties,
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Figure 1. Behavior of the computed acid dissociation constants of common acidic functional groups in common solvents. The solvent properties are described

by an effective solvatochromic parameter computed from the experimental values'

15728 which corresponds to the sum over the 3 Kamlet-Taft parameters o

(hydrogen bond donation), § (hydrogen bond acceptance) and mt*(polarizability). The corresponding acid dissociation sites are marked in red in the chemical

structures.

plotted at the x-axis, are described by simply using the sum of
the Kamlet-Taft solvatochromic parameters o, 5 and ¥, o and
[ correspond to the solvent’s ability for hydrogen bond
donation and acceptance while n* corresponds to the polar-
izability. Using this descriptor, aprotic apolar solvents such as
cyclohexane or toluene are placed at the left in Figure 1 while
protic polar solvents such as water or formamide are placed at
the far right in Figure 1. Solvents displaying intermediate
properties such as protic apolar solvents like acetic acid or polar
aprotic media like acetonitrile can be found between these two
extremes.

Our data clearly indicate, that the trends in the pKa vary
strongly between different classes of acids when moving from
protic/polar solvents such as water to apolar/aprotic solvents
like cyclohexane. Carboxylic acids are represented by Ibuprofen,
which is typically used to treat weak to moderate pain. For

Chem. Eur. J. 2022, 28, €202201667 (4 of 12)

Ibuprofen we predict a pKa of 5.8 in water which is in
reasonable agreement with the experimentally obtained value
of 4.5."% Upon moving towards less polar and aprotic solvents,
the acid strength decreases significantly (Figure 1a). In isopro-
panol for example, which is still a rather polar/protic solvent,
the pKa rises to 10.7. This is in good agreement with the
experimentally observed increase to 11.8.4 Even higher pKa
values of 21.1 and 22.1 are observed for acetonitrile and DMSO.
It is noteworthy, that the pKa values in these two solvents are
almost identical. This is contrasted by earlier studies which
suggested, that pKa values in DMSO should be significantly
lower than those in acetonitrile.?>??? |n line with these trends,
also protons in DMSO were predicted®?'?***-* to be equally or
more stable than in water while our computations again
indicated, that protons in both media should be approximately
equally stable."" These results were confirmed by us through
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CCSD(T) computations and by wusing different DFT
functionals.""* Furthermore, they were also found to be stable
with respect to the choice of implicit solvation model and its
parametrization.""“*” We are therefore reasonably confident,
that our method is able to capture the trends between DMSO
and acetonitrile correctly. Using statistical analysis the exper-
imental pKa values in non-aqueous solvents on the other hand
were found to be of questionable quality."” In cyclohexane,
which has the least ability for hydrogen bonding or dipole
interactions®” of all solvents considered in this study, the pKa
increases even by 42.7 units to 48.5.

The observed behavior for carboxylic acids is not unex-
pected when considering, that it dissociates into two charged
species, a carboxylate anion and a solvated proton. The
computed relative solvation energies in different solvents for all
involved species are summarized in Figure 2. Both the carbox-
ylate anion and the solvated proton are well stabilized in water
owing to its high polarizability and ability for hydrogen
bonding (Figure 2a). Moving towards less polarizable solvents,
which eventually also possess a reduced ability for hydrogen
bonding, their relative solvation energies increase which
corresponds to a decrease in their overall stability. The acid on
the other hand is only to a minor degree affected by the
change of solvent, i.e. the solvation energy remains almost
constant independent of whether Ibuprofen is dissolved in
water or cyclohexane. As a result of this, the relative pKa in less
polar solvents, which is completely determined by the differ-
ence in the solvation energies (AAG,,,), increases.

Similar to carboxylic acids also the dissociation of alcohols
results in two charged species, an alcoholate anion and a
proton. It is therefore not surprising that an almost identical
dependence of the pKa from the choice of solvent is observed
(Figure 1b). This is exemplified for the second dissociation step
of morphine. Morphine is used to treat strong pain and needs
to be transported across the lipophilic blood-brain barrier,
which renders its acid-base properties both in aqueous and
non-aqueous media of relevance.”®*® According to our calcu-
lations and in agreement with experiment® Morphine pos-
sesses a pKa of approximately 9.8 in water. When dissolved in
cyclohexane, the acid dissociation constant rises, identical to
the carboxylic acids, by approximately 42 pKa units to 52. A
qualitatively similar behavior is also observed for C—H acids.

The behavior of the alcohol and the carboxylic acid is
contrasted by protonated ammonium and iminium ions.
Considering for example aniline (primary amine), Propranolol
(secondary amine), Morphine (tertiary amine) and Diazepam
(imine) (Figure 1c to f) we find that the relative changes to the
pKa are affected by the change to extremely apolar, aprotic
solvents to a much lesser degree. For primary amines the pKa
remains, with a shift of only 4 pKa units upon moving from
water to cyclohexane, almost constant. For secondary and
tertiary amines as well as imines the shift rises to roughly
10 pKa units. Similar shifts are also observed for all other
considered non-aqueous media. This strongly suggests, that the
pKa is almost independent from the choice of solvent. Thus,
similar minor changes in the acidity can also be expected under
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Figure 2. Dependence of the solvation energy of the acid, its corresponding base and the free proton for Ibuprofen (a) and the first dissociation step of
Morphine (b) in relation to their solvatochromic parameters. The quality of the fits are shown in ) and d). The relative solvation energies are offset with

respect to water.
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physiological conditions such as in the lipophilic blood-brain
barrier which needs to be crossed by Diazepam and
Morphine.”®

The significant difference in the behavior of the pKa of
ammonium and iminium ions in different solvents compared to
carboxylic acids, alcohols and CH acids can again be understood
from the changes in the solvation energies of the acids and
their corresponding base. Considering Morphine, which was
taken as an example for a tertiary amine (Figure 1f), we find
that the positively charged ammonium ion behaves qualita-
tively similar to the carboxylate anion, e.qg. it is destabilized in
cyclohexane by roughly 1.5 eV compared to water (Figure 2b).
This is again not surprising when considering that the apolar,
aprotic solvent is to a much lesser degree able to stabilize the
charged molecule. Since the changes in the proton solvation
energy and the difference in the solvation energies between
the acid and its corresponding base (Figure 2d) possess
opposite signs and an approximately equal magnitude no
significant changes in the pKa of the compounds in
cyclohexane and water are observed.

Note that the scatter observed in Figure 1 is mainly the
result of the incompatibility between the effective solvatochro-
mic parameter which simply corresponds to the sum of o, §
and the true relationship with the solvatochromic
parameters. Indeed, using the exact expression to predict the

*
and w

difference in solvation energies between the acid and its
corresponding base results in many cases in errors which are
comparable to those found for carboxylic acids (Figure 2c and
d). It must, however, be cautioned that the detailed relationship
between the three parameters depends to some extend on the
size of the dataset and in parts also on the fitting method
which prohibits any more detailed interpretation of the results.

2.2. Exploring the Extreme: Trends in Cyclohexane

Equivalent trends are also found for the full data set, e.g. the
pKa values of all carboxylic acids, alcohols and C—H acids are
strongly affected by the choice of solvent while it changes only
slightly for most ammonium and iminium cations. However,
while the qualitative trends are very similar within a class of
functional groups, significant differences in the relative pKa
shift are apparent between different molecules. Taking for
example alcohols, the relative pKa values in cyclohexane
compared to water vary between 24 pKa units and 100 pKa
units (Figure 3). Strong variations are also observed in other
solvents. In line with this, the mean absolute error (MAE)
associated with the predicted pKa shift using only the Kamlet-
Taft solvatochromic parameters is with 4.7 pKa units high.
Owing to the presence of the very high bandwidth of relative
pKa values, the standard deviation is with 7.8 pKa units even
worse. A similarly poor performance of this oversimplified
model is also observed for other functional groups (see Sl). This
strong scatter between the molecules can be rationalized from
a detailed analysis of their origin.
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Figure 3. Comparison of the relative shift in the pKa between water and
cyclohexane for the considered functional groups.

2.2.1. Carboxylic Acids

Let us start the discussion with the carboxylic acids. Here, we
find in many cases only rather minor deviations (Figure 3), e.g.
17 of the 31 considered acids display a relative shift which is
within 42 pKa units compared to what is found for Ibuprofen.
More extreme deviations (>10 pKa units) are only observed for
the second deprotonation step of oxalic and phthalic acid,
Bendamustine, Cephradine, L-DOPA and L-Ornithine. Qualita-
tively similar trends are, with the exception of L-DOPA and L-
Ornithine also observed in all other solvents.

The dissociation of Bendamustine (reaction 11) and Ceph-
radine (reaction 12) results in the formation of a zwitterion with
a cationic ammonium or iminium species and an anionic
carboxylate.
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very strong acids and very strong bases. Taking for example
phenol (reaction 17), which has a computed pKa of 10 in water,
we observe an increase by approximately 42 pKa units to 52 in
cyclohexane.
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