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Free-energy calculations based on molecular simulations provide access to a wide range of thermodynamic properties such

as the solubility and partitioning of a molecule in and between various phases. It is demonstrated how molecular dynamics

free-energy simulations may be used to obtain the solubilities of primary alcohols and n-alkanes in water and binding

affinities of primary alcohols to a-cyclodextrin. The equivalence of two distinct routes to calculate binding free energies is

shown leading to the conclusion that host-guest binding affinities may be used to probe the underlying molecular force

field.
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1 Introduction

Methods to predict physicochemical properties of complex
systems based on statistical mechanics have gained an ever
increasing importance in chemical engineering research [1].
They have been percolating a diverse field of applications
ranging from adsorption in porous media over protein en-
gineering to materials design [2]. Atomistic simulation has
seen a particular increase in relevance due to its perma-
nently expanding scope that is directly linked to the
increase in computational speed, the use of massively paral-
lel hardware architecture [3,4] as well as acceleration
through the use of graphics processors [5]. Molecular simu-
lation techniques using classical force fields is probably the
most direct way to theoretically explore molecular behavior
in the condensed phase that may not be accessible experi-
mentally at all, or may be impeded by high cost or the diffi-
culty of detangling multivariate relationships through indi-
rect experimental measurements, making this tool
complementary to experimental techniques. Molecular sim-
ulations are used in a discovery driven mode (i.e., to explain
or search for new phenomena) but also more and more in a
data-driven manner (i.e., to predict properties, test theories
and models, or to validate difficult experiments) [6]. Prop-
erty prediction is directly linked to two major challenges in
molecular simulation, referred to as the force-field problem

and the sampling problem [7]. These two problems are
interrelated. Only if a calculated property is sufficiently con-
verged can an assessment of the quality of a force field be
carried out.

With regard to chemical engineering applications, molec-
ular simulations may give access to a range of properties
needed in practice [8]. Important physicochemical parame-
ters in for example purification and separation technology,
drug design and environmental chemistry are the solubility
and partitioning of molecules in and between various me-
dia. Therefore, there is great need for accurate predictions
of solubilities and partition or distribution coefficients of
known compounds but also of hypothetical ones that have
not yet been identified. Molecular dynamics simulations are
usually not resorted to when predicting solubility because
other methods often require less computational effort
[9-13]. Although these methods may offer very accurate

'Daniel Markthaler, Julia Gebhardt, Dr.-Ing. Niels Hansen
hansen@itt.uni-stuttgart.de

University of Stuttgart, Institute of Thermodynamics and Thermal
Process Engineering, Pfaffenwaldring 9, 70569 Stuttgart, Germany.
*Dr.-Ing. Sven Jakobtorweihen

Hamburg University of Technology, Institute of Thermal Separa-
tion Processes, Eiflendorfer Strafle 38, 21073 Hamburg, Germany.

Wiley Online Library © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  Chem. Ing. Tech. 2017, 89, No. 10, 1306-1314



Chemie

Ingenieur  Research Article
Technik

1307

and fast prediction in many cases, their predictive power
depends on the chemical structure and definite methods
that are best to use are not easy to identify [14, 15]. Atomis-
tic simulations have the benefit that they may provide addi-
tional conceptual understanding of the underlying molecu-
lar level forces driving the solvation process and offer the
possibility to obtain a diverse set of physical properties of a
complex system based on the same underlying potential
energy function (ie., the molecular force field) which en-
hances the interpretability of molecular simulation results.
For drug-like or polyfunctional molecules which are often
of interest for simulation studies few experimental data exist
on the solvation free energy, a quantity, which is often used
as target property in force field parametrization and valida-
tion [16 - 19]. In contrast data on solubility are often more
abundant, making the calculation of solubilities — even rela-
tive solubilities — particularly important [20].

Solubilities and other physical properties of high practical
interest such as activity coefficients, Henry’s law constants,
and distribution of chemical species between different
phases are related to the free energy of solvation [21]. As a
result such calculations have seen a tremendous progress
over the last decades and standards are beginning to evolve
that allow for reproduction of published results and reduce
the barriers to perform such calculations routinely [22 - 24].
However, partitioning is not only relevant between homoge-
neous phases but also between a bulk phase and a heteroge-
neous phase such as a membrane [25], a micelle [26], a sta-
tionary phase in liquid chromatography [27], or a larger
biomolecule such as a protein [28]. Therefore, a similar
active area of research is the prediction of binding affinities
for biomolecular complexes from molecular dynamics sim-
ulations due to the expected impact such calculations will
have in early stage drug discovery. Yet these calculations
have a higher level of complexity and are, thus, less mature
than those devoted to solvation free energies [29]. Two
types of approaches are principally used to compute stan-
dard binding free energies using molecular dynamics simu-
lations, namely the alchemical double decoupling method
and the potential of mean force method, respectively
[30 - 33]. In the present work the two approaches are com-
pared using the example of complexation between a-cyclo-
dextrin and primary alcohols.

The purpose of the present article is twofold. First, the
possibility of making predictions of aqueous solubilities of
n-alkanes and primary alcohols from free-energy calcula-
tions by utilizing a relationship between solubility, free
energy or rather free enthalpy [34] or Gibbs energy [35] of
solvation, and solute vapor pressure that is strictly valid
only when all activity and fugacity coefficients are unity is
investigated. Second it is demonstrated that binding free
enthalpies of host-guest systems can be obtained that are
method-independent and thus, solely a function of the
underlying potential energy function (ie., the molecular
force field).

2 Aqueous Solubility of n-Alkanes
and Primary Alcohols

Consider a solute that is liquid in its pure state and saturat-
ed in the solvent at such dilute concentrations that Henry’s
law is obeyed, that is the saturated solution is infinitely
diluted such that the rational activity coefficient is equal to
one. Then, (aqueous) solubility expressed in molar concen-
tration of a solute can be estimated given the free enthalpy
of solvation of a single solute molecule A and its pure-
substance vapor pressure from [36, 37]

Plsgat _AGSA,SOIV

where R is the universal gas constant, T is the temperature,
P52 is the equilibrium vapor pressure of A over pure A, P°
is the pressure (24.77 bar) of an ideal gas at 1 molar concen-
tration and 298.15K. Alternatively the solubility can be
expressed in units of mole fraction according to [38]

psat —AGS
s A A,solv

2
A RlpseXp[ R1 ] )

where pg denotes the molar density of the solvent and the
right hand side can be identified as the ratio between the
vapor pressure and Henry’s law constant of the solute [39].
Under the assumption of small values for x the relation
between both definitions is [40]

i = X305 3)

These relations were applied frequently to calculate the
solubility of light gases in ionic liquids [41], in water, or
aqueous solutions [42,43], or the solubility of n-alkanes in
water [44], respectively. For the prediction of the solubility
of solutes that are solid in their pure state see [45,46].

In the present work, Eq.(2) is examined to estimate the
solubility of n-alkanes and primary alcohols in water. Fig. 1
shows the results of calculated solubilities up to n-nonane
which are in very good agreement with experimental data
[47]. The required vapor pressures for n-alkanes lighter
than n-pentane, which are in the gas state at 298.15K, was
taken to be equal to the total pressure 1bar. For n-pentane
to n-nonane, which are liquids under these conditions the
vapor pressures were taken from the literature [47]. The
hydration free enthalpies were obtained from reported
molecular dynamics simulations using the GROMOS 45A3
force field [49] except for methane for which the hydration
free enthalpy was recalculated in the present work due to
conflicting values reported in [49,50]. Here the value of
8kJmol™! as reported in [50] was confirmed. Note that
there is no difference between the GROMOS force fields
45A3 and 53A6 [49] for the alkanes considered in this
work. For alkanes longer than those considered in this
work, experimental data from different sources become
inconsistent, often showing a sudden change in the depend-
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Figure 1. Aqueous solubility of n-alkanes (circles) and linear
alcohols (squares) at 298.15K and 1 bar. The simulation results
(filled symbols) were obtained with the GROMOS 53A6 force
field assuming an error of 1.5 k) mol™ in the free enthalpies of
hydration. The experimental data (open symbols) were taken
from [47, 48], respectively.

ence of solubility upon carbon number, while simulation
results do not support this observation [44].

Compared to n-alkanes, primary alcohols interact more
strongly with the solvent such that the validity of Egs. (1)
and (2) is more in doubt [51]. However, Fig.1 shows very
good agreement between calculated and experimental [48]
data also for this system. The required vapor pressures were
taken from the literature (C5 to C8 [52], C10 [53], C12
[54]). The hydration free enthalpies were obtained from
molecular dynamics simulations with the GROMOS 53A6
force field. For 1-butanol to 1-octanol the values reported in
[55] were used while the increments in hydration free
enthalpy with carbon number relative to 1-octanol calcu-
lated in a recent work [56] were used to obtain values for
1-decanol and 1-dodecanol. Finally it is noted that if the
assumption that all activity coefficients are unity proves to
be unrealistic, finite concentration activity coefficients may
also be obtained from molecular dynamics free-energy cal-
culations [57]. For saturated solutions of solid solutes the
need to calculate the residual chemical potential of the solid
hampers the use of molecular simulations [58]. However,
molecular dynamics simulations can straightforwardly be
used to calculate relative solubilities for the same solute in
different solvents [20]. Therefore, we conclude that molecu-
lar dynamics simulations with recent force fields will gain
an increasing importance in predicting solubilities in com-
plex systems. The same holds true for binding affinities
which are considered in the next section.

3 Standard Binding Free Enthalpy
of Primary Alcohols to a-Cyclodextrin

Cyclodextrins are often used as model systems to study
binding mechanisms [59 - 61] but are also of much practi-

cal interest themselves, as chiral selectors [62 - 67], molecu-
lar reactors [68], drug solubility agents [69], and in many
other applications [70-74]. Complexation thermodynam-
ics of cyclodextrins was widely studied experimentally
[75,76]. Computationally the standard binding free enthal-
py can be obtained through two distinct routes, one relying
on alchemical transformations (decoupling) along a non-
physical path and the other on probabilities of being at a
(predefined) physical path that may (but does not have to)
resemble the true reaction coordinate. The probabilities are
related to the potential of mean force (PMF) from which
the binding free enthalpy can be calculated. Both routes
may have advantages and drawbacks for the particular sys-
tem to be studied [32]. However, from the statistical
mechanics point of view they have to result in the same
number, a condition that may be used for validation and
error detection [77]. If the two routes provide the same re-
sults within the statistical errors, the calculated binding free
enthalpy is most likely the one prescribed by the underlying
molecular force field. In a previous work the standard bind-
ing free enthalpy of primary alcohols from 1-butanol to
1-dodecanol to a-cyclodextrin for different GROMOS force
fields using the alchemical route was calculated [56]. In the
present work these simulations were extended for alcohols
up to 1-eicosanol (C20) using the GROMOS 53A6¢1yc [78]
force field, applying the same methodology as in the pre-
vious work [56]. Additionally the PMF route was examined
for 1-butanol to 1-dodecanol using the GROMOS 53A661yc
and CHARMMS36 [79] force fields. To calculate the stan-
dard binding free enthalpy via the PMF route a one-dimen-
sional setup [80] was chosen:

- The six glycosidic oxygens (O1) were positionally re-
strained using harmonic potentials with a force constant
of 1000kJ mol'nm™ such that the central axis of the
a-cyclodextrin was aligned with the z-axis (see Fig.2 for
the definition of the coordinate system and the nomen-
clature used to specify the atoms in -cyclodextrin).

- A position restraint acting on the center of mass of the
guest molecule was used to prevent it from moving too
far orthogonal to the z-axis in order to restrict the
sampled area. This restraint was applied in the form of a
flat-bottom potential depending on the distance between
the center of mass of the guest and the z-axis:

UR — { ny(rcom - rres)iy if rcom,xy > rres‘xy (4)
0 otherwise
- where the force constant K, was set to 7500 k] mol 'nm™,
and the switching distance 7y, Was set to 0.6nm. The
quantity 7eomxy denotes the center of mass coordinate of
the guest molecule in the x-y-plane. With this choice of
Tcom,xy the restraint has no contribution in the bound state.
- An angle restraint was applied, defined in terms of two
vectors, the z-axis and the molecular axis of the alcohol
molecule. The latter was determined by the oxygen atom
and the carbon atom of the methyl group at the opposite
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end of the alcohol molecule. This restraint was used to
avoid a flip of the alcohol molecule and was applied in
the form of a harmonic potential in the angle. The
restraint energy is, thus,

1
U@ — EK@(Q - 00)2 (5)

where the force constant Kp was set to 500 kJ mol'rad™

and the reference angle 6, to 0°.

— Umbrella sampling [81] with windows placed at succes-
sive positions each 0.1 nm apart along the z-axis was per-
formed using the z-component of the distance between
the center of mass of the alcohol and the center of mass
of a-cyclodextrin as order parameter. A harmonic um-
brella potential with a force constant of 500 k] mol 'nm™
that acts on the deviation of the z-coordinate of 7.y,
from the reference position of the respective umbrella
window was applied. Molecular dynamics simulations of
20 ns were carried out per window using the GROMACS
program package [82] (version 5.1.4 for simulations with
the GROMOS force field and version 2016.x for those
with the CHARMM force field) patched to the free-ener-
gy library PLUMED 2.3.0 [83] that handles the definition
of the restraints.

— The free-energy profiles were obtained applying the um-
brella integration (UI) [84,85] method using a freely
available python implementation [86], from the weighted
histogram analysis (WHAM) [87] implementation
offered by the GROMACS program package [88] and
additionally by the multistate Bennett acceptance ratio
approach (MBAR) [89] for which a freely available
python implementation [90] was employed.

Many other different setups are of course possible. How-
ever, below it will be shown that this particular setup leads
to reliable results. Furthermore, the rationale for using this
particular setup will be discussed in a future publication.
From this 1D setting, the standard binding free enthalpy
can be calculated by [80]

LAy R Q
AGYq = —RTIn Vl‘; ~ RTIno— +AWg
6)
—Ky(0 — 0,)° (
RT1 00
+ n<exp |: SRT
Ky=0

where V° is the standard state volume of 1.661 nm® and I,
denotes the bound length defined as Boltzmann-weighted
physical length integrated over the bound region b,

I = /exp {*I;(Z)} dz (7)

b

where Wx(z) is the potential of mean force as a function of
z and defined to be zero at its lowest point where the guest
molecule is bound. The bound region was defined to span
the range between the minimum and the flat part of the
PMF and was set to encompass a distance of 1.5nm in all
cases. Due to the small weights of larger distances this
choice has no significant effect on the standard binding free
enthalpy. The cross-sectional area A,y available for the
unbound ligand in x-y directions in the presence of the
applied position restraint is obtained from the partition
function of the restraining potential by

—-U,
Aur = / 27rexp {R—TR} dr

0

TT¥res.xyl (0.25
T T(025) m/m ©

res,Xy 2 k?{' 25 P \/E

where I' denotes the Gamma func-
- tion and kr the dimensionless re-
| straining force constant K,,/RT. With
the numerical values given above
Ay g evaluates to 1.64 nm?>.

SR The contribution to the free en-
sd thalpy in the un.boum.i state due to
AR the angle restraint arises from the
los o reorientation permitted about the
- - three Euler angles of a rigid body in a

homogeneous bulk phase. For the
restraining potential given by Eq. (5)
the available rotational volume Q
under the influence of the restraint is
[91,92]

Figure 2. Schematic representation of the host-guest arrangement in configuration 2
(conf2) in which the hydroxyl group of the alcohol in the bound state is located at the sec-
ondary rim of the a-cyclodextrin. On the right-hand side the nomenclature used to specify

the atoms in the monomeric cyclodextrin units are shown.
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and evaluates to 0.1956 using the numerical values given
above. The quantity AWy is the depth of the potential of
mean force and the last term in Eq.(6) accounts for the
contribution of releasing the angle restraint in the bound
state. This contribution may be evaluated by free energy
perturbation [93,94] (as indicated in Eq.(6)) or thermo-
dynamic integration [95] over the derivative of the restrain-
ing potential with respect to a coupling parameter. Here the
first approach is used. The results depend slightly on the
specific case and are in the range -5.0 to -7.6 kJ mol .

Figs. 3 and 4 show the potentials of mean force for all
alcohol molecules studied. Because the free enthalpy is a

state function the left and the right branch of the PMFs
should result in the same standard binding free enthalpy
when evaluated with Eq.(6). Therefore, the depths of the
PMF when evaluated from the left or from the right PMF
branch, respectively, are related by AWgjerr — AWp right =
RTIn(hy jeft/ I rignt). For the simulations conducted in the
present work the difference AWy 1ot = AWR rigne Was usually
larger in magnitude than the expression RTIn(l jefi/lp,right)
but in most cases within the thermal energy of RT, and thus,
within the uncertainties associated with AWg. For the final
binding free enthalpy of a particular configuration (ie.,
confl or conf2) the arithmetic mean value of the two
branches were taken. The results show that the PMF depth
for shorter alcohols is larger in configuration 2 (Fig. 3) com-
pared to configuration 1 (Fig.4), in agreement with an ear-
lier work [56]. For longer chains the difference between the
two configurations vanishes. Compared to the PMFs ob-

a) o I ' I . I
Configuration 2

w

W,(2) [k mol ']

b) % i : I .

I
Configuration 2

W, (@) [k mol'']
g
T

]
<
T

z [nm]

Figure 3. 1D potentials of mean force from umbrella sampling simulations, evaluated with the umbrella integration method, for
a-cyclodextrin/alcohol complexes in configuration 2 using the z-component of the distance between the center of mass of the alcohol
molecule and that of a-cyclodextrin as order parameter. Error estimates were performed according to [96]. a) GROMOS 53A6g, v force

field and b) CHARMM36 force field.

a) o ' I . I ' I ' I :
Configuration 1

W, (2) [kJ mol ']
S

8

z [nm])

b) 5o T T T ‘ T T T y T v

Configuration 1

30~

W,(@) [kI mol”]

Figure 4. 1D potentials of mean force from umbrella sampling simulations, evaluated with the umbrella integration method, for
a-cyclodextrin/alcohol complexes in configuration 1 using the z-component of the distance between the center of mass of the alcohol
molecule and that of a-cyclodextrin as order parameter. Error estimates were performed according to [96]. a) GROMOS 53A6, y¢ force

field and b) CHARMMS36 force field.
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tained with the CHARMMS36 force field the
GROMOS 53A6 ones show deeper well depths
AWy, while the overall shape is very similar. It is
noted that the barriers observed in some PMF
curves between the flat region and the borders of
the well do not necessarily have a physical signifi-
cance but are most likely a consequence of the 1D
setup, which does not resemble the true reaction
coordinate [97]. Standard binding free enthalpies
derived from experimental measurements do not
distinguish between two different binding modes.
Therefore, the logarithmic average [98] of the two
values corresponding to the two configurations
was taken to arrive at a final value for each alco-
hol molecule which can be compared to experi-
mental data. Fig. 5 shows that the AGp,  ;-results
for the GROMOS force field obtained by double
decoupling and the PMF route are in very good
agreement, leading to the conclusion that they
reflect the properties of the underlying potential
energy function. Therefore, the earlier conclusion
that the GROMOS 53A6;yc force field slightly
overestimates the binding strength whereas the
CHARMM36 force field underestimates it is con-
firmed. Note that the method used to analyze the
umbrella sampling simulations (UI vs. WHAM
vs. MBAR) had no significant effect on the re-
sults.

The simulation results clearly suggest an in-
crease in magnitude of the binding free enthalpy
as function of chain length and no sudden
change in this trend even for the longest alcohol,
1-eicosanol. This is in contrast to some of the
experimental studies but in agreement with the
recent measurements of Linden et al. [100] who
reported binding constants for the entire homo-
logous series from 1-butanol to 1-dodecanol. To
rationalize the increase in magnitude of AGy, 4
the binding modes were studied in more detail.
Fig. 6 shows that the bulk water phase starts at
+0.8 nm (measured from the Ol-atoms). Even
for the C20 alcohol the complete chain is within
this range (Fig. 7). That is, all parts of the guest
molecule are interacting with the a-cyclodextrin
host and contribute to the binding free enthalpy.

4 Conclusion and Outlook

The calculation of aqueous solubilities from
molecular dynamics free-energy simulation was

demonstrated for n-alkanes and primary alcohols. For the
latter binding affinities to a-cyclodextrin were calculated
via the potential of mean force. The equivalence of the re-
sults with earlier double decoupling simulations shows that
the binding affinity is merely a function of the underlying

Chem. Ing. Tech. 2017, 89, No. 10, 1306-1314
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Figure 5. Experimental and calculated standard binding free enthalpies versus
the number of carbon atoms. Experimental data (exp. av.) are based on our
compilation reported earlier [56] supplemented by additional data [99]. Simula-
tion results are reported for the GROMOS force field 53A66.vc [78] calculated
either by alchemical double decoupling (DD) [56] or via the potential or mean
force (PMF) and for the force field CHARMM36 [79] calculated via the potential
of mean force. Dashed lines are used as guide to the eye.

4 T | T | T { T | T T
3 — -
32l -
=
l - p—
L | 1 | 1 | 1 | 1 I 1
0
-3 -2 -1 0 1 2 3
z-axis [nm]

Figure 6. One-dimensional distribution function of water molecules along the
central axis of a-cyclodextrin. The origin lies in the center of mass of the glycosi-
dic oxygen atoms. The positive direction points towards the primary hydroxyl
groups (primary rim), the negative direction points towards the secondary
hydroxyl groups (secondary rim). All water molecules that are located within a
cylindrical volume of radius 0.1 nm around the central axis were considered.
Simulations were conducted with the GROMOS 53A6, v force field [78].

potential energy function. This opens up new routes for
force field optimization as a more diverse set of experimen-
tal target data can be incorporated. Indeed a growing body
of literature deals with identifying inaccuracies in current
force fields, which remain undetected when considering

www.cit-journal.com
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Figure 7. Characterization of the binding modes of primary
alcohols in a-cyclodextrin obtained from simulations with the
GROMOS 53A6¢,vc [78] force field. The coordinate d measures
the z-component of the distance between a reference point in
a-cyclodextrin (center of mass of C1 atoms) and a reference
point of the alcohol molecule. For the latter three choices were
considered: (i) the CHz-end of the alcohol (triangles), (ii) the
center of mass of the two central C-atoms of the aliphatic chain
(squares), and (iii) the oxygen atom of the hydroxyl group
(circle). Filled symbols correspond to conf1 and open symbols to
conf2. The horizontal dashed lines illustrate the size of the
a-cyclodextrin cavity. The line at d = 0 represents the position of
the a-cyclodextrin reference point, while the lines at

d =0.38nm and d =-0.29 nm depict the average distance of the
oxygen atoms of the primary hydroxyl groups and the second-
ary hydroxyl groups, respectively, from the a-cyclodextrin refer-
ence point.

only the thermodynamic properties used typically in the
original parametrizations [101]. By considering both solu-
bility and binding affinity on equal footing a thermodynam-
ical consistent description of complex host-guest systems in
complex solvent environments will become possible in the
future.
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I List of Symbols

cross-sectional area available to the
guest molecule under the influence
of the position restraint orthogonal
to the z-axis

solubility of compound A in
solvent s

free enthalpy of solvation of
compound A in solvent s

standard binding free enthalpy

Au,R [an]

cy [mol L]

AG:

A solv

[kJ mol™]

AG). . [k mol™]

Ky [k] mol 'nm™] restraining force constant of the
distance restraint acting
orthogonal to the z-axis

Ky [k] mol 'rad ] restraining force constant of angle
restraint

Iy [nm] bound length

o [bar] vapor pressure of compound A

P’ [bar] pressure of ideal gas at 1 molar
concentration and 298.15 K

r [nm] distance

R [Jmol'K™']  universal gas constant

T [K] temperature

Ur [kJ mol™] potential energy of the distance
restraint

Uy [kJ mol™] potential energy of the angle
restraint

W [nm’ standard state volume

AWy [KJmol™] PMEF depth, defined as the lowest
point, zero, minus the exponential
average of the PMF over the entire
unbound region

solubility of compound A in
solvent s expressed as mole

fraction

I Greek symbols

0 [rad] angle between molecular axis of
the guest molecule and the z-axis

Ps [mol L] molar density of the solvent

Q -] rotational volume accessible to the

guest molecule under the influence
of the angle restraint

I Abbreviations

MBAR multistate Bennett acceptance ratio approach
PMF  potential of mean force

Ul umbrella integration

WHAM weighted histogram analysis
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