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Hydration free energies of cyanide and hydroxide ions
from molecular dynamics simulations with accurate
force fields

Myung Won Lee and Markus Meuwly*

The evaluation of hydration free energies is a sensitive test to assess force fields used in atomistic

simulations. We showed recently that the vibrational relaxation times, 1D- and 2D-infrared spectro-

scopies for CN� in water can be quantitatively described from molecular dynamics (MD) simulations

with multipolar force fields and slightly enlarged van der Waals radii for the C- and N-atoms. To

validate such an approach, the present work investigates the solvation free energy of cyanide in water

using MD simulations with accurate multipolar electrostatics. It is found that larger van der Waals radii

are indeed necessary to obtain results close to the experimental values when a multipolar force field is

used. For CN�, the van der Waals ranges refined in our previous work yield hydration free energy

between �72.0 and �77.2 kcal mol�1, which is in excellent agreement with the experimental data. In

addition to the cyanide ion, we also study the hydroxide ion to show that the method used here is

readily applicable to similar systems. Hydration free energies are found to sensitively depend on the

intermolecular interactions, while bonded interactions are less important, as expected. We also

investigate in the present work the possibility of applying the multipolar force field in scoring

trajectories generated using computationally inexpensive methods, which should be useful in broader

parametrization studies with reduced computational resources, as scoring is much faster than the

generation of the trajectories.

1 Introduction

Solvation of neutral and ionic species is important for char-
acterizing chemical processes in the liquid phase.1,2 Of parti-
cular interest are the organization and dynamics of solvent
molecules around solutes3 or the behaviour of ionic species at
interfaces.4 Ionic solvation is also of considerable relevance in
understanding electrolyte solutions and the behaviour of salts
at surfaces. Both the structure and dynamics of the solvent
surrounding ions are of fundamental interest, including e.g.
their effects on protein solubility and stability.5

An important and experimentally accessible property of
simple ions is their free energy of solvation, which can also be
determined from molecular dynamics (MD) simulations. A large
effort has been made over the past few decades for developing
computationally feasible and reliable methods to determine
such free energies.6–19 The most rigorous approach is to treat
the solvent explicitly and determine the solvation free energy
either using thermodynamic integration (TI), free energy pertur-
bation (FEP) or related methods. For larger systems – such as

proteins – these methods become computationally prohibitive
and thus more approximate implicit schemes such as
MM/PBSA and MM/GBSA20–23 have been devised. In electronic
structure calculations the polarized continuum model (PCM)24

is commonly employed whereby the molecular electrostatic
potential or the electric field at preselected points is used to
take into account environmental effects of a solvent on the
properties of a molecular system. Alternatively, the Langevin
dipole method considers a solute surrounded by solvents
represented as point dipoles placed on a grid.14 While these
methods can be appropriate for the calculation of the solvation
free energy for a small solute molecule, more extensive sam-
pling of the conformation would be needed for more compli-
cated systems.

At the atomistic level, solvation free energies are also poten-
tially sensitive to the intermolecular interactions.25 Depending
on the force field used, the conformations sampled and the free
energies determined from them will differ. Hence, in standard
force field optimizations, solvation free energies are an impor-
tant thermodynamic property often included in the fitting.26–29

In our previous work on cyanide in water,30 it was found that
the vibrational relaxation time of the solute sensitively depends
on the van der Waals parameters when accurate, multipolar
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electrostatics is used in the simulations. Scaling the Lennard-
Jones (LJ) size parameter (s) by a few percent almost quantita-
tively reproduces experimental vibrational relaxation times of
CN� in H2O and D2O.30 Hence, it is of interest to investigate
whether thermodynamic quantities such as the free energy of
solvation are equally susceptible to the nonbonded interactions.
In the present work, we determine the hydration free energy of
the cyanide and hydroxide ions in water from atomistic simula-
tions using a range of force fields, and investigate how specifi-
cally the LJ-ranges affect the solvation free energy of the ion for
given multipolar electrostatics.

In many cases, it is considerably more expensive computa-
tionally to generate the configurations than to determine the
experimental observables with which to compare. A possibly
advantageous approach would be to sample configurations
using less expensive simulations with a simpler force field,
whereas ‘‘scoring’’ is carried out by using a computationally
more demanding but more accurate method.31 In order to
quantitatively assess the influence of sampling with one model
and scoring with another one, the configurations generated
with computationally cheaper models have been scored with
more elaborate and thus more expensive models in the
present work.

While there are many different methods to carry out free
energy calculations, the computationally expensive part of
such an undertaking is the sampling of the configuration, which
is the same for a range of methods. Therefore, it would be
interesting to evaluate free energy using various methods and to
compare the results.32,33 In the present work, TI, FEP, and
Bennett acceptance ratio (BAR) methods are applied to the
same configurations and the hydration free energies of the
cyanide and hydroxide ions are evaluated. In addition, we also
compare the results with that obtained from the umbrella
sampling (US), which needs different sampling. The results are
then compared to experiments and the sensitivity of the compu-
tations to modifications in the force fields is determined.

2 Theory and computational methods

All molecular dynamics (MD) simulations were carried out using
the CHARMM program34 with provisions for multipolar inter-
actions.35 Spherical boundary conditions (SBCs) were employed
with a cyanide or hydroxide ion solvated inside a water sphere
of radius 19 Å containing 997 water molecules, with a water
density close to 1 g cm�3. A snapshot of the simulation system is
shown in Fig. 1. These simulations were carried out in the NVT
ensemble. A Nosé–Hoover thermostat was employed with a
thermal piston mass of Q = 50 kcal mol�1 ps2.36,37

The nonbonded interactions (electrostatic and Lennard-
Jones) were truncated at a distance of 12 Å and switched
between 10 and 12 Å. Before configurational sampling, an
equilibration simulation was made for several hundred ps at
300 K with the NVT ensemble using the TIP3P water model.38

For simulations using the flexible KKY water model (see below),
an additional 200 ps of NVT equilibration followed for every
system.

2.1 Intermolecular interactions

The stretching potential for the cyanide or hydroxide ion is a
Morse potential

V(r) = De{1 � exp[�b(r � re)]}2. (1)

For the cyanide ion, De = 237.5 kcal mol�1, b = 2.283 Å�1, and
re = 1.172 Å were used.39 For the hydroxide ion, DFT calcula-
tions at the B3LYP/aug-cc-pVQZ level were performed and
yielded De = 96.97 kcal mol�1, b = 2.437 Å�1, and re = 0.963 Å.

For the electrostatic interactions, a multipolar (MTP) or a
conventional two-point charge (PC) model was used for cyanide
and hydroxide. The multipole moments for CN� and OH� are
calculated from density functional theory (DFT) calculations
at the B3LYP/aug-cc-pVQZ level. The Gaussian03 suite of
programs40 was used to obtain the SCF wavefunctions, from which
the charges q, dipole ~m and quadrupole Y moments on the
C and N atoms were calculated through the GDMA program.41

Each multipole moment Q was calculated on a grid ranging
from 0.9 to 1.1 re with a step size of 0.01 re, with re = 1.16 Å for
CN� and 0.958 Å for OH�, which are close to the experimental
gas-phase bond lengths of 1.1765 Å for CN� (ref. 42) and 0.954 Å
for OH�.43 The values of all nonzero components up to the
quadrupole are summarized in Table 1.30 To describe the
orientations of the atomic multipole moments with respect to
the global Cartesian coordinate system in which the simulations
are carried out, a reference axis system needs to be assigned to
the molecule and the interactions are transformed in each step
to the global axis system.44 For the cyanide or hydroxide anion,
the charge distribution is axially symmetric and only one axis is
required. Here, the z-axis is chosen, which is parallel to the

Fig. 1 The simulation system used in the present work. The C and N atoms of
the cyanide ion are represented as cyan and blue van der Waals spheres,
respectively. Water molecules are depicted as lines.

Table 1 Multipole parameters and CHELPG charges of CN� and OH�. Only
nonzero MTP components are shown. MTP components are Qu, where u
represents angular momentum labels (00, 10, 11c, 11s, 20, 21c, 21s, 22c, and 22s)

Site Q00 [e] Q10 [ea0] Q20 [ea0
2] qCHELPG [e]

C �0.447 0.973 0.318 �0.500
N �0.553 �0.698 0.963 �0.500
O �1.008 �0.516 2.389 �1.183
H 0.008 0.196 0.437 0.183
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molecular axis. The molecular dipole and quadrupole moments
from the DFT calculations are 0.249 ea0 and �3.668 ea0

2 for
CN� and �0.539 ea0 and 1.963 ea0

2 for OH�.
The two-point charge model employed charges from electro-

static potentials using a grid based method (CHELPG).45 The
B3LYP/aug-cc-pVQZ calculations were carried out on the equili-
brium structure of the ions. Table 1 shows that CHELPG
charges are quite similar to the charges from the distributed
multipole analysis (Q00). Because the decomposition of an
electron density is not necessarily unique, higher MTPs can
be interpreted as corrections to the ESP charges.31 According to
this, the charges are first determined to best reproduce the ESP
and then higher MTPs are used to improve on this. Therefore,
one can envisage using a computationally inexpensive model to
sample configurational space and then obtain improved obser-
vables from ‘‘scoring’’ the conformations generated using a
more elaborate model.

The Lennard-Jones (LJ) parameters for the cyanide and
hydroxide ions were adapted from the universal force field
(UFF):46 eC = 0.105 kcal mol�1, sC = 1.9255 Å, eN = 0.069 kcal mol�1,
sN = 1.8300 Å, eO = 0.060 kcal mol�1, sO = 1.7500 Å,
eH = 0.044 kcal mol�1, and sH = 1.4430 Å, where s = rmin/2.
For e the original UFF values were used without change,
whereas for s both original and scaled values were applied. In
the previous work it was found that scaling s by +7.5% almost
quantitatively reproduces experimental vibrational relaxation
times of CN� in H2O and D2O.30 The ranges of s values for the
C, N, O, and H atoms in the CHARMM force field are as follows:
1.56 r sC r 2.30 Å, 1.79 r sN r 2.06 Å, 1.65 r sO r 1.77 Å,
and 0.22 r sH r 1.48 Å. Hence, the s values used here are
within the range of those from the CHARMM force field. We
note that the value of sH varies over a wider range depending on
its chemical environment. It has been shown very recently that
the parameters for the van der Waals interactions need to be
adapted when MTP is used.47 While we did not explicitly
optimize s values in the present work, we tested various values
of s in order to see their effect on the solvation free energy.

For water, two different models are employed. One is a
standard TIP3P potential38 with SHAKE.48,49 Furthermore, a
flexible water model based on the parametrization by Kumagai,
Kawamura, and Yokokawa (KKY)50 is used with different elec-
trostatic models and a smaller time step of 0.4 fs to account for
the flexible O� � �H bonds. The functional form of the KKY
potential for the stretching and bending energies is

Estr = D{1 � exp[�b(r � r0)]}2 (2)

and

Ebend ¼ 2fk
ffiffiffiffiffiffiffiffiffi
k1k2

p
sin2 y� y0ð Þ (3)

where ki = 1/{exp[gr(ri � rm)] + 1}, in which ri is the distance of
one O–H bond of the water molecule and gr and rm are
parameters. All KKY parameters used in the present work are
summarized in Table 2.30 With KKY, electrostatic interactions
are either TIP3P charges or multipole moments previously
determined,51 which are independent of the geometry of the

water molecule. For the Lennard-Jones parameters s and e,
those of the TIP3P model were used in all simulations. Because
two different force fields are used for both CN� and H2O, they
can be combined in various ways, which are summarized in
Table 3.

2.2 Free energy simulations

Thermodynamic integration. In thermodynamic integration
(TI), the free energy difference between two given states, A and
B, is determined from an interpolating Hamiltonian.52,53 For a
reaction, A - B, a coupling parameter l is introduced with l = 0
for A (reactant) and l = 1 for B (product). Then the potential
energy of the system can be written as

U(r1,. . .,rN, l) = (1 � l)UA(r1,. . .,rN) + lUB(r1,. . .,rN).
(4)

The free energy change for the reaction A - B can be
computed from

DFðA! BÞ ¼
ð1
0

dl
@FðlÞ
@l

¼
ð1
0

dl
@U

@l

� �
l
; (5)

where U is the potential energy and h� � �il denotes an ensemble
average over the distribution exp[�bU(r1,. . .,rN, l)] with l fixed
at a particular value. From eqn (4), we obtain

@UðlÞ
@l

¼ UB �UA: (6)

Decomposing U into water–water (ww) and ion–water (iw)
interactions yields UA = Uww and UB = Uww + Uiw, and thus

@UðlÞ
@l

¼ Uiw: (7)

The ion–water interaction energies Uiw are obtained from the
van der Waals (vdW) and electrostatic (es) interactions,

Uiw = UvdW
iw + Ues

iw. (8)

For TI it is necessary to calculate hUiwil for different l values
between 0 and 1. In the present work, we first carried out MD

Table 2 Parameters for water potential reported in the work of Kumagai et al.50

and used in this work. Atomic units are used for D, b, r0, fk, rm, and gr. y0 is given in
degrees

D [Eh] b [a0
�1] r0 [a0] fk [Eh] y0 [deg] rm [a0] gr [a0

�1]

KKY 0.120 1.45 1.55 2.5 � 106 99.5 2.65 3.7
This work 0.120 1.44 1.81 0.0388 99.5 2.65 3.7

Table 3 Simulation models M1 to M5, used in this work. Vbond refers to bonded
interactions and Ves to electrostatic interactions. q, m, and Y refer to charges,
dipole and quadrupole moments

Model SHAKE Vwater
bond Vwater

es Vion
bond Vion

es

M1 Yes TIP3P qTIP3P Harmonic qCHELPG

M2 Yes TIP3P qTIP3P Harmonic q, m, Y
M3 Yes TIP3P qTIP3P Morse q, m, Y
M4 No KKY qTIP3P Morse q, m, Y
M5 No KKY q, m, Y Morse q, m, Y
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simulations for 15 l-values (10�5, 10�4, 10�3, 10�2, 0.05, 0.1,
0.2,. . ., 1.0) from which hUiwil was determined and the free
energy difference was then determined via numerical
integration.

Free energy perturbation. As the free energy of system A can
be obtained from the canonical partition function QA(N,V,T) via

FA = �kBT ln QA(N,V,T) (9)

and similarly for B, the free energy difference for the change
from A to B is

DFðA! BÞ ¼ �kBT ln
QB

QA

� �
¼ �kBT ln

ZB

ZA

� �
; (10)

where ZA and ZB are the configurational integrals for states A
and B, respectively. This approach is termed free energy per-
turbation (FEP). As the ratio of ZB and ZA is

ZB

ZA
¼ 1

ZA

ð
dNr e�bUAe�b UB�UAð Þ ¼ e�b UB�UAð Þ

D E
A
; (11)

the free energy difference between A and B can be computed
using ref. 54

DF(A - B) = �kBT ln he�b(UB�UA)iA. (12)

Eqn (12) can only be applied directly if states A and B are very
similar. For the present case, states A and B correspond to a
system without and with solvent–ion interactions, respectively.
Hence, states A and B are very different. To reduce the error, the
path from A to B is divided into multiple steps, and the free
energy difference for the change from A to B is obtained by
summing the free energy differences between all consecutive
steps. The same l values as in TI are used for the FEP
simulations in the present work, which allows us to reuse the
trajectories.

Bennett acceptance ratio. The Bennett acceptance ratio
(BAR) method is an algorithm to calculate the free energy
difference between two systems (A and B).55 For any function
f (x) satisfying f (x)/f (�x) = e�x and for any value of C, the
following relationship holds:

e�bðDF�CÞ ¼ f b UB �UA � Cð Þð Þh iA
f b UA �UB þ Cð Þð Þh iB

; (13)

where DF is the free energy difference and UA is the potential
energy of system A. The optimal choice of f (x) and C has been
shown to be f (x) = 1/(1 + ex) and C E DF.55 As DF is the value to
be evaluated, C is found self-consistently by iteration starting
with an initial guess. In the present work, the value obtained
from FEP was given as an initial value of C. Similar to FEP, the
path from A to B is divided into multiple steps, and eqn (13) is
applied to each consecutive step. The free energy change from A
to B is obtained by summing free energy differences between all
consecutive steps.

Umbrella sampling. In principle, the free energy difference
between two states A and B can be obtained by

F(dB) � F(dA) = �kBT ln [P(dB)/P(dA)], (14)

where P(d) is the probability of finding the system at reaction
coordinate d. dA and dB correspond to the states A and B,
respectively, in the trajectory. However, only low energy regions
would be explored sufficiently during an MD simulation unless
any artificial potential is applied. For a trajectory obtained with
a suitable umbrella potential U(i)(d) = K(i)(d � d0

(i))2 added to the
original potential energy surface, the free energy can be
obtained from

F (i)(d) = �kBT ln [P(i)(d)] � U (i)(d) + C(i) (15)

where C(i) is a constant for the i-th window. This constant is in
general different for each window and can be determined using
the Weighted Histogram Analysis Method (WHAM).56,57 In the
present work, d is defined as the distance of the center of
the ion from the center of the water sphere and 23 windows
were used with the d0 values ranging from 10 to 32 Å, each
displaced by 1 Å. Force constants K were in the range between
3 and 4 kcal mol�1 Å�2.

Soft-core Lennard-Jones potential. While we did not use soft-
core potentials58 in most of the present work, one TI simulation
was carried out for comparison. Only the solute–water van der
Waals (vdW) interactions were treated with a soft-core potential
of the following form

UiwðlÞ ¼
A

r2 þ dvð1� lÞ½ �6
� B

r2 þ dvð1� lÞ½ �3
; (16)

where dv is the separation parameter for vdW interactions,
which allows a smooth transition from the original LJ potential.
In the present test, dv = 5 Å2 was used. It is noted that Uiw(l)
corresponds to the original LJ potential when l = 1, and that the
potential energy of the system, U(l) = Uww + lUiw(l), is also the
same as that without soft-core potential when l = 0. In other
words, while the integration path is changed by using a soft-
core potential, the two end points are not affected. Because the
free energy is a state function, its value should be path-
independent, which is verified here. For TI an extra term needs
to be added to the first derivative of U(l) with respect to l,

@UðlÞ
@l

¼ UiwðlÞ þ l
@UiwðlÞ
@l

; (17)

as Uiw(l) depends explicitly on l for soft-core potentials.

3 Results and discussion

After establishing that different methods give very similar
results, the sensitivity of the solvation free energy to different
descriptions of the intermolecular interactions (electrostatics
and van der Waals) is assessed. In a separate subsection, the
results are quantitatively compared with experimental data.

3.1 Solvation free energies from different methods

Solvation free energies of CN� and OH� in H2O were first
determined using TI, FEP, and BAR. This helps to verify whether
a particular choice of method affects the computed values appre-
ciably. First, TI was tested for 3 � 50-ps trajectories of CN� in
H2O, generated with model 4 (M4) using rmin = rUFF for CN�.
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The function h@U/@lil is shown in Fig. 2. For 0.1 r l r 1.0,
h@U/@lil is close to a linear function of l, while this is not the
case for l o 0.1. In the column ‘‘TI (seg)’’ in Table 4, the values

of
Ð l2
l1dl @U=@lh il for each l interval and the sum are given. The

integral for each interval was obtained by drawing a line
connecting both ends of the interval. While this procedure
looks reasonable in the range where l is larger than 0.1, the
error may be large when the l is smaller than 0.1.

To estimate the integral more accurately, we empirically
divided the entire range of l into three parts. The first range
is l = 0.1 to 1.0, and a straight line was fitted to compute the
integral in this range. In the range of l = 10�5 to 0.05, a straight
line was fitted to ln (h@U/@lil + dU) vs. ln l. Two procedures
were used. In one of them, the parameter dU was fitted and in
the other one dU = 25 kcal mol�1 was used. In both cases the

correlation coefficient of the fit was very close to �1. An
example for the fit is shown in the inset of Fig. 2. In the range
0.01–0.1, a straight line was fitted to ln (h@U/@lil + dU) vs. l1/8.
Again, dU was allowed to change in a fit or a constant value
dU = 50 kcal mol�1 was used.

Alternatively, it is possible to use a soft-core potential for the
van der Waals interactions58 in order to prevent the diverging
behaviour of h@U/@lil at very small l. We computed the solva-
tion free energy of CN� using TI for M1 with rmin = 1.075 rUFF for
CN�, applying a soft-core LJ potential in the range of l between
0 and 0.1, for comparison. The solvation free energy obtained
using the soft-core potential is �83.2 kcal mol�1, which com-
pares favourably with the value obtained by fitting h@U/@lil and
integrating, which is �83.6 kcal mol�1. This validates the
procedures used throughout the remainder of the present work.

The result of the thermodynamic integration performed with
the fitted functions is shown in the column ‘‘TI’’ in Table 4. As
can be seen, the TI values show appreciable differences in the
range of l that is smaller than 0.1, and therefore the total free
energy change differs by a few kcal mol�1. The fitting of the
empirical equations seems to give a much better agreement with
FEP and BAR. Therefore, we used the empirical fitting method
described above for the evaluation of the integrals in all TI
calculations described in the following.

For TI it is straightforward to decompose the solvation free
energy into contributions from electrostatic and van der Waals
interactions, although the decomposed values can show some
dependence on the path. The decomposition for M4 with
rmin = rUFF yields �105.6 kcal mol�1 and 12.3 kcal mol�1 for
the electrostatic and van der Waals interactions, respectively.
The sum of these two terms (�93.3 kcal mol�1) slightly differs
from the value from TI (�93.6 kcal mol�1) because the electro-
static and van der Waals contributions to the total solvation
energy were fitted separately. Nevertheless, the two results
agree with each other to within the error bars. As can be seen
clearly, electrostatic interactions are mainly responsible for the
solvation free energies, while van der Waals interactions con-
tribute E10% of unfavorable desolvation.

For the calculation with FEP, the same trajectories as
generated for TI were used. With FEP it is possible to use the
trajectories generated at l� or l+ to determine the free energy
differences. For every interval except the 1st, we used both
trajectories and took the average value of the two free energy
changes computed with trajectories at l� and l+, so as to
minimize the error. In the present simulations, the difference
in free energy change for the same interval, computed using two
different trajectories at l� and l+, amounted to 0.1–0.2 kcal mol�1.
The columns ‘‘FEP (l�)’’ and ‘‘FEP (l+)’’ in Table 4 summarize
these results, and the column ‘‘FEP’’ gives their average. The
total free energy change from FEP is very close to that obtained
from TI, as can be seen in Table 4.

Analysis of the solvation free energy using BAR also used the
trajectories generated for TI. In computing the free energy
change using BAR, the initial C value of eqn (13) was taken as
that obtained from FEP. Then, C was updated self-consistently
at each interval, until the difference between C and the free

Fig. 2 The plot of h@U/@lil as a function of l for 3� 50-ps simulations of CN� in
H2O using M4 for thermodynamic integration. The inset shows a small lambda
range (10�5–0.1) on a logarithmic scale.

Table 4 Solvation free energies of CN� in H2O in kcal mol�1 computed with TI,
FEP, and BAR at each interval of l (10�5, 10�4, 10�3, 10�2, 0.05, 0.1, 0.2,. . ., 1.0)
from the same trajectories obtained with M4 using rmin = rUFF for CN�. The total
free energy change for A - B was obtained by summing the free energy changes
at all intervals. While column TI was obtained by fitting functions to the data set,
TI (seg) was obtained by the trapezoidal rule at each interval. FEP (l�) was
obtained from the trajectory of the smaller l at a given interval, while FEP (l+)
from that of the larger l. FEP is the average of FEP (l�) and FEP (l+). For
comparison, the total free energy change from US is also shown, which was
obtained from separate simulations with umbrella potential

l TI TI (seg) FEP FEP (l�) FEP (l+) BAR US

0–10�5 0.15 0.15 0.29 0.29 0.29 0.29
10�5–10�4 0.45 0.74 0.44 0.47 0.42 0.46
10�4–10�3 0.85 1.43 0.84 0.87 0.81 0.88
10�3–10�2 1.46 2.68 1.33 1.53 1.13 1.48
0.01–0.05 1.03 1.55 1.04 1.00 1.08 1.03
0.05–0.1 �0.28 �0.19 �0.25 �0.19 �0.30 �0.24
0.1–0.2 �2.66 �2.46 �2.49 �2.56 �2.42 �2.50
0.2–0.3 �4.70 �4.66 �4.66 �4.62 �4.71 �4.67
0.3–0.4 �6.73 �6.80 �6.83 �6.88 �6.78 �6.81
0.4–0.5 �8.77 �8.90 �8.90 �8.91 �8.89 �8.89
0.5–0.6 �10.8 �11.0 �11.0 �11.0 �11.0 �11.0
0.6–0.7 �12.8 �13.1 �13.1 �13.0 �13.1 �13.1
0.7–0.8 �14.9 �15.0 �15.0 �15.0 �15.0 �15.0
0.8–0.9 �16.9 �16.9 �16.9 �17.0 �16.8 �16.9
0.9–1.0 �18.9 �18.7 �18.7 �18.7 �18.7 �18.7
Total �93.6 �91.2 �93.9 �93.8 �94.1 �93.7 E�90.3
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energy change was o10�4 kcal mol�1. Typically, 1–3 iterations
were necessary to obtain a converged result. The free energy
change computed using BAR is also very close to the values
obtained from TI or FEP, as shown in Table 4.

Finally, the total free energy change was also computed using
umbrella sampling (US) together with WHAM. As this method
requires trajectories generated at different conditions from those
for TI, FEP, and BAR, separate trajectories needed to be run. They
included 23 individual simulations with an umbrella potential
applied to the center of mass of CN�. A harmonic potential
centered around different displacements (d0) of CN� away from
the center of the water sphere was used for the umbrella potential
in each window. While the radius of the water sphere is about
19 Å, d0 values considerably larger than this radius were necessary
for US as CN� pulls water molecules with it when d0 is slightly
larger than this radius. The free energy as a function of d0 is
shown in Fig. 3. As can be seen, the free energy is quite constant
if CN� is completely inside or outside the water sphere. The free
energy change computed using US is about �90.3 kcal mol�1,
which is close to the values computed using the other methods.

Table 5 reports hydration free energies computed using TI, FEP,
and BAR from trajectories generated using various interaction

models. The error associated with the computed free energy for
each case has been estimated by splitting the available data
into 10 subgroups, computing the free energy from each
subgroup, and then calculating the standard deviation of the
free energies from all the subgroups. The error thus estimated
is shown in parentheses in Table 5. As can be seen, the estimated
errors are around 0.1 kcal mol�1 in many cases, and even the
largest estimated error does not exceed 0.4 kcal mol�1. We note
that the computed hydration free energies depend little on the
method for all cases studied, which also supports the details in
the procedures employed. Therefore, any of the methods can be
used for calculating hydration free energies in the present case.
We use only TI in the remainder of this work.

3.2 Force field dependence of solvation free energies

The hydration free energies of CN� and OH� computed for
various models by TI in the present work are summarized in
Table 6. As is clear, standard van der Waals radii (rmin = rUFF)
give larger free energies of solvation by about 15 kcal mol�1 for
CN� and even larger for OH� compared with the experimental
values for all models investigated (for corrections due to cut-
offs, see below). Increasing rmin decreases the magnitude of the
solvation free energies due to ‘‘shielding’’ of the electrostatic
interactions. Without discussing the numbers in too much
detail compared to experiment, this finding is consistent with
previous observations that in order to quantitatively reproduce
spectroscopic properties or vibrational relaxation for CN�

the rmin values for the LJ potential need to be somewhat
increased.30,59

For both anions, simulations with CHELPG point charges
(M1) show the same dependence on rmin as also found for
multipolar models. For the cyanide anion, M4 (MTPs on the C
and N atoms) gives results similar to M1 (CHELPG on the C and
N atoms), while this is not true for hydroxide. This may be
because the charges in the MTP model are similar to CHELPG
for CN� but not for OH�. We also find that the dependence of
the solvation free energy on the value of rmin is more pro-
nounced for OH� compared to CN�. Increasing rmin by 20% for
CN� reduces the solvation free energy by 23% (for M4) whereas
the change is 32% for OH�. This effect is less pronounced for a
point charge model (M1) where the changes are 20% and 23%,
respectively.

Fig. 3 The free energy profile of CN� in H2O from umbrella sampling computed
by WHAM. For this simulation 23 windows were used, with a simulation time of
40 ps for each window.

Table 5 Solvation free energies of CN� in H2O in kcal mol�1 computed with TI,
FEP, and BAR from trajectories generated with various models. In parentheses are
shown the estimated errors, which are standard deviations of partial averages
computed over the data divided into 10 subgroups. Previous work yielded
solvation free energy values ranging from �72 to �77 kcal mol�1 from experi-
ments. The ratios rmin/rUFF used for CN� are 1.0, 1.075, 1.15, and 1.20, and are
denoted by �, +, ++, and +++, respectively

Model TI FEP BAR

M1� �91.1(0.09) �91.6(0.16) �91.3(0.07)
M1+ �83.6(0.04) �83.6(0.35) �83.7(0.29)
M1++ �77.2(0.04) �77.5(0.21) �77.5(0.06)
M1+++ �72.8(0.04) �73.0(0.24) �73.0(0.06)

M4� �93.6(0.14) �93.9(0.31) �93.7(0.18)
M4+ �84.6(0.04) �84.9(0.16) �84.7(0.05)
M4++ �77.2(0.07) �77.5(0.18) �77.3(0.09)
M4+++ �72.4(0.06) �72.9(0.12) �72.6(0.06)

Table 6 Solvation free energies of CN� and OH� in H2O computed with TI.
Experimental values from the literature14,60,61 are�72 to �77 kcal mol�1 for CN�

and �105 to �110 kcal mol�1 for OH�. Models with a = rmin/rUFF = 1.0 for the
ions are labelled by ‘�’, a = 1.075 by ‘+’, a = 1.15 by ‘++’, and a = 1.20 by ‘+++’

Ion Model � + ++ +++

CN� M1 �91.1 �83.6 �77.2 �72.8
M2 �93.6 �84.4 �77.0 �72.2
M4 �93.6 �84.6 �77.2 �72.4
M5 �86.2 �78.7 �72.0 �68.2

OH� M1 �131.0 �118.6 �107.8 �101.8
M2 �171.5 �149.7 �131.3 �120.5
M4 �175.6 �150.8 �131.5 �121.1
M5 �147.6 �131.2 �114.7 �107.3
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The contribution of each of the multipole orders was deter-
mined by keeping 0th, 1st, and 2nd order terms, i.e., (1) only q,
(2) q and m, and (3) q, m, and Y on H2O, in the analysis of the M5
trajectories generated with q, m, and Y on H2O. The electro-
static model of the anion was unmodified (M5) in all cases. This
gives free energies of (1)�59.1, (2)�62.7, and (3)�68.2 kcal mol�1

for CN� and (1) �91.0, (2) �96.7, and (3) �107.3 kcal mol�1 for
OH�, where rmin/rUFF = 1.20 was used. Thus the interactions
between the anion and the point charges on water molecules
are responsible for more than 80% of the solvation free
energies. We also note that dipoles and quadrupoles on water
molecules give an appreciable contribution to the solvation free
energies.

3.3 Comparison with experiment

For simulations with periodic boundary conditions (PBCs), it
was recently shown that the absolute values of the solvation free
energy can be sensitive to surface effects.62 They arise because
the relevant reference state – the ion in vacuum – is never
explicitly sampled in PBC simulations for TI or FEP. In order to
account for this, the standard internal Galvani potential (or the
interfacial potential) for the particular water model needs to be
evaluated and taken into account when comparing with experi-
mental solvation free energies.62,63 This contribution, amount-
ing to E10 kcal mol�1 for monovalent sodium in methane, was
shown to be absent if simulations are carried out for the ion in
a water droplet and the interfacial potential model was devel-
oped to correct solvation studies in PBC.62

Nevertheless, if direct comparison from simulations with
spherical boundaries with experiment is sought, it is necessary
to assess the convergence of the simulations with respect to the
size of the water sphere and the cutoff used. This was done in
the present case for the two models M1 and M4. Additional
simulations were run with two considerably larger water
spheres, containing 2000 and 4000 water molecules, respec-
tively. For these and the sphere with 997 water molecules – used
throughout the rest of the present work – the solvation free
energies with TI, FEP and BAR were computed by using an
‘‘infinite cutoff’’ (i.e. including all nonbonded interactions
between the ion and the surrounding water molecules) in both,
sampling the conformations and the calculations to determine
solvation free energies. Again, the three methods yield very
similar results and only those from TI are further analyzed:
for the water sphere with 997 water molecules and ‘‘infinite’’
cutoff the solvation free energies for M1+ are �75.5, �75.9, and
�75.8 kcal mol�1 for TI, FEP and BAR, respectively. If the size of
the water sphere is increased to 2000 and 4000 water molecules,
and simulations and evaluation of free energies are again done
with infinite cutoff, the solvation free energies change to
�74.4 to �76.1 (TI), �74.3 to �76.7 (FEP) and �74.6 to �76.4
(BAR) kcal mol�1. With point charge and multipolar models for
the ions, the differences between simulations with finite and
‘‘infinite’’ cutoff are found to be approximately constant for a
given size of the water sphere, independent of the method
used. They amount to E8 kcal mol�1 for the water sphere with
997 water molecules if point charges are used and somewhat

less (E7.5 kcal mol�1) for simulations with M4 for CN�.
For OH�, the corrections were also determined explicitly for
M1�, M1+, M4�, and M4+. They were found to be slightly
larger – between 9.6 and 10.0 kcal mol�1. Hence, for a direct
comparison with experiment all data in Tables 5 and 6 can be
corrected by a constant destabilizing contribution which is
E8.0 kcal mol�1 for CN� and E10.0 kcal mol�1 for OH�. We
note in passing that the magnitude and sign of the corrections
are similar to those found in the work by Roux and coworkers.62

Using a shorter cutoff, such as 12 Å, is therefore suitable to
study relative changes in solvation free energies – e.g. for
different interaction models – but is clearly insufficient for con-
verged results and a much larger cutoff is required if the solvation
free energies are to be compared with experimental data.

The solvation free energies of CN� and OH� obtained by
Florián and Warshel14 based on experimental data are �75 � 5
and�110� 5 kcal mol�1, respectively, while those by Pearson60

are �77 and �106 kcal mol�1. Pliego and Riveros report slightly
smaller values, i.e.,�72.0� 0.7 and�105.0� 0.5 kcal mol�1 for
CN� and OH�, respectively.61 For CN�, accounting for the
correction due to finite cutoffs, the model best reproducing
the experimental free energy of solvation has rmin increased by
7.5%. For models M1+ and M4+ the corrected solvation free
energies are between �75.6 and �76.6 kcal mol�1 (see Table 6).
This is in excellent agreement with our previous studies, includ-
ing the vibrational relaxation time30 and the 1D- and 2D-infrared
spectroscopies.59 This finding applies to models M1, M2, and
M4, but less for M5, which is a somewhat imbalanced model as
it employs MTPs on the water but with van der Waals parameters
from the TIP3P parametrization. For OH� similar effects are
found – i.e. increasing rmin from standard UFF values yields
better agreement with experimental solvation free energies.
From the data in Table 6, increasing rmin by 7.5% (M1+) and
15% to 20% (M2+++, M4+++ and M5++), respectively, yields free
energies of solvation commensurate with experiment.

3.4 Scoring

To sample configurational space of a system, some models are
much more expensive computationally than others. As config-
urational sampling is the most time-consuming step in the free
energy calculations, it would be quite beneficial if this could be
done using a computationally cheaper model. With the present
setup, M4 takes twice as long and M5 about 6 times longer
compared to M1, M2, or M3, which are the cheapest models.
Once the trajectories are generated, the choice of model for
analysis is less critical as the analysis step is computationally
far less demanding than configurational sampling. To explore
this possibility, simulations were carried out using M1++
(which is the cheapest model) for CN� in H2O for conforma-
tional sampling. The free energy calculations were then carried
out with M1, M4 and M5 – denoted e.g. as (M1/M4) for
sampling and scoring with M1 and M4, respectively – employ-
ing the same LJ parameters that were used in the configura-
tional sampling. The computed solvation free energies are
�74.6, �56.0, and �77.2 kcal mol�1, for (M1/M4), (M1/M5),
and (M1/M1), and those from M1+++ (rmin/rUFF = 1.20) trajectories
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are �70.6, �52.5, and �72.8 kcal mol�1. (M4/M4)++
and (M4/M4)+++ yield solvation free energies of �77.2 and
�72.4 kcal mol�1, compared to �74.6 and �70.6 kcal mol�1

from (M1/M4), which are 2 to 3 kcal mol�1 lower in magnitude
than those from (M4/M4). Hence, there are some differences
from the scoring approach while the overall magnitude of the
solvation free energy is retained. Still, most of the solvation free
energies are within the experimental errors. On the other hand,
analyses using M5 give much reduced solvation free energies.
In order to find the cause for this, the solvent structure around
the ion was considered next.

The radial distribution functions (RDFs) of the water oxygen
atoms around a selected atom of the two anions were computed
from the trajectories generated using M1, M4, or M5 for
rmin/rUFF = 1.075. As can be seen in Fig. 4, the distribution of
the water oxygen atoms depends on the type of model used in
generating the trajectories. There is a significant difference
between the RDFs from trajectories run with M1 and those
from using M4 or M5, specifically for the first solvation shell.
We also note that the RDFs for M5 have a different long-range
behaviour compared with those for M1 and M4, specifically for
the location of the maxima and minima of the RDFs. The
different water distribution is the main reason why solvation
free energies from trajectories generated with M1 and scored
with M5 agree poorly with experiment. Conversely, if the phase
space sampled is comparable, scoring may be a convenient
means to somewhat improve the computation of an observable
at reduced computational cost (here a factor of two – the
difference in computational time between M4 and M1).

Finally, the coordination number for OH� was determined
from the RDFs according to

NðrÞ ¼ 4p
ðrs
0

r2gðrÞrdr; (18)

which is reported in the inset of Fig. 4(c). The coordination
numbers for water around the hydroxide ion obtained from
gOWOOH

(r) are 5.8 for M1, 5.0 for M4, and 5.1 for M5 for rs

corresponding to the first minimum of gOWOOH
(r). For M4 and

M5 this agrees with the experimentally determined value where
it has been found that at low OH� concentrations, clusters with
4 and 5 surrounding water molecules are prevalent.64,65 The
coordination numbers computed from AIMD studies with
PW91, BLYP and HCTH functionals are 4.2, 4.8 and 4.7,
respectively.66

4 Conclusions

In the present work, the solvation free energies of two simple
anions, CN� and OH�, were computed using a number of
different interaction models. Specifically, electrostatics at the
level of usual point charge models, and more elaborate multi-
polar representations for both the solute and the solvent, were
employed in sampling configurational space and computing
the solvation free energy. Previous work along similar lines
showed that differences between experimental observations
and computations in simulations with accurate multipolar
electrostatics can be used to refine other force field terms.30,59

In the present work, computed solvation free energies are in
close agreement with experimental estimates if the van der
Waals ranges are enlarged by 7.5% (for CN�) and 10% to 20%
(for OH�) relative to their UFF-values. For CN� in H2O, such a
modification is on par with the findings from vibrational
relaxation of CN� in H2O and D2O and the 2D-infrared spectro-
scopy in D2O, where the use of the same multipolar representa-
tion and increased van der Waals ranges gave almost quantitative
agreement with experiment.30,59 It is quite remarkable that
one single physically motivated force field parametrization
can capture spectroscopy, nuclear dynamics and thermo-
dynamics quantitatively.

As expected, solvation free energies are sensitive to the
nonbonded interactions whereas bonded interactions seem to
be much less important in the systems studied here. It is
interesting to note that charges from electrostatic potentials
using a grid-based method (CHELPG) on the solute ions
perform well for the present applications while the computa-
tional effort is reduced compared to multipolar electrostatics.
Anharmonic potentials and multipolar force fields are more
expensive computationally and their influence on the hydration
free energy appears to be small, which is in contrast to vibra-
tional energy relaxation, where anharmonic potentials and
MTPs were essential for the correct description of the process.30

For more efficient simulations, the possibility was explored
to sample conformational space using a ‘‘cheap’’ model and
‘‘score’’ the trajectory with a more expensive model. In this
scoring only the electrostatics was changed whereas the van der
Waals ranges were identical to those used in the conforma-
tional sampling. We found that (M1, M4) – i.e. sampling with
M1 and scoring with M4 – gives results close to (M4, M4)
although M1 is a point charge model and M4 is a multipolar
model. It was also found that pronounced differences in the

Fig. 4 The radial distribution functions from the trajectories generated with
various models for rmin = 1.075 rUFF. M1 is shown in green, M4 in black, and M5 in
red. (a) gOWCCN

(r), (b) gOWNCN
(r), (c) gOWOOH

(r), and (d) gOWHOH
(r). The inset of (c)

shows N(r) for OW around OOH (see text).
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solvation structure around the ion make ‘‘scoring’’ almost
impossible, such as for (M1, M5). In other words, if the
conformational ensemble sampled by the ‘‘cheap’’ model dif-
fers too much from that corresponding to the ‘‘expensive’’ one,
‘‘scoring’’ is not a viable alternative.

One a priori possibility to determine how meaningful such
an approach is likely to be is to reevaluate energies from the
‘‘cheap’’ trajectory using an ‘‘expensive’’ model. For several
thousand configurations sampled by M1, the energies of the
snapshots were reevaluated using M4 and M5 and compared
with those from M1. The correlation coefficients between M1
and M4/M5, respectively, of a linear fit are 0.95 and 0.88, which
suggests that ‘‘scoring’’ with M5 is likely to be meaningless.
This may be an efficient means to select suitable simulation
conditions for broader refinement studies involving larger
molecules for which sampling conformational space with rigorous
multipolar electrostatics will be considerably more time-
consuming.31,44,47 Such a fine-tuning of the nonbonded para-
meters is relevant for more quantitative applications of force
fields in atomistic simulations, particularly for protein–ligand
binding studies.31
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