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The free energy gradient (FEG) method combined with the QM/MM­MD calculation has realized full-atomic
structural optimization of the solute NH3­H2O molecule pair in aqueous solution, exploring successful tracing of the
reaction path on the free energy surface from the neutral state (H3N­H2O) to the ionized (H4

+N­O¹H) through the
transition state (H3N£H+£O¹H). To reproduce accurately the structural change of the hydrated molecule pair, the LJ
parameter calibration in the QM/MM nonelectrostatic interaction was essential for four kinds of QM solute species, i.e.,
OH¹, H2O, NH3, and NH4

+, treated in the NDDO-SSRP framework with the ab initio quality. Two linear interpolations of
these calibrated LJ parameters optimized at the NSS and ISS were utilized in the path-dependent FEG calculation, as is
common in the free energy perturbation treatment. After including the effects of the intramolecular entropic contribution
and quantum tunneling, the free energies of activation and reaction were satisfactorily estimated to be 13.8 and
9.8 kcalmol¹1 (1 kcal = 4.184 kJ), respectively. It is expected that far more agreement with the experimental values
should be reasonably attained if the QM region were extended to three surrounding water molecules to take in the electron
delocalization effect adequately.

Solution reaction always involves a variety of interactions
among not only solute species but also a large number of
solvent molecules. In those theoretical studies on such reaction
systems, the quantum mechanical/molecular mechanical (QM/
MM) method1­3 combined with molecular dynamics (MD) or
Monte Carlo (MC) calculation has been becoming one of the
prevailing approaches, since it is suitable to treat precisely the
solute electronic state under the explicit influence of instanta-
neous configurations of the surrounding solvent molecules.

In the QM/MM system, a solute species or a complex
including a few solvent molecules around it, that is, a
solvated complex, is described quantum mechanically. The
chemical accuracy in QM/MM calculations depends strongly
on description of the QM subsystem. Since ab initio QM
representations have been shown to provide good chemical
accuracy in studies on gas-phase reactions of small molecules,
a number of studies on solution reactions have been attempted
using ab initio QM/MM­MD or ­MC calculations. In many of
them, approximate treatments have been introduced to manage
the great computational cost of the QM calculation. For
example, the averaged solvent electrostatic potential/molecular
dynamics (ASEP/MD) method4 was applied successfully to
such solution reaction systems where the instantaneous solvent
polarization might not influence seriously the reaction. On the
other hand, for the purpose of executing direct QM/MM­MD
calculation, low-cost semiempirical QM methods with the
neglect of diatomic differential overlap (NDDO) approxima-
tion,5 i.e., AM16 and PM37 method, were widely adopted to
describe systems in the QM theoretical level. However, they

lead sometimes to inaccurate description in hydrogen-bonded
systems and the proton transfers. For the purpose of applica-
tions to such phenomena in solution, we have recently
proposed the NDDO method with specific solution reaction
parameters (SSRP),8 in which the charge distribution is to be
improved significantly by reference to ab initio molecular
orbital (MO) calculations. Furthermore, the method combined
with the method adapted for intermolecular studies (MAIS),
i.e., the NDDO­MAIS­SSRP method, was shown to provide
good results for the solute NH3­H2O molecule pair, which was
modeled as the essential reactant system in the ammonia
ionization reaction in aqueous solution.9

In addition, the parameterization of the QM/MM inter-
molecular interaction has been recently recognized as one of
the important issues in modeling solution reaction systems. In
fact, Tu and Laaksonen modified the Lennard­Jones (LJ)
parameter set to reproduce the intermolecular interaction for a
water dimer at ab initio Hartree­Fock level and applied it to
MD calculation of a QM H2O “solute” in aqueous solution.10

As a result, the interaction energy between solute and solvent
was found too weak because the non-additive effects were
neglected in the parameterization. Further, to reproduce the
hydrated structure and thermodynamic characteristics of solutes
in solution, Martín et al. proposed an iterative optimization
procedure of the LJ parameters11 and as a demonstration, the
optimization for a QM H2O solute in aqueous solution was
executed by the use of direct ab initio QM/MM­MD method
and ASEP/MD method.4 Nevertheless, in most studies of the
QM/MM­MD calculation on solution reactions,12,13 the LJ
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parameters in the QM/MM nonelectrostatic interaction have
been taken directly from the conventional MM force fields. If
the QM/MM intermolecular interaction were adjusted to
reproduce the structural and energetic characteristics of the
hydrated solute species at the reactant state, it is doubtful that it
might bring about a reliable description at the product state as
well. Thus, the LJ parameters in the QM/MM intermolecular
interaction should be determined far more carefully.

In the present study, taking into consideration those
previous studies, we take the ammonia ionization reaction in
aqueous solution. The QM/MM nonelectrostatic interaction
has been parameterized to reproduce justifiably the hydrated
structure change of the solute NH3­H2O molecule pair during
the ionization. By using the free energy gradient (FEG)
method14­20 combined with the QM/MM­MD calculation, we
have executed the full-atomic structural optimizations of the
solute molecule pair for the ionization process in solution and
explored the reaction path on the free energy surface (FES).

This article is organized as follows: first, in the follow-
ing section, (i) QM/MM­MD method, (ii) optimization of
Lennard­Jones parameters in QM/MM nonelectrostatic inter-
action, and (iii) free energy gradient method are explained. In
the third section, results and discussion are made with respect to
(i) radial distribution function and hydration enthalpy, (ii) free
energy profile on NH3 ionization reaction in aqueous solution,
and (iii) hydrated structure of solute NH3­H2O molecule pair.
Finally, the present study is summarized in concluding remarks.

Theory and Method

QM/MM­MD Method. In hybrid QM/MM­MD meth-
od,1­3 the effective Hamiltonian of the total system, Ĥeff , is
described as the sum of the following three terms;

Ĥeff ¼ ĤQM þ ĤQM=MM þ ĤMM ð1Þ
where ĤQM and ĤMM are the terms of the QM and the MM
subsystem, respectively. In the present study, a solute molecule
was treated as the QM subsystem and MM solvent H2O
molecules were represented by the rigid TIP3P model.21 The
QM/MM interaction term ĤQM=MM is defined as a sum of
electrostatic and nonelectrostatic interaction energy between
the QM solute and MM solvent molecules;

ĤQM=MM ¼ Ĥ
elec

QM=MM þ Ĥ
vdW

QM=MM ð2Þ
where the superscript vdW is conventionally used for the
nonelectrostatic term.22 The electrostatic interaction energy is
expressed as

Ĥ
elec

QM=MM ¼
X
M

qMVQMðRMÞ ð3Þ

where qM is the Mth atomic point charge located at the position
RM in the MM solvent H2O molecule and VQMðRMÞ is the sum
of electrostatic potential generated by the electrons and nucleus
in the QM subsystem. The second term in the right-hand side
of eq 2 is described as a sum of LJ type functions,

Ĥ
vdW

QM=MM ¼
X
A

X
M

¾AM
Re

AM

RAM

� �12

� 2
Re

AM

RAM

� �6
( )

ð4Þ

where RAM is the distance between the Ath QM and the Mth
MM atoms, and ¾AM and Re

AM are a couple of LJ parameters

for the Ath QM atom interacting with the Mth MM atom.
This is not only the conventional exchange repulsive and
van der Waals interaction terms but also the correction term
to the electrostatic and hydrogen-bonding interactions. The
present definition of electrostatic potential VQMðRMÞ of the QM
subsystem is the standard one implemented in the ROAR 2.1
module23 of the MD simulation program package AMBER
7.0.24 The details of the definition are obtained in our previous
papers.8,9 The total system potential energy V is thus expressed
as follows,

V ¼ h�jĤQM þ ĤQM=MMj�i þ VMM ð5Þ
¼ VSB þ VMM ð6Þ

where j�i denotes an instantaneous SCF wave function of
solute electrons, and VSB is the instantaneous eigenvalue and is
the sum of both the solute potential energy and the interaction
energy between the solute and solvent.

For the QM Hamiltonian H
a
QM, we have adopted an

optimum strategy using semiempirical MO method with
NDDO approximation with specific solution reaction param-
eters (SSRP).8 In optimization of LJ parameters in the QM/
MM nonelectrostatic interaction, four kinds of QM solute
species (OH¹, H2O, NH3, and NH4

+) were described by the
PM3-SSRP method8 and were improved to reproduce signifi-
cantly the potential energy surface (PES) around the equi-
librium states and the charge distributions of solute species
by reference to ab initio MO calculation obtained at the
MP2/6-31+G(d,p) level. Further, in calculating the free energy
(FE) profile in aqueous solution, the PM3­MAIS­SSRP
method9 was employed to a couple of molecules, i.e., a QM
solute NH3­H2O molecule pair, so as to reproduce satisfac-
torily the PES and the charge-transfer process for the NH3

ionization reaction.
For the whole system including a QM solute molecule

and 241 TIP3P H2O molecules treated molecular mechani-
cally, QM/MM­MD calculations were carried out in a cubic
simulation box (19.34 © 19.34 © 19.34¡3) under the periodic
boundary condition. The mass density in the box was prepared
to be ca. 1.000 g cm¹3. For the geometry constraint of solvent
TIP3P molecules, the velocity-Verlet algorithm was used
with the SHAKE and RATTLE schemes.25 The simultaneous
equations of motion were numerically solved with a time
step 2.0 fs and the non-bonded cutoff distance 9.0¡. After
equilibration, sampling run was executed for 30000 steps and
was used to calculate physical quantities by averaging over
this equilibrium sampling. The temperature was kept at 300K
with the Nosé­Hoover chain algorithm26 and the system was
maintained to be a canonical (NVT) ensemble.

Optimization of Lennard­Jones Parameters in QM/MM
Nonelectrostatic Interaction. In this subsection, the
optimization procedure of the LJ parameters is explained in
the QM/MM nonelectrostatic interaction energy (eq 4). For the
purpose of reproducing the hydrated structure of the QM solute
NH3­H2O molecule pair not only at the neutral stable state
(NSS) but also the ionized stable state (ISS), a couple of LJ
parameters of the QM solute interacting with the MM solvent
H2O molecule were determined for four solute species (OH¹,
H2O, NH3, and NH4

+), respectively. The LJ parameters for
O­OW and N­OW in the neutral species (H2O and NH3) are
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adopted as those of the QM solute NH3­H2O molecule pair at
the NSS, and the parameters in the ionized species (OH¹ and
NH4

+) are used for the solute NH4
+­H2O ion pair at the ISS.

OW is the abbreviation of the oxygen atoms of the MM solvent
H2O molecule.

Inspired by the proposal on the optimization procedure in
solution by Martín et al.,11 we here adopted a procedure with
some modifications in semiempirical QM/MM framework.
We explored a couple of LJ parameters, i.e., ¾AM and Re

AM , by
finding the minimal value of the following evaluation function
Fð¾AM ,Re

AMÞ:

Fð¾AM; Re
AMÞ ¼

fEcalc
hyd ð¾AM;Re

AMÞ � Eexp
hydg2

w2
E

þ frRDF,calc1st ð¾AM; Re
AMÞ � rRDF,exp1st g2

w2
r

ð7Þ

where Ehyd is the hydration enthalpy of the QM solute and rRDF1st

is the first peak position in the radial distribution function
(RDF) between their heavy atoms of the QM solute and MM
solvent molecules. In eq 7, the superscripts “calc” and “exp”
mean the calculated value and experimental one, respectively.
In the present study, the calculated value of Ehyd was obtained
as an average value of the solute­solvent interaction energy,
following a lot of previous work where the same convention
was adopted since the strict estimation of Ehyd requires much
computational cost to consider the solvent reorganization effect
caused by the solute insertion. Both wE and wr being the weight
parameters of the hydration enthalpy and the first peak position
in the RDF, we generated systems for many pairs of LJ
parameters (¾AM ,Re

AM) by varying them by �¾AM = 0.05¡
and �Re

AM = 0.05 kcalmol¹1, respectively. By executing MD
calculations for these pairs of LJ parameters, we obtained the
optimized LJ parameters. For an initial pair (¾AM ,Re

AM), a
successive of direct QM/MM­MD calculations have been
executed to estimate the following 8 numbers of differences,
�Fð��¾AM ,0Þ, �Fð0,��Re

AMÞ, �Fð��¾AM ,��Re
AMÞ, and

�Fð��¾AM ,��Re
AMÞ, defined as follows.

�Fð��¾AM; 0Þ
¼ Fð¾AM ��¾AM;Re

AMÞ � Fð¾AM;Re
AMÞ ð8Þ

�Fð0;��Re
AMÞ

¼ Fð¾AM;Re
AM ��Re

AMÞ � Fð¾AM;Re
AMÞ ð9Þ

�Fð��¾AM;��Re
AMÞ

¼ Fð¾AM ��¾AM;Re
AM ��Re

AMÞ � Fð¾AM;Re
AMÞ ð10Þ

�Fð��¾AM;��Re
AMÞ

¼ Fð¾AM ��¾AM;Re
AM ��Re

AMÞ � Fð¾AM;Re
AMÞ ð11Þ

For the present increments (�¾AM ,�Re
AM), the typical ratio

�Fð�¾AM; 0Þ
�Fð0;�Re

AMÞ ¼
� 5 ð12Þ

and therefore the weight parameters wE and wr were taken to be
5 and 1, respectively.

For the LJ parameters used in the treatment by the free
energy perturbation (FEP) theory27 for the ionization process in
solution, we have introduced the following linear interpolation
of those at the NSS and ISS. The LJ parameters between solute

NH3 and solvent H2O, i.e., ¾N1­OW and Re
N1­OW, are defined as

a function of the distance for N1­H5, RN1­H5, by using those at
the NSS, ¾neuN1­OW and Re,neu

N1­OW, and for the ISS, ¾ionN1­OW and
Re,ion

N1­OW,

¾N1­OW ¼ Rion
N1­H5 � RN1­H5

Rion
N1­H5 � Rneu

N1­H5

¾neuN1­OW

þ RN1­H5 � Rneu
N1­H5

Rion
N1­H5 � Rneu

N1­H5

¾ionN1­OW ð13Þ

Re
N1­OW ¼ Rion

N1­H5 � RN1­H5

Rion
N1­H5 � Rneu

N1­H5

Re,neu
N1­OW

þ RN1­H5 � Rneu
N1­H5

Rion
N1­H5 � Rneu

N1­H5

Re,ion
N1­OW ð14Þ

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

where Rneu
N1­H5 and Rion

N1­H5 are the N1­H5 interatomic distances
at the NSS and ISS, their values being set to 1.722 and 1.024¡,
respectively. In the same way, LJ parameters between solute
H2O and solvent H2O, i.e., ¾O6­OW and Re

O6­OW, are described
as a function of the distance for H5­O6, RH5­O6, by using those
for the NSS, ¾neuO6­OW and Re,neu

O6­OW, and for the ISS, ¾ionO6­OW and
Re,ion

O6­OW,

¾O6­OW ¼ Rion
H5­O6 � RH5­O6

Rion
H5­O6 � Rneu

H5­O6

¾neuO6­OW

þ RH5­O6 � Rneu
H5­O6

Rion
H5­O6 � Rneu

H5­O6

¾ionO6­OW ð15Þ

Re
O6­OW ¼ Rion

H5­O6 � RH5­O6

Rion
H5­O6 � Rneu

H5­O6

Re,neu
O6­OW

þ RH5­O6 � Rneu
H5­O6

Rion
H5­O6 � Rneu

H5­O6

Re,ion
O6­OW ð16Þ

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

where Rneu
H5­O6 and Rion

H5­O6 are given as the H5­O6 interatomic
distances at the NSS and ISS, their values being 1.027 and
2.047¡, respectively.

In addition, QM/MM­MD calculations using conventional
LJ parameters in the MM force field were executed in order to
compare the results for the LJ parameters optimized in the
present study. The LJ parameters for the TIP3P H2O model21

are adopted as those for O­OW between the QM solute H2O
and MM TIP3P H2O molecules. As the LJ parameters for
N­OW, those between the OPLS model for NH3

28 and TIP3P
model for H2O are determined by using the Lorentz­Berthelot
combination rule.29

Free Energy Gradient Method. We developed the free
energy gradient (FEG) method with application to identify the
optimized structure of the solute molecule in solution.14­20

Being analogous to the energy gradient method on the Born­
Oppenheimer PES in ab initio MO theory, the FEG method
utilizes the force on the FES to search minima or reaction path
on the FES.

In equilibrium, the ensemble average of an observable is
to be replaced as the time average calculated over an MD
trajectory, provided the trajectory is ergodic. Then, the force on
the FES, FFEðqSÞ, is equal to the time average of the forces
acting on each atom of the solute NH3­H2O molecule pair with
the geometry qS.

FFEðqSÞ ¼ � @AðqSÞ
@qS

¼ � @VSBðqSÞ
@qS

� �
ð17Þ

Ammonia Ionization Process in SolutionBull. Chem. Soc. Jpn. Vol. 83, No. 5 (2010)488



where the Helmholtz free energy AðqSÞ is a function of not
only thermodynamic variables (N, V, T) but also the solute
structure qS. The brackets denote the equilibrium ensemble
average

h� � �i ¼

Z
dqBð� � �Þ expð�¢V ðqSÞÞZ
dqB expð�¢V ðqSÞÞ

ð18Þ

where qB denotes the solvent coordinates as a whole, and V is
the potential energy of the whole system (eq 5). By the FEP
theory,27 the FE difference at an optimization step i, �Ai, is
described as follows.

�Ai ¼ Aiþ1 � Ai

¼ �kBT lnhexp½�¢fVSBðqSiþ1Þ � VSBðqSi Þg�ii ð19Þ
where qSi and qSiþ1 are solute structures at optimization step i
and i + 1, respectively. The subscript i in the average h� � �ii in
eq 19 means that the average is taken over the sampling at qSi .
By applying the steepest descent scheme,30 the optimization
cycle was repeated for the FEP treatment, until the following
condition, i.e., the zero gradient condition, is satisfied.

@VSBðqsÞ
@qs

� �
i

� 0 ð20Þ

Results and Discussion

Radial Distribution Function and Hydration Enthalpy.
According to the optimization procedure mentioned above, we
determined the LJ parameters in the QM/MM nonelectrostatic
interaction for four kinds of QM solute species, i.e., OH¹, H2O,
NH3, and NH4

+. To demonstrate the reproducibility of
structural and energetic characteristics of hydrated complexes
for these solute species, both rRDF1st , the first peak positions in
the RDF for the QM solute interacting with MM solvent
molecules and Ehyd, the hydration enthalpies of the QM solute,
were obtained (Table 1) by the QM/MM­MD calculation
using two sets of the LJ parameters (¾AM ,Re

AM), i.e., the
parameter set optimized in the present study and that for MM
force field.

First, we discuss these results for two neutral solute
species, H2O and NH3 molecules. From some previous
experiments,32­35 the first peak position in the O­OW RDF
for H2O molecule in aqueous solution was 2.8¡ and the
hydration enthalpy for H2O was ¹9.9 kcalmol¹1, while for
NH3 molecule the first peak position in the N­OW RDF
was 2.8¡ and the hydration enthalpy was ¹7.9 kcalmol¹1.
These reports indicate that by using the presently optimized LJ
parameter set, the theoretically calculated values of both the
first peak positions and the hydration enthalpies for H2O and
NH3 molecule were able to reproduce quite well the corre-
sponding experimental ones (Table 1). In contrast, by using the
LJ parameter set of a conventional MM force field, the first
peak in the O­OW RDF for H2O is found located at a slightly
longer position than that in the experiment by 0.2¡. For H2O,
the calculated value of hydration enthalpy was less stabilized
than the experimental value by 1.4 kcalmol¹1. Similarly, for
NH3, the first peak position of in the N­OW RDF shifted to
longer distance by 0.3¡ and the calculated hydration enthalpy

was found unstabilized by 1.9 kcalmol¹1. These observations
suggest that among these neutral H2O or NH3 molecules (QM
solute) and the surrounding H2O molecules (MM solvent), the
nonelectrostatic interactions using the presently optimized LJ
parameter set should work considerably better as the correction
for the electrostatic interactions.

Next, we discuss the results for two solute OH¹ and NH4
+

ions. Since there is no experimental data for the RDF of OH¹

ion interacting with H2O molecules (O­OW), instead, the first
peak position in the RDF (2.3¡) by the empirical potential
structure refinement (EPSR) procedure31 was taken as the
reference value. The experimental value of hydration enthalpy
for OH¹ ion was ¹116.2 kcalmol¹1.36 For NH4

+ ion, the first
peak position in the N­OW RDF was reported to be 3.1¡37 and
the hydration enthalpy was ¹88.8 kcalmol¹1.36 By using the
optimized LJ parameters, these calculated values for OH¹

and NH4
+ ions were found in quite good agreement with the

corresponding experimental ones (Table 1). On the other hand,
by using the conventional MM force field parameters, the first
peak in the O­OW RDF for OH¹ appeared remarkably longer
than the experimental one by 0.5¡. The hydration enthalpy
for OH¹ ion was ¹84.3 kcalmol¹1 and found considerably
unstabilized compared to the experimental value by 31.9
kcalmol¹1. The first peak position in the N­OW RDF for NH4

+

ion shifted to shorter distance by 0.3¡ and the hydration

Table 1. LJ Parameter Sets in the QM/MM Nonelectrostatic
Interaction Energy between Solute O (or N) and Solvent
OW Atoms Optimized for the Present Study and the MM
Force Field, together with the First Peak Positions of the
RDF and the Hydration Enthalpies for Four Solute Species
(H2O, NH3, OH¹, and NH4

+) in Aqueous Solution

Lennard­Jones
parameters for QM
solute­MM solvent rRDF1st

/¡
Ehyd

/kcalmol¹1
¾AM

/kcalmol¹1
Re
AM

/¡

O­OW

H2O
MM force field 0.15 3.54 3.0 ¹8.5
present 0.20 3.45 2.8 ¹9.9
expt. ® ® 2.8 ¹9.9

OH¹

MM force field 0.15 3.54 2.8 ¹84.3
present 6.40 2.30 2.4 ¹115.7
expt. ® ® (2.3)a) ¹116.2

N­OW

NH3

MM force field 0.16 3.69 3.1 ¹6.0
present 0.20 3.30 2.8 ¹8.0
expt. ® ® 2.8 ¹7.9

NH4
+

MM force field 0.16 3.69 2.8 ¹63.7
present 3.90 3.20 3.1 ¹89.3
expt. ® ® 3.1 ¹88.8

a) Empirical potential structure refinement (EPSR) procedure
(Ref. 31).
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enthalpy was less stabilized than that by the experiment by
25.1 kcalmol¹1. From these results, it was found that the naïve
use of the conventional MM force field parameters in the QM/
MM nonelectrostatic interactions should be inappropriate to
reproduce structural and energetic characteristics of hydrated
complexes for a number of solute species, especially for such
ions as OH¹ and NH4

+. This is natural because these original
LJ parameters were almost calibrated to these atoms in neutral
species, i.e., H2O and NH3 molecule.

In the optimized LJ parameter set, the radius Re
AM for OH¹

and NH4
+ ions shifted to shorter distances than those for H2O

and NH3 molecules by 1.15 and 0.10¡, and the depth ¾AM for
OH¹ and NH4

+ became quite larger than those for H2O and
NH3 by 6.20 and 3.70 kcalmol¹1, respectively (Table 1). It was
found that the values of LJ parameters optimized for solute
ionized species were greatly different from those for neutral
species. By using only one pair of LJ parameters for O­OW
and N­OW, it might be difficult to reflect the hydrated structure
change of the solute NH3­H2O molecule pair accompanying
the ionized reaction. Therefore, we have prepared the LJ
parameter sets (¾AM ,Re

AM) for the QM solute NH3­H2O
molecule pair at two stable states, i.e., NSS and ISS, and have
combined them as functions of the distance O­OWand N­OW,
linearly interpolating as eqs 13­16.

Free Energy Profile of NH3 Ionization Reaction in
Aqueous Solution. To evaluate the FEs of activation and
reaction for ammonia ionization process in aqueous solution,
the FE profiles have been computed as a function of the
distance between the transferring proton H5 and the donor
oxygen atom O6, i.e., RH5­O6, in the range from 1.027 to
2.077¡ by 0.03¡ increment, optimizing all other geometric
parameters of the solute NH3­H2O molecule pair by using the
FEG method. The resultant FE profile in solution is shown as
closed circles ( ) and open ones ( ) in Figure 1. The former is
the FE profile obtained by using the present LJ parameter set

interpolated for those optimized at the NSS and ISS (Set I),
while the latter is that using the parameter set of MM force
fields (Set II). In addition, the potential energy (PE) profile in
gas phase is also drawn by a broken curve (- - -) in Figure 1.

In the distance RH5­O6 between 1.1 and 1.4¡, we observed
similar monotonic increases in both FE profiles, whose slopes
are more gentle than that of the PE profile in gas phase. This
means that in aqueous solution large hydration energy offsets
the destabilization of the solute PE. However, in the region
RH5­O6 > 1.4¡, the shapes of two FE profiles characteristically
change, depending clearly on the difference between the LJ
parameter sets adopted in the QM/MM nonelectrostatic
interaction. It is verified that there exist clearly TS and
ISS on the FE profile for Set I ( ). Although in the region
RH5­O6 > 1.6¡, the FE profile for Set II ( ) is almost flat to
1.9¡ without the TS observation. For Set I, the TS corresponds
to the maximum on the FE profile at RH5­O6 = 1.567¡, while
the ISS is a local minimum located at RH5­O6 = 2.047¡. Then
the FEs of activation and reaction for Set I are 17.3 and
13.7 kcalmol¹1, respectively. By using the interpolated LJ
parameter set (Set I), it was concluded that the FE profile
should reproduce reasonably better characteristics of the
ionization process of ammonia in aqueous solution.

The free-energetic contributions from intramolecular motion
of the solute NH3­H2O molecule pair and the quantum
tunneling of the transferring proton are absent from the present
calculated values. As a matter of fact, through the Hessian
matrix calculations at the solute geometries at the NSS, TS, and
ISS,14 the former contribution was estimated from the vibra-
tional frequency analysis, while the latter was by the empirical
correction formula of the quantum tunneling.38,39 By taking
these two contributions into consideration, the FEs of activa-
tion and reaction are corrected to be 13.8 and 9.8 kcalmol¹1,
respectively. On the other hand, since the experimental values
for the FEs of activation and reaction were estimated to be
9.5740 and 6.48 kcalmol¹1,41 respectively, there exists still a
slight difference between the theoretical and experimental
values in the FEs of activation and reaction, that is, 4.23 and
3.32 kcalmol¹1, respectively.

We consider here the difference in the FEs. It is generally
acknowledged that the chemical accuracy in the QM/MM
calculation depends strongly on description of the QM
subsystem at the MO theoretical level. Since in the present
study the PM3­MAIS­SSRP method9 was adopted to the
solute NH3­H2O molecule pair treated as the QM subsystem,
the resultant intermolecular electrostatic interactions and the
proton-transfer process in the QM solute molecule pair could
be reproduced satisfactorily at almost the same quality as the ab
initio MP2/6-31+G(d,p) level. Nevertheless, the FE profile
using the conventional LJ parameter set of MM force field
(Set II) did not show even qualitatively the experimental result.
Therefore, for Set I, it would be said that the characteristic
difference between the theoretical and experimental values in
the FEs must be responsible essentially for the inaccurate
description in the QM/MM nonelectrostatic interactions. It is
true that in the present optimization of the LJ parameters the
solvent reorganization effect caused by solute species, espe-
cially for such ions as OH¹ and NH4

+, could be a non-
negligible contribution to the hydration enthalpy Ehyd. How-

0

5

10

15

20

25

30

1.0 1.2 1.4 1.6 1.8 2.0 2.2

F
re

e 
E

ne
rg

y/
kc

al
 m

ol
−1

RH5-O6/Å

Figure 1. FE profiles for the ammonia ionization reaction
in aqueous solution using the interpolated LJ parameter set
(Set I, closed circles: ) and those of the conventionalMM
force field set (Set II, open circles: ) along the reaction
coordinate RH5­O6 by the FEG method. The broken curve
shows the potential energy profile along the same structural
change in gas phase.
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ever, due to the high computational cost, it is a hard work to
fit the hydration enthalpy correctly by including the solvent
reorganization effect. Thus, it can be reasonably expected
that the agreement in the present FEs of activation and reaction
with the experimental ones would become much better by
more quantitative fitting of the hydration enthalpy. In the next
subsection, we will discuss the remaining difference in the FEs,
originating in the hydrated structure of the solute NH3­H2O
molecule pair.

Hydrated Structure of Solute NH3­H2O Molecule Pair.
In the vicinity of the ionized state, the shape of the FE profile
depends clearly on the difference in the LJ parameters, as
shown in the preceding subsection. For Set I and II, the
optimized structures of the solute NH3­H2O molecule pair at
the reaction coordinate RH5­O6 = 2.047¡ (more appropriately,
the solute NH4

+­OH¹ ion pair) are shown in Figure 2. In all of
the geometric parameters, those for Set I are almost coincident
with those for Set II except for the angle ªH5­O6­H7, whose
difference between for Set I and II shows 7.7 degree. The
decrease of ªH5­O6­H7 for Set I is easily explained by MD
snapshots of the hydrated solute OH¹ ion (Figure 3). For Set I,
the hydroxy oxygen atom forms 3 hydrogen bonds with 3
surrounding solvent water molecules to maintain the tetrahedral
structure and all of the lengths of the hydrogen bonds are
shorter than the distance H5­O6 of 2.047¡ (Figure 3a).

It is supportive that, in the Car-Parrinello MD calculation of
the OH¹ ion in aqueous solution, Tuckerman et al. observed
two characteristic hydrated complexes, i.e., the (H7O4)¹ and
(H9O5)¹ complexes, whose hydroxy oxygen atoms are coor-
dinated with 3 and 4 H2O molecules, respectively.42 The
hydrated structure of the present OH¹ ion for Set I corresponds
to the former (H7O4)¹ complex, although it was found slightly
distorted from the ideal tetrahedral one. This is because the
accessible orientation of the approaching solvent H2O mole-
cules is restricted by the presence of the NH4

+ ion near the

OH¹ ion, not only for just the steric hindrance but also for
weakening of mutual repulsion among 3 lone electron pairs of
the oxygen of OH¹. In contrast, for Set II, the hydrated
structure of OH¹ ion is rather similar to that of a hydrated H2O
molecule forming 2 hydrogen bonds via 2 lone electron pairs,
and the lengths of the hydrogen bonds (1.85 and 1.97¡) are
longer than those for Set I (Figure 3b), which is reasonable
because Set II was optimized literally for these atoms of neutral
species, as mentioned previously.

Thus, it is clearly noticed that there exists obvious difference
between the hydrated structures for Set I and II, although
intramolecular geometric parameters of the solute NH3­H2O
molecule pair in solution at RH5­O6 = 2.047¡ are almost
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Figure 2. Optimized structures of the solute NH3­H2O
molecule pair at RH5­O6 = 2.047¡ in aqueous solution,
using (a) the interpolated LJ parameter set (Set I) and
(b) those of the conventional MM force field (Set II).
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Figure 3. MD snapshots of the solute NH3­H2O molecule
pair and the solvent H2O hydrogen bonds with the OH¹ ion
at RH5­O6 = 2.047¡, using (a) the interpolated LJ param-
eter set (Set I) and (b) those of the conventional MM force
field (Set II).
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independent of the LJ parameters in the QM/MM nonelectro-
static interactions among solute and solvent molecules. The
RDFs with respect to the solute­solvent intermolecular
distances N1­OW and O6­OW at RH5­O6 = 2.047¡ are shown
in Figure 4. As a result, at RH5­O6 = 2.047¡ for Set I, we
observed the clear enhancement of the first peak in the N1­
OW RDF, which shifted to a fair longer distance to 3.2¡
(Figure 4a). Moreover, the minima for Set I and II between the
first and second peaks in the N1­OW RDF were located at 4.2
and 3.8¡, respectively. Thus, the size of the first hydration
shell of the NH4

+ ion for Set I can be recognized to become
larger than that for Set II. Also, as shown in Figure 4b, the
clear enhancement of the first peak in the O6­OW RDF was
observed at RH5­O6 = 2.047¡ for Set I and the position in the
O6­OW RDF for Set I (2.5¡) shifted to a shorter distance than
that for Set II (2.9¡). However, the shapes and characteristics
of the O­OW RDF for both Set I and II appear almost the same
in the region RO6­OW > 3.7¡. Therefore, it is understood that
some solvent H2O molecules forming hydrogen bonds with the
OH¹ ion are locating at the same time in the first hydration

shell of the NH4
+ ion. In other words, the clear enhancements

of both peaks in the N1­OW and O6­OW RDFs for Set I at
RH5­O6 = 2.047¡ (Figure 3), in comparison to those for Set II,
are understood to be originating in the effective number
increase of the hydrogen bonds connecting to the QM oxygen
of the solute NH4

+­OH¹ molecule (or ion) pair.
The above observation is further supported by the charge

distribution of the solute molecule pair. The ESP atomic
charge distributions at RH5­O6 = 1.027, 1.567, and 2.047¡ are
shown in Table 2. At RH5­O6 = 1.027¡ (the neutral NH3­H2O
molecule pair), the ESP charge difference on all of the atoms
between Set I and II were just within 0.008 e. Similarly, even
at RH5­O6 = 2.047¡ (the NH4

+­OH¹ ion pair), each atomic
charge on the NH4

+ ion for Set I and II, shows almost the same
value, expecting no positive role to enhance the number of
hydrogen bonds. On the other hand, there exist considerable
differences for O6 and H7 atoms, i.e., ¹0.104 and 0.101 e,
respectively, which should be notified as the principal origin
of both enhancements of the first peaks in the N1­OW and
O6­OW RDFs for Set I.

In the relation of the hydrated structure with the LJ
parameters, the distance between the solute and the nearest-
neighbor solvent molecules decreases with decrease of Re

AM ,
while the probability of existence at the distance Re

AM increases
with increase of ¾AM . Thus, it is a matter of course that the
hydrated structure of the OH¹ ion changes by the significant
modification of the LJ parameters for O­OW and its change
should be influenced by the electronic polarization in the OH¹

ion and vice versa. It is then clear that the destabilization due to
the charge polarization in the hydrated solute OH¹ ion for Set I
was compensated by the stabilization by 3 hydrogen atoms of
the surrounding H2O molecules (Figures 3 and 4). In relation,
in our preceding paper, where the hydration process of an
NH3 molecule from the vapor phase to the aqueous liquid phase
was investigated using QM/MM­MD calculation, it was
then indicated that the explicit description of QM polarization
of even a solute NH3 molecule is essentially important to
reproduce the FE of hydration.43 Thus, also in NH4

+ in aqueous
solution, it is expected that far more agreement of the present
values of FEs of activation and reaction with the experimental
ones should be reasonably attained if the QM region were
extended to 3 surrounding water molecules to take in the
electron delocalization effect adequately.
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Figure 4. RDFs of the solvent OW atoms around the N1
or O6 atoms of the solute NH3­H2O molecule pair at
RH5­O6 = 2.047¡ using the interpolated LJ parameter set
(Set I, solid curve) and the MM force field set (Set II,
broken curve) as the functions of the distances RN1­OW (a)
and RO6­OW (b).

Table 2. ESP Atomic Charges of the Solute NH3­H2O
Molecule Pair in Aqueous Solution at the Reaction
Coordinate RH5­O6 = 1.027, 1.567, and 2.047¡ Using the
Interpolated LJ Parameter Set (Set I) and the MM Force
Field Set (Set II)

RH5­O6/¡:

Present (Set I) MM force field (Set II)

1.027 1.567 2.047 1.027 1.567 2.047

N1 ¹0.667 ¹0.839 ¹0.602 ¹0.659 ¹0.862 ¹0.639
H2 0.258 0.394 0.396 0.255 0.394 0.403
H3 0.276 0.406 0.389 0.272 0.408 0.393
H4 0.258 0.394 0.396 0.255 0.394 0.403
H5 0.406 0.578 0.423 0.405 0.587 0.439
O6 ¹0.941 ¹1.334 ¹1.451 ¹0.937 ¹1.295 ¹1.347
H7 0.410 0.400 0.449 0.410 0.374 0.348
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Concluding Remarks

In this article, by the FEG method combined with the QM/
MM­MD calculation, we realized the reaction path tracing on
the FES, on which full-atomic structural optimizations were
executed for the solute NH3­H2O molecule pair at the NSS
(H3N­H2O), TS (H3N£H+£O¹H) and ISS (H4

+N­O¹H). To
reproduce accurately the hydrated structure change of the solute
NH3­H2O molecule pair in aqueous solution, using the LJ
parameters in the QM/MM nonelectrostatic interaction opti-
mized previously for four kinds of QM solute species, i.e.,
OH¹, H2O, NH3, and NH4

+, the effective LJ parameters of the
oxygen and the nitrogen in the solute molecule pair (or the
solute ion pair) were expressed by two linear interpolations
between those of OH¹ and H2O and between those of NH3 and
NH4

+.
In the case that the LJ parameters of the conventional MM

force field (Set II) were adopted for the FEG calculation, both
the TS and the ISS were not observed. In contrast, in the FE
profile calculated using the present interpolated LJ parameters
(Set I), there exists clearly the TS (RH5­O6 = 1.567¡) and the
ISS (RH5­O6 = 2.047¡) and the resultant FEs of activation
and reaction were estimated to be 13.8 and 9.8 kcalmol¹1,
respectively, whose values include the entropic effect of
intramolecular motion of the solute molecule pair and the
quantum tunneling effect of the transferring proton. It is true
that the agreement with the experimental values might be not
satisfied since the latter were estimated to be 9.57 and 6.48
kcalmol¹1. However, it is expected that the present treatment
would become reasonably improved to be in far more agree-
ment with the experimental values if the QM region were
extended to include three surrounding water molecules so as to
take in the electron delocalization effect adequately.

Being concerned with the structural characteristics, in the
RDFs with respect to the solute­solvent intermolecular
distances of N1­OW and O6­OW, the clear enhancements of
both peaks at RH5­O6 = 2.047¡ were observed for Set I, in
comparison to those for Set II, and are understood as the
effective number increase of the hydrogen bonds connecting to
the QM oxygen of the solute pair. Finally, it is concluded that
the structural and energetic characteristics of the hydrated
complex, i.e., the solute and surrounding solvent molecules as a
whole, could depend strongly on the LJ parameters in the QM/
MM nonelectrostatic interaction although the intramolecular
structural parameters of the solute NH3­H2O molecule pair
themselves might be almost independent of the LJ parameters.
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