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Hydrated structure of ammonia–water molecule pair via the free energy
gradient method: Realization of zero gradient and force balance
on free energy surfaces

Yukihiko Nagae, Yuki Oishi, Norihiro Naruse, and Masataka Nagaokaa)

Graduate School of Human Informatics, Nagoya University, Chikusa-ku, Nagoya 464-8601, Japan

~Received 21 February 2003; accepted 24 July 2003!

The hydrated structure of ammonia molecule in aqueous solution was theoretically optimized as an
ammonia–water molecule pair (H3N¯H2O) by the free energy gradient~FEG! method@J. Chem.
Phys.113, 3516~2000!#. The interaction between the pair and a solvent water molecule~TIP3P! @J.
Chem. Phys.79, 926 ~1983!# was described by a hybrid quantum mechanical and molecular
mechanical method combined with a semiempirical molecular orbital method at the PM3 level of
theory. It is concluded that the present FEG method works quite well in spite of a simple steepest
descent optimization scheme equipped with the adaptive displacement vector. The free energy
stabilization was estimated20.3 kcal/mol from the free energy for the same structure as that of the
cluster in the gas phase. The optimized structure was found to be almost the same as that in the gas
phase except for a longer OH bond length of the water molecule. However, its realization in aqueous
solution is accomplished by virtue of the fulfillment of both ‘‘zero gradient’’ and ‘‘force balance’’
conditions. Finally, we discuss also the effect of microscopic ‘‘solvation entropy,’’ compared with
the result by the conductorlike screening model method. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1610436#
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I. INTRODUCTION

Recently, the molecular dynamics~MD! method and
Monte Carlo~MC! method combined with a hybrid quantu
mechanical and molecular mechanical~QM/MM ! method
have been becoming a prevailing treatment.1–11 In particular,
for small and medium molecular systems, the so-calledab
initio MD method is applied to know typical characteristi
from a single or a few MD trajectories.12,13 On the contrary,
for such a large system that concerns essentially some s
tical property, the QM/MM-MD method is exclusively uti
lized at the expense of the chemical accuracy of the e
tronic property of the QM portion and seeks to resolve
only many-body problems, but also the statistical averag
procedure.

In particular, in solution, such methods that use so
semiempirical MO method for the QM portion—e.g., AM
~Ref. 14! and PM3~Refs. 15 and 16! levels of theory—have
been applied successfully as the effective tools.9–11 For ex-
ample, Sehgalet al.9 examined the relationship between t
aqueous rate acceleration and the transition state geom
for the Claisen rearrangement in aqueous solution and fo
it consistent with early findings.9 Gao and Alhambra10 calcu-
lated the free energy of hydration of chloride ions by t
hybrid QM/MM method, which incorporates long-rang
electrostatic interactions and offers a technique of hyb
QM/MM simulation to study chemical reactions involvin
ionic species in condensed phases.10 Cummins and Gready11

determined that a low-barrier hydrogen bond is formed wh
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the mechanism-based substrate 8-methylpterin binds to d
drofolate reductase.

In addition, recently, on the basis of the above theoret
development, the free energy gradient~FEG! method has
been developed17–21and applied to identify not only molecu
lar stable structures20 ~SSs! but also transition states21 ~TSs!
in solution with full optimizationwith respect to all the in-
ternal coordinates of solute molecules: e.g., SS in glyc
zwitterion18–20 and TS in a Menshutkin reaction in aqueo
solution.21 Being analogous to the energy gradient meth
for the Born–Oppenheimer potential energy surface~PES! in
ab initio MO calculations, the FEG method utilizes the for
on the FE surface~FES!, i.e., the negative FE gradient, i
order to identify SSs and TSs. In this article, taking in
consideration the previous studies of ammonia–wa
clusters,22–24the hydrated structure of the ammonia molecu
in aqueous solution is theoretically optimized as
ammonia–water molecule pair (H3N¯H2O) by the FEG
method combined with QM/MM-MD calculations.

In Sec. II, the theory and method of calculation are e
plained:~A! the adopted QM/MM Hamiltonian and Lennard
Jones parameters,~B! the explanation of the present MD
method and the conditions of simulation,~C! the free energy
perturbation theory25,26 and its relation to the present sem
empirical QM/MM-MD formalism, and finally~D! the FEG
method17–21 and the steepest descent optimization sche
with adaptive displacement vector. In Sec. III, we will give
number of results and discussion with respect to~A! the op-
timized structure of an ammonia–water 1:1 pair in aque
solution and the free energy of hydration and~B! the hy-
drated structure and effect of microscopic ‘‘solvation e
tropy.’’ In particular, in Sec. III B, the present hydrated stru

//
2 © 2003 American Institute of Physics
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7973J. Chem. Phys., Vol. 119, No. 15, 15 October 2003 Hydrated structure of NH3 –H2O molecule pair
ture is compared with that by the conductor like screen
model ~COSMO! method,27 and the similar tendency an
influence of the glycine hydrated structure are comparativ
demonstrated. Finally, in Sec. IV, the main results are su
marized with some perspectives in relation to the ionizat
process of ammonia in aqueous solution.

II. THEORY AND METHOD OF CALCULATION

A. QMÕMM method

We adopted a QM/MM method to describe the soluti
system for the purpose of including the solvent microsco
structures explicitly into the solute electronic states.2–8 Then,
the Hamiltonian of the whole solution system is expressed

Ĥ5ĤQM1ĤMM1ĤQM/MM , ~2.1!

where the first two termsĤQM and ĤMM stand for the stan-
dard Hamiltonian of the QM and MM systems while the la
QM/MM Hamiltonian ĤQM/MM holds for the interaction be
tween QM and MM regions.ĤQM/MM is expressed as a sum
of electrostatic andnonelectrostatic~van der Waals! contri-
butions:

ĤQM/MM5ĤQM/MM
elec 1ĤQM/MM

vdW , ~2.2!

where

ĤQM/MM
elec 5(

M
qMVQM~RM!, ~2.3!

with

VQM~RM!52(
i

1

r iM
1(

A

ZA

RAM
~2.4!

and

ĤQM/MM
vdW 5(

A
(
M

S AAM

RAM
12 2

BAM

RAM
6 D . ~2.5!

In these expressions,qM is the atomic point charge on th
M th MM atom, RM is the position vector of theM th MM
atom, r iM is the distance between thei th QM electron and
the M th MM atom, ZA is the core charge ofAth QM atom,
RAM is the distance between theAth QM atom and theM th
MM one, andAAM and BAM are the Lennard-Jones param
eters for theAth QM atom interacting with theM th MM
atom.

In the present study, the ammonia–water molec
pair—i.e., H3N¯H2O—is considered the QM portion an
ĤQM in Eq. ~2.1! is then described by the PM
Hamiltonian,15,16 while the solvent water molecules we
treated molecular mechanically by the TIP3P model28 as the
MM molecules that constituteĤMM in Eq. ~2.1!.

For the Lennard-Jones-type interaction between QM
MM atoms, as shown in Table I, we have used those par
eters developed by Ruiz-Lo´pez’s group especially for a
couple of QM ammonia and TIP3P water molecules an
couple of QM and TIP3P water molecules.8 Then, the core–
core interaction energy between QM and MM atoms w
Downloaded 08 Oct 2003 to 133.6.51.23. Redistribution subject to AIP
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evaluated by the method of Cummins and Gready,29 in which
some additional parameters6 such as the Ohno–Kloppma
factors are set to zero.

B. Molecular dynamics simulation

MD calculations were carried out for a system conta
ing a couple of reactant molecules, i.e., an ammonia an
water molecule, and 241 water molecules in a cubic simu
tion box (19.34319.34319.34 Å3) with the periodic bound-
ary condition. The temperature was controlled to 300 K w
the Nose´–Hoover chain algorithm30 and the system was
maintained to be a canonical (NVT) ensemble. As a result
the mass density in the box was prepared to
1.0001 g/cm3. The nonbonded cutoff distance was chosen
9.0 Å. After an equilibration MD run, sampling runs wer
executed for 3 ps with a time step of 0.1 fs. All the M
calculations were performed with the PM3/TIP3P potenti8

using ROAR 2.0 ~Refs. 31 and 32! partly modified for the
present purpose.

C. Free energy perturbation theory

The free energy perturbation~FEP! theory25,26 provides
us with the FE changeDGi , as the H3N¯H2O geometryqs

is varied fromqi
s to qi 11

s @as is defined later in Eq.~2.10!#,
which is obtained by

DGi5Gi 112Gi

52kBT ln^exp@2b$VRS~qi 11
s !2VRS~qi

s!%#& i ,

~2.6!

where VRS(qi
s) is the sum of the solute potential energ

VR (5^CuĤQMuC&) and the solute–solvent interaction ene
gies atqi

s, and can be represented, in the QM/MM forma
ism, as

VRS5^CuĤQM1ĤQM/MMuC&5VR1^CuĤQM/MMuC&,
~2.7!

where C denotes the instantaneous SCF wave function
electrons of the reactant molecules (qi

s) in solution. The
bracketŝ ¯& in Eq. ~2.6! denote the time average, which
equal to the equilibrium ensemble average,

^¯&5
*dqB~¯ !exp~2bV!

*dqB exp~2bV!
, ~2.8!

whereV is the whole system potential. The subscripti in the
average^¯& i in Eq. ~2.6! means that it is taken over th
sampling atqi

s.

TABLE I. van der Waals parameters for the PM3/TIP3P potential in
FEG method combined with the QM/MM-MD method.

QM molecule QM atom AAM (kcal Å12/mol) BAM (kcal•Å 6/mol)

H2O O 2.0393102 1.6903101

H 3.35531026 1.63831023

NH3 N 9.0383102 1.3043102

H 0.000 0.000
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. Optimized geometries of the HN3¯H2O com-
plex in the gas phase by~a! the PM3 and~b! B3LYP/
6-31G~d! level of theory and in aqueous solution by~c!
the COSMO method at the PM3 level,~d! the SCR-
F~CPCM! method at the B3LYP/6-31G~d! level of
theory, and~e! the FEG method. Bond lengths are in
and bond angles are in degree.
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D. Free energy gradient method

In the MD simulation, the forces acting on each atom
the solute molecule by all solvent molecules are always
culated every time step. By time-averaging the sum of for
acting on each constituent atom of a solute molecule over
equilibrium distribution with respect to all the solvent mo
ecules, the force on FES—i.e., a minus of FEG—is obtai
as a function ofqs as follows:17

FFE~qs!52
]G~qs!

]qs 52 K ]VRS~qs!

]qs L , ~2.9!

whereG(qs) is the FE function.
In the FEG method with the following steepest-desce

path procedure, the (i 11)th reactant structureqi 11
s is taken

to be

qi 11
s 5qi

s1Dqi
s, ~2.10!

where the adaptive displacement vectorDqi
s is defined as

Dqi
s[ci•M21

•Fi
FE, ~2.11!

by multiplying

Fi
FE[FFE~qi

s!52 K ]VRS~qs!

]qs L
i

, ~2.12!

by an adaptive constantci of dimensionT2 and the inverse
of the mass matrix,

M5S m1

m1 0

m1

�

m7

0 m7

m7

D ~2.13!
Downloaded 08 Oct 2003 to 133.6.51.23. Redistribution subject to AIP
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Since we adopt here the steepest descent method a
geometry optimization method to obtain the stab
H3N¯H2O structure in aqueous solution, the FEG meth
procedure is executed in the following processes:

~P1! Start with the geometryqk
s , k50.

~P2! For qk
s , calculate the free energy changeDGk and

the force on the FESFk
FE.

~P3! Find the stationary point using the force

Dqk
s5ck•M21

•Fk
FE. ~2.14!

If the forceFk
FE is small enough within the tolerance of con

vergence and/or the predicted change in the geometryDqk
s is

small enough to be satisfied with the condition

K ]VRS~qs!

]qs L
k

'0, zero-gradient condition, ~2.15!

then, stop.
~P4! Setqk11

s 5qk
s1Dqk

s , k5k11 and return to step 2

III. RESULTS AND DISCUSSION

A. Structure optimization and free energy
of hydration

To obtain the most stable structure of the ammoni
water 1:1 pair—i.e., H3N¯H2O, in aqueous solution—the
geometry optimization procedure started from the geome
that was optimized in the gas phase at the PM3 level
theory@Fig. 1~a!#, in a similar way to the following steepes
descent-path procedure explained in the preceding sec
At each optimization step numberi , the atomic positionsqi

s

were updated along the direction of the average force ve
FFE(qi

s) by the displacement vectorDqi
s that was calculated

by Eq. ~2.11!. During the optimization, the scaling consta
ci was presently varied in the range between 0.1 a
1.0 atu2 Å/bohr.33
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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In Fig. 2, bothDG ~300 K! andDVR are shown as func
tions of the step number of optimization—i.e., the optimiz
tion step number—which denote the FE change at 300 K
the corresponding change in the solute potential energyVR

(5^CuĤQMuC&), respectively. At the first step of optimiza
tion, DG decreases suddenly to almost20.3 kcal/mol, while
it becomes almost flat up to 9. Presently, judging from
calculated root-mean-square~rms! values@see Eqs.~3.2! and
~3.3!#, the geometry at optimization step number 8 is taken
be the most stable structure of the ammonia–water mole
pair, and then the FE change of stabilization from the ini
geometry results in20.3 kcal/mol. Here, it is worth noting
that the FE change of stabilization—i.e.,20.3 kcal/mol—is
such a value that is gained, during geometry optimization
an FE difference between the FE of the pair immersed at
same shape as the structure optimized in the gas phase
PM3 level of theory@Fig. 1~a!# and the FE at the optimize
geometry of the ammonia–water 1:1 pair in aqueous solu
obtained by the FEG method@Fig. 1~e!#. Namely, if we in-
clude the FE of solvation from gas to aqueous solution,

DGsol~q0
S!5^VRS~q0

s!&02VR~q0
s!

5^VRS~q0
s!&02^CuĤQM~q0

s!uC&, ~3.1!

resulting in 227.4 kcal/mol as a difference o
287.0 kcal/mol and259.6 kcal/mol on the right-hand side
the FE of stabilization thus defined finally becom
227.7 kcal/mol.

As is shown in Fig. 3~a!, the average rms force at a
optimization step numberi ,

rms~Fi
FE!5

1

T E
0

T

dtA@Fi
FE~ t !#2/3Natom, ~3.2!

also does not vary with optimization step numbers lar
than 1, and is reduced to a half as small as its initial value
the optimized geometry: i.e., 0.0043 hartree/bohr. Des
the simple optimization scheme adopted here, the pre

FIG. 2. Free energy change~open circles with an error bar! and solute
potential energy change~closed circles! of the stabilization of the ammonia–
water 1:1 pair in aqueous solution using the FEG method combined with
QM/MM-MD method at the PM3 level of theory.
Downloaded 08 Oct 2003 to 133.6.51.23. Redistribution subject to AIP
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value is comparable to 0.0025 hartree/bohr in Ref. 20.
Eq. ~3.2!, Natom is the total number of atoms—i.e., 7 for th
present system—and the upper limitT is 3 ps
(530 000 steps30.1 fs)—i.e., the time period for equilib
rium MD simulation at a certain structure of the ammonia
water molecule pair.

Similarly, if we define the rms displacement at an op
mization step numberi as

rms~Dqi
s!5A~Dqi

s!2/3Natom, ~3.3!

the minimumrms displacement among those of all succ
sive two optimization steps,

rms~Dqs![min
$ i %

rms~Dqi
s!, ~3.4!

was found to be 6.33931025 Å at optimization step numbe
8 in Fig. 3~b!. Finally, at the eighth optimization step num
ber, the ammonia–water molecule pair was judged to be
timized in aqueous solution within an accuracy enough to
satisfied with the condition, Eq.~2.15!.

e

FIG. 3. ~a! rms force change and~b! rms displacement on the free energ
surface of the ammonia–water 1:1 molecular pair in aqueous solution u
the FEG method combined with the QM/MM-MD method at the PM3 lev
of theory.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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On the other hand,DVR also increases suddenly at th
first step~Fig. 2!. This means that the destabilization of th
solute potential energyVR is offset by a large hydration en
ergy change. As a result, the stable structure is optimize
compensation for the balance between the solute pote
energy gradient and the forces acting on each solute a
due to hydration. Thus, if the optimization might be acco
plished exactly, the following condition of force-balanc
must be fulfilled:

K ]VR~qs!

]qs L 5K ]^CuĤQMuC&
]qs L

52K ]^CuĤQM/MMuC&
]qs L , ~3.5!

in addition to Eq.~2.15!: i.e., the condition of zero gradien

B. Hydrated structure

In Fig. 1, the optimized equilibrium geometries in aqu
ous solution@Figs. 1~c!, 1~d!, and 1~e!# are also shown in
comparison to those in the gas phase@Figs. 1~a! and 1~b!#.
They were obtained not only by the FEG method combin
with QM/MM-MD calculation @Fig. 1~e!# but also by the
COSMO method17 at the PM3@Fig. 1~c!# and the B3LYP/6-
31G~d! @Fig. 1~d!# level of theory, respectively. For the latte
calculation, the polarized continuum model using the po
izable conductor calculation model34 ~CPCM!, was utilized
in GAUSSIAN 98,35 which is a self-consistent reaction fie
~SCRF! method corresponding to an implementation of t
COSMO method inGAUSSIAN 98. All optimized structures
showCs symmetry. In comparison to the experimental val
2.983 Å of R(N–O) in the linear N̄ H–O hydrogen bond
of the HN3¯H2O complex,23 the present values 2.792 an
2.924 Å in the gas phase by the PM3 and B3LYP/6-31G~d!
level of theory, respectively, show good agreement.

In those three structures in aqueous solution@Figs. 1~c!,
1~d!, and 1~e!#, it is evident that both O6–H5 and O6–H
bond lengths of the water molecule become longer than th
in the gas phase geometry@Figs. 1~a! and 1~b!#, respectively,
while the length of the hydrogen bonding N1̄H5 becomes
shorter in aqueous solution. Moreover, the H5–O6–
angles in aqueous solution become smaller than those in
gas phase, respectively. In the COSMO~PM3! and SCR-
F~CPCM! @B3LYP/6-31G~d!# methods, therefore, the dipol
moments as a whole pair—i.e., 4.109 and 4.980 D—w
found to be especially larger than those in the gas phas
i.e., 3.485 and 4.178 D, respectively. This tendency is ow
to the electronic polarization due to the solvent—name
due to the ‘‘dielectric’’ hydration—in spite of the solute po
tential energy destabilization~Fig. 2 and Table II!, which is
consistent with the opinion about the induced dipole mom
of water molecule in water.36–38Actually, under the therma
fluctuation, this polarized state should prepare the next
for the ionization process of ammonia molecule in wat
The pair obtains a comparatively larger stabilization ene
by its transformation from the polarized state into a ioniz
state—i.e., a couple of pseudospherical point char
Downloaded 08 Oct 2003 to 133.6.51.23. Redistribution subject to AIP
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(NH4)d1 and OHd2—which are stabilized by the electro
static interaction with a number of ambient water molecul

However, in comparison with the COSMO structure
the PM3 level of theory, it is interesting that the geome
change by the FEG method combined with QM/MM-M
calculations is smaller, as a whole, except the O6–H7 b
length. Then, itsapparentstructure may be said to berather
similar to that in the gas phase in spite of their differe
mechanisms of realization. In fact, in the COSMO method
i.e., a dielectric continuum model—the geometry optimiz
tion is achieved on the enthalpy basis and, therefore, it c
not take into account legitimately the effect of microscop
‘‘solvation entropy’’ ~SE! that the FEG method combine
with QM/MM-MD calculation can.20

In comparison, it is helpful to mention the previous e
ample of the FEG method for an application to obtain t
stable structure of glycine zwitterion in aqueous solution20

where wedid not utilize the QM/MM method but the em
pirical valence bond~EVB! potential for describing the in-
teraction potentialVRS of glycine and water molecules.19 The
disposable parameters of the EVB potential were optimi
to fit a set of 5250 data points of energies and forces ca
lated by HF/6-311G(d) level of theory, by a modified
Levenberg–Marquardt method for nonlinear least-squa
minimization problems.19 In this example, we also compar
the optimized structure in the gas phase by the HF leve
theory@Fig. 4~a!# and those in aqueous solution calculated
the FEG method@Fig. 4~b!# and the SCRF~dipole! and
SCRF~SCIPCM! methods at the HF/6-311G(d) level of
theory @Figs. 4~c! and 4~d!#. In the latter three structures i
aqueous solution, it is evident that those distances betw
H6 connected to N1 and O5 of the carboxyl group are lar
than that in the gas phase geometry, while the C3–O4 b
lengths become larger and the N1–H6 bond length beco
shorter in aqueous solution. On the other hand, in comp
son with both SCRF structures, the geometry change by
FEG method is relatively smaller. These characteristics
very similar to those in the present system of ammon
water molecule pair (H3N¯H2O) in spite of the totally dif-
ferent interaction model forVRS: i.e., the EVB model.

Thus, in the microscopic descriptive model of water s
vent, it should be noticed that the microscopic SE could p
vent water molecules from hydrating strongly the who
H3N¯H2O pair, while the local hydrogen bonding betwee

TABLE II. Atomic charges and dipole moments of the ammonia–wa
molecule pair.

PM3 B3LYP/6-31G~d!
COSMO

PM3
SCRF~CPCM!

B3LYP/6-31G~d! FEG

N1 20.066 20.907 0.013 20.951 0.023
H2 0.032 0.317 0.021 0.343 0.017
H3 0.033 0.318 0.021 0.344 0.033
H4 0.038 0.324 0.021 0.343 20.010
H5 0.226 0.432 0.252 0.436 0.260
O6 20.436 20.845 20.566 20.905 20.655
H7 0.174 0.361 0.238 0.390 0.332

Dipole 3.485a 4.178a 4.109a 4.980a 4.004a

aExpressed in debye.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 4. Optimized geometries of glycine zwitterion i
the gas phase by~a! the HF level of theory and in aque
ous solution obtained by~b! the FEG method and~c!
the SCRF~Dipole! and ~d! SCRF~SCIPCM! methods at
the HF/6-311G~d! level of theory. Bond lengths are in
Å and bond angles are in degree.
a
is
ex

an
n
st
o

os
.e
m
f

t
E

de
tiv

ha
os
th
en
io
e

tio
ta
r.
i-

e.

te
o-

ate
od-
b-
G

ons
a-

dia
d

he

nd

.

m.

Am.
H7 and an oxygen atom of an ambient water molecule
expected to become stronger than that in the continuum
proximation of solvent where the ‘‘enthalpic’’ stabilization
mainly considered but the microscopic SE is not taken
plicitly into consideration. In the present H3N¯H2O pair
system, the difference in between the continuum model
the FEG method results in the relatively longer O6–H7 bo
length in the latter method. This is the same characteri
with the longer C3–O5 bond length in the stable structure
glycine zwitterion.19

IV. SUMMARY

In this article, we have obtained and studied the m
stable structure of the ammonia–water 1:1 pair—i
H3N¯H2O—in aqueous solution, by the FEG method co
bined with the QM/MM-MD method at the PM3 level o
theory. The free energy stabilization was20.3 kcal/mol from
the free energy of the pair with the same structure as tha
the cluster optimized in the gas phase. The present F
method worked quite well in spite of a simple steepest
scent optimization scheme equipped with only the adap
displacement vector.

The structure of the pair H3N¯H2O in aqueous solution
was found to be almost the same as that in the gas p
except a longer OH bond length of the water molecule wh
H atom is hydrogen bonding not to the nitrogen atom of
ammonia molecule but to an oxygen atom in an ambi
water molecule. However, its realization in aqueous solut
is accomplished by virtue of both subtle fulfillments of th
‘‘zero gradient’’ @Eq. ~2.15!# and ‘‘force balance’’@Eq. ~3.5!#
conditions. Hence, even if both structures in gas and solu
might be sometimes the same, the mechanisms to main
the structure should be naturally different from each othe

Finally, it is worth noting that, according to our exper
ence of the FEG method,17–21 it would be possible using the
FEG method to optimize the ionized state—i.
Downloaded 08 Oct 2003 to 133.6.51.23. Redistribution subject to AIP
is
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¯OH2—in aqueous solution. Then, one could estima

DGion —i.e., the free energy change of ionization of amm
nia in aqueous solution—and it would realize to evalu
directly the numerical accuracy of the present FEG meth
ology through comparing the theoretical value with that o
tained experimentally. We are now in applying the FE
method directly for such a purpose stated above.39
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