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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
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The hydrated structure of ammonia molecule in aqueous solution was theoretically optimized as an
ammonia—water molecule pair ¢N---H,O) by the free energy gradie(FEG) method[J. Chem.
Phys.113 3516(2000]. The interaction between the pair and a solvent water moléguRSP [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 estimated 0.3 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 method2@®3 American Institute of Physics.

[DOI: 10.1063/1.1610436

I. INTRODUCTION the mechanism-based substrate 8-methylpterin binds to dihy-
drofolate reductase.

In addition, recently, on the basis of the above theoretical
development, the free energy gradidEG method has
been developéd=2and applied to identify not only molecu-
lar stable structuré® (SS3 but also transition stat®s(TS9
in solution withfull optimizationwith respect to all the in-
ternal coordinates of solute molecules: e.g., SS in glycine
witterion®*~*°and TS in a Menshutkin reaction in aqueous

tical property, the QM/MM-MD method is exclusively uti- solution?! Being analogous to thg energy gradient method
lized at the expense of the chemical accuracy of the eled®r the Born—Oppenheimer potential energy surfees in
tronic property of the QM portion and seeks to resolve notb initio MO calculations, the FEG method utilizes the force

only many-body problems, but also the statistical averagin@” the FE surfaceFES), i.e., the negative FE gradient, in
procedure. order to identify SSs and TSs. In this article, taking into

In particular, in solution, such methods that use soméonsideration the previous studies of ammonia—water
semiempirical MO method for the QM portion—e.g., AM1 Clusters”~**the hydrated structure of the ammonia molecule
(Ref. 14 and PM3(Refs. 15 and 16levels of theory—have in aqueous solution is theoretically optimized as an
been applied successfully as the effective tdold.For ex- ~ammonia—water molecule pair ¢N---H,O) by the FEG
ample, Sehgakt al® examined the relationship between the method combined with QW/MM-MD calculations.
aqueous rate acceleration and the transition state geometry In Sec. Il, the theory and method of calculation are ex-
for the Claisen rearrangement in aqueous solution and foun@lained:(A) the adopted QM/MM Hamiltonian and Lennard-
it consistent with early findingdGao and Alhambrd calcu- ~ Jones parameter¢B) the explanation of the present MD
lated the free energy of hydration of chloride ions by themethod and the conditions of simulatidi€) the free energy
hybrid QM/MM method, which incorporates long-range Perturbation theor?'?® and its relation to the present semi-
electrostatic interactions and offers a technique of hybriempirical QM/MM-MD formalism, and finallyD) the FEG
QM/MM simulation to study chemical reactions involving method’~*" and the steepest descent optimization scheme
ionic species in condensed phas®€ummins and Gready  Wwith adaptive displacement vector. In Sec. Ill, we will give a
determined that a low-barrier hydrogen bond is formed wherumber of results and discussion with respedtAp the op-

timized structure of an ammonia—water 1:1 pair in agueous
dAuthor to whom correspondence should be addressed. F8x:52-789- solution and the free energy of h.ydratlon. afi) the. hy-
5623. Electronic mail: mnagaoka@info.human.nagoya-u.ac.jp; http:/)drated structure and effect of microscopic “solvation en-
frontier.ncube.human.nagoya-u.ac.jp/ tropy.” In particular, in Sec. Ill B, the present hydrated struc-

Recently, the molecular dynamigMD) method and
Monte Carlo(MC) method combined with a hybrid quantum
mechanical and molecular mechanid@M/MM) method
have been becoming a prevailing treatmient.in particular,
for small and medium molecular systems, the so-ca#lbd
initio MD method is applied to know typical characteristics
from a single or a few MD trajectorié€:*On the contrary,
for such a large system that concerns essentially some stat
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ture is compared with that by the conductor like screening/ABLE I. van der Waals parameters for the PM3/TIP3P potential in the
model (COSMO method?” and the similar tendency and FEC method combined with the QM/MM-MD method.

influence of the glycme.hydrated structure are comparativelyy molecule QM atom Any (kcal A%mol) By, (kcalA®/mol)
demonstrated. Finally, in Sec. IV, the main results are sum

marized with some perspectives in relation to the ionization ~ Hz0 O 20381G 1.690<10°
process of ammonia in aqueous solution H 3.355¢10 1.638¢10
: NH, N 9.038< 107 1.304% 107
H 0.000 0.000

Il. THEORY AND METHOD OF CALCULATION

A. QM/MM method evaluated by the method of Cummins and Gre&dy,which
We adopted a QM/MM method to describe the solutionSome additional parametérsuch as the Ohno—Kloppman

system for the purpose of including the solvent microscopid@ctors are set to zero.
structures explicitly into the solute electronic stetesThen,
the Hamiltonian of the whole solution system is expressed ag wolecular dynamics simulation

H=Hom+Fum+Hommm » (2.1 MD calculations were carried out for a system contain-

. - - ing a couple of reactant molecules, i.e., an ammonia and a
where the first two termbi gy andHyy stand for the stan- o0 molecule, and 241 water molecules in a cubic simula-
dard Hamlltoqlan f)f trle QM and MM systems Wh”? the I"’ISttion box (19.34< 19.34x 19.34 A%) with the periodic bound-
QM/MM Hamiltonian Hqwmw holds for the interaction be- 5y condition. The temperature was controlled to 300 K with
tween QM and MM regionstH qyymwv IS expressed as a sum the Nose-Hoover chain algorithd? and the system was
of electrostatic anghonelectrostatiqvan der Waalscontri-  maintained to be a canonical{/T) ensemble. As a result,
butions: the mass density in the box was prepared to be
1.0001 g/cm. The nonbonded cutoff distance was chosen as

a _ yelec "y vdW

Hammm =H qwim Hammn - (22 90 A After an equilibration MD run, sampling runs were
where executed for 3 ps with a time step of 0.1 fs. All the MD

calculations were performed with the PM3/TIP3P potefitial
HS&C/MMZE amVom(Ru), (2.3  Using ROAR 2.0 (Refs. 31 and 3partly modified for the
Y present purpose.
with
1 Za C. Free energy perturbation theory
Vom(Ru) = =2 —+2 = (24

The free energy perturbatiogffEP) theory?>2° provides
us with the FE changAG;, as the HN---H,O geometryg®

i Tim A Rawm

and is varied fromgp to g7, ; [as is defined later in Eq2.10],
N Aam Bam which is obtained by
HSMMm = (——— : (2.5
=2 5 \RE, R AG=GrG,
In these expressions}, is the atomic point charge on the = —kgT In(exd — B{Vr ;1) — VR @} )i,
Mth MM atom, Ry, is the position vector of thdith MM
atom,r;,, is the distance between thth QM electron and (2.6

the Mth MM atom, Z, is the core charge okth QM atom,  where Vg4(q) is the sum of the solute potential energy
Rau is the distance between tgh QM atom and theMth v (=(W¥|Aqy| 7)) and the solute—solvent interaction ener-

MM one, andAsy andB,y are the Lennard-Jones param- gies atq®, and can be represented, in the QM/MM formal-
eters for theAth QM atom interacting with théth MM ism, as

atom.
In the present study, the ammonia—water molecule  Vrs={(¥|Hom+Hommm| V) =Ve+{(¥[Hommul ¥),
pair—i.e., KN---H,O—is considered the QM portion and (2.
FIQM in Eq. (2.1)) is then described by the PM3 whereW¥ denotes the instantaneous SCF wave function of
Hamiltonian'>*® while the solvent water molecules were electrons of the reactant moleculeg®)( in solution. The
treated molecular mechanically by the TIP3P métiat the  brackets(---) in Eq. (2.6) denote the time average, which is
MM molecules that constitutely,, in Eq. (2.1). equal to the equilibrium ensemble average,
For the Lennard-Jones-type interaction between QM and [dgB(---Yexp(— BV)
MM atoms, as shown in Table I, we have used those param- (---)= dof o)
eters developed by Ruiz-pez’'s group especially for a Jdq”exp(—BV)
couple of QM ammonia and TIP3P water molecules and avhereV is the whole system potential. The subscrij the
couple of QM and TIP3P water molecufé$hen, the core— average(---); in Eq. (2.6) means that it is taken over the
core interaction energy between QM and MM atoms wasampling atg;.

(2.9
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D. Free energy gradient method

In the MD simulation, the forces acting on each atom ofgeometr
the solute molecule by all solvent molecules are always ca
culated every time step. By time-averaging the sum of force
acting on each constituent atom of a solute molecule over the
equilibrium distribution with respect to all the solvent mol-
ecules, the force on FES—i.e., a minus of FEG—is obtaine

as a function ofy® as follows?’

FSq%) =

ag®
whereG(q®) is the FE function.

In the FEG method with the following steepest-descent-
path procedure, the ¢ 1)th reactant structurg’, ; is taken

to be

o =05+ Adf,

where the adaptive displacement veciar’ is defined as

Agi=c;-M 1. FFE,
by multiplying

I:iFEE FFE( qi% == < aqs

by an adaptive constam} of dimensionT? and the inverse

of the mass matrix,

my

my

9G(a) [ Vrda)
(e

IVrd q5)>

Nagae et al.
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(b) GAS phase (B3LYP/6-31G(d))

FIG. 1. Optimized geometries of the HN-H,O com-
plex in the gas phase k@) the PM3 and(b) B3LYP/
6-31Gd) level of theory and in aqueous solution (o
the COSMO method at the PM3 level]) the SCR-
F(CPCM) method at the B3LYP/6-31@) level of
theory, ande) the FEG method. Bond lengths are in A
and bond angles are in degree.
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(d) SCRF(CPCM) (B3LYP/6-31G(d))

Since we adopt here the steepest descent method as the
y optimization method to obtain the stable
I_H3N-~-H20 structure in aqueous solution, the FEG method
grocedure is executed in the following processes:
(P Start with the geometrgg, k=0.
(P2 For g, calculate the free energy chand&, and
ghe force on the FES, .

(P3 Find the stationary point using the force

Agi=c,-M L. FLE. (2.19

If the force Ff = is small enough within the tolerance of con-
vergence and/or the predicted change in the geonegfyis
small enough to be satisfied with the condition

Ve )
ag®

(2.9

>~0, zero-gradient condition,  (2.195
k

(2.10 then, stop.
(P4 Setqg, =0y +Ady, k=k+1 and return to step 2.

(2.17
llI. RESULTS AND DISCUSSION

21 A. Structure optimization and free energy
(2.12 of hydration

To obtain the most stable structure of the ammonia—
water 1:1 pair—i.e., BN---H,0, in aqueous solution—the
geometry optimization procedure started from the geometry
that was optimized in the gas phase at the PM3 level of
theory[Fig. 1(@)], in a similar way to the following steepest-
descent-path procedure explained in the preceding section.
At each optimization step numbeér the atomic positions|;

(2.13  were updated along the direction of the average force vector
FFE(g) by the displacement vectdrq® that was calculated
by Eg.(2.11). During the optimization, the scaling constant
c; was presently varied in the range between 0.1 and
my 1.0 atf A/bohr.3
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FIG. 2. Free energy changepen circles with an error briand solute 4
potential energy chandelosed circlesof the stabilization of the ammonia— 4x10
water 1:1 pair in aqueous solution using the FEG method combined with the
QM/MM-MD method at the PM3 level of theory.

w

In Fig. 2, bothAG (300 K) andA Vg are shown as func-
tions of the step number of optimization—i.e., the optimiza-
tion step number—which denote the FE change at 300 K and
the corresponding change in the solute potential en¥igy
(=<\If|l:|QM|\P>), respectively. At the first step of optimiza-
tion, AG decreases suddenly to almes0.3 kcal/mol, while
it becomes almost flat up to 9. Presently, judging from the
calculated root-mean-squatens) values[see Eqs(3.2) and
(3.3)], the geometry at optimization step number 8 is taken to
be the most stable structure of the ammonia—water molecule
pair, and then the FE change of stabilization from the initial (k)
geometry results in-0.3 kcal/mol. Here, it is worth noting  ri. 3. (a) rms force change anth) rms displacement on the free energy
that the FE change of stabilization—i.e:,0.3 kcal/mol—is  surface of the ammonia—water 1:1 molecular pair in aqueous solution using
such a value that is gained, during geometry Optimization’ athe FEG method combined with the QM/MM-MD method at the PM3 level
an FE difference between the FE of the pair immersed at th& €01
same shape as the structure optimized in the gas phase at the
PM3 level of theory[Fig. 1(a)] and the FE at the optimized
geometry of the ammonia—water 1:1 pair in agueous solutioRalue is comparable to 0.0025 hartree/bohr in Ref. 20. In
obtained by the FEG methddFig. 1(e)]. Namely, if we in-  Eq. (3.2), N,om is the total number of atoms—i.e., 7 for the
clude the FE of solvation from gas to aqueous solution,  present system—and the upper limiT is 3 ps

RMS displacement [A]
)

—_

| |
0 2 4 6 8
Optimization Step Number

AG S) = (Vo ) n— Vol S (=30000 stepg 0.1 fs)—i.e., the time period for equilib-
sol(do) = (Vre(do))o~ Vr(Go) rium MD simulation at a certain structure of the ammonia—
=(Vrd@3))o— (¥[Hom(a3)[ W), (3.1)  water molecule pair.

Similarly, if we define the rms displacement at an opti-

resulting in —27.4kcal/lmol as a difference of . o604 step numbeir as

—87.0 kcal/mol and-59.6 kcal/mol on the right-hand side,
the FE of stabilization thus defined finally becomes  rms(Ag)=(Ad)%3Naiom 3.3
—27.7 kcal/mol.

As is shown in Fig. 83), the average rms force at an
optimization step numbsdr,

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

10T rmg Ag®)=minrmg Aq}), (3.9
msF9 = 7 [t TP 7N @2 0
0 was found to be 6.33910 ° A at optimization step number
also does not vary with optimization step numbers largeB in Fig. 3b). Finally, at the eighth optimization step num-
than 1, and is reduced to a half as small as its initial value, dber, the ammonia—water molecule pair was judged to be op-
the optimized geometry: i.e., 0.0043 hartree/bohr. Despit¢éimized in aqueous solution within an accuracy enough to be
the simple optimization scheme adopted here, the presesttisfied with the condition, Eq2.15.
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On the other handA Vg also increases suddenly at the TABLE Il. Atomic charges and dipole moments of the ammonia—water
first step(Fig. 2). This means that the destabilization of the Melecule par.

solute potential energyr is offset by a large hydration en- COSMO SCRRCPCM)
ergy change. As a result, the stable structure is optimized in PM3 B3LYP/6-31Gd) PM3 B3LYP/6-31Qd) FEG
compensation for the balance between the solute potentiat T 0.066 0907 0013 —o0951 0.023
energy gradient and the forces acting on each solute atom,, 0.032 0317 0.021 0343 0017
due to hydration. Thus, if the optimization might be accom- {3 0.033 0.318 0.021 0.344 0.033
plished exactly, the following condition of force-balance H4 0.038 0.324 0.021 0.343  —0.010
must be fulfilled: H5 0.226 0.432 0.252 0.436 0.260
06 —0.436 —0.845 -0.566 —0.905 —0.655
oV HWIH ~| T H7 0.174 0.361 0.238 0.390 0.332
< ;(g5)> :< { |a %’V'| >> Dipole  3.48% 4178 4.109 4.98C 4.004
q q

R 3 xpressed in debye.
:_<(9<\I’|HQM/MM|‘I’>> 35

g’

in addition to Eq.(2.15): i.e., the condition of zero gradient. (NH,)°* and OH~—which are stabilized by the electro-
static interaction with a number of ambient water molecules.
However, in comparison with the COSMO structure at
the PM3 level of theory, it is interesting that the geometry
change by the FEG method combined with QM/MM-MD
In Fig. 1, the optimized equilibrium geometries in aque-calculations is smaller, as a whole, except the O6—-H7 bond
ous solution[Figs. Xc), 1(d), and Xe)] are also shown in length. Then, itapparentstructure may be said to ather
comparison to those in the gas phébeys. 1a) and 1b)]. similar to that in the gas phase in spite of their different
They were obtained not only by the FEG method combinednechanisms of realization. In fact, in the COSMO method—
with QM/MM-MD calculation [Fig. 1(e)] but also by the i.e., a dielectric continuum model—the geometry optimiza-
COSMO methotf at the PM3[Fig. 1(c)] and the B3LYP/6- tion is achieved on the enthalpy basis and, therefore, it can-
31G(d) [Fig. 1(d)] level of theory, respectively. For the latter not take into account legitimately the effect of microscopic
calculation, the polarized continuum model using the polar'solvation entropy” (SE) that the FEG method combined
izable conductor calculation modél(CPCM), was utilized  with QM/MM-MD calculation car?®
in GAUsSIAN 98%° which is a self-consistent reaction field In comparison, it is helpful to mention the previous ex-
(SCRB method corresponding to an implementation of theample of the FEG method for an application to obtain the
COSMO method inGAUSSIAN 98 All optimized structures —stable structure of glycine zwitterion in aqueous solufidn,
showC, symmetry. In comparison to the experimental valuewhere wedid not utilize the QM/MM method but the em-
2.983 A of R(N-0) in the linear N--H—O hydrogen bond pirical valence bondEVB) potential for describing the in-
of the HNy --H,O complex?® the present values 2.792 and teraction potential/gs of glycine and water moleculéSThe
2.924 A in the gas phase by the PM3 and B3LYP/6-GI\G disposable parameters of the EVB potential were optimized
level of theory, respectively, show good agreement. to fit a set of 5250 data points of energies and forces calcu-
In those three structures in aqueous solufieigs. 1c), lated by HF/6-3% G(d) level of theory, by a modified
1(d), and Xe)], it is evident that both O6—H5 and O6—H7 Levenberg—Marquardt method for nonlinear least-squares
bond lengths of the water molecule become longer than thosminimization problems? In this example, we also compare
in the gas phase geometiyigs. 1a) and Xb)], respectively, the optimized structure in the gas phase by the HF level of
while the length of the hydrogen bonding NiH5 becomes theory[Fig. 4@] and those in agueous solution calculated by
shorter in agueous solution. Moreover, the H5-O6-H7%he FEG methodFig. 4(b)] and the SCRlipole) and
angles in agueous solution become smaller than those in ttBRCRRSCIPCM methods at the HF/6-31G(d) level of
gas phase, respectively. In the COSW®I3) and SCR- theory[Figs. 4c) and 4d)]. In the latter three structures in
F(CPCM) [B3LYP/6-31GQd)] methods, therefore, the dipole aqueous solution, it is evident that those distances between
moments as a whole pair—i.e., 4.109 and 4.980 D—werdd6 connected to N1 and O5 of the carboxyl group are larger
found to be especially larger than those in the gas phase-than that in the gas phase geometry, while the C3—04 bond
i.e., 3.485 and 4.178 D, respectively. This tendency is owindengths become larger and the N1-H6 bond length become
to the electronic polarization due to the solvent—namelyshorter in aqueous solution. On the other hand, in compari-
due to the “dielectric” hydration—in spite of the solute po- son with both SCRF structures, the geometry change by the
tential energy destabilizatiofFig. 2 and Table ), which is  FEG method is relatively smaller. These characteristics are
consistent with the opinion about the induced dipole momenvery similar to those in the present system of ammonia—
of water molecule in watef 38 Actually, under the thermal water molecule pair (kN --H,O) in spite of the totally dif-
fluctuation, this polarized state should prepare the next steferent interaction model fovg: i.e., the EVB model.
for the ionization process of ammonia molecule in water:  Thus, in the microscopic descriptive model of water sol-
The pair obtains a comparatively larger stabilization energyent, it should be noticed that the microscopic SE could pre-
by its transformation from the polarized state into a ionizedvent water molecules from hydrating strongly the whole
state—i.e., a couple of pseudospherical point chargebl;N---H,O pair, while the local hydrogen bonding between

B. Hydrated structure
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A and bond angles are in degree.
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H7 and an oxygen atom of an ambient water molecule isyH; ---OH™—in aqueous solution. Then, one could estimate
expected to become stronger than that in the continuum apx G, ,—i.e., the free energy change of ionization of ammo-
proximation of solvent where the “enthalpic" stabilization is nia in aqueous solution—and it would realize to evaluate
mainly considered but the microscopic SE is not taken exdirectly the numerical accuracy of the present FEG method-
plicitly into consideration. In the presentsN---H,O pair  ology through comparing the theoretical value with that ob-
system, the difference in between the continuum model anghined experimentally. We are now in applying the FEG

the FEG method results in the relatively longer O6—H7 bondmethod directly for such a purpose stated abbive.
length in the latter method. This is the same characteristic

with the longer C3—05 bond length in the stable structure of
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