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An ab initio molecular dynamics simulation based on combined quantum mechanical and molecular mechanical
(QM/MM) potential was performed for Nain liquid ammonia. With this approach, many-body interactions

that are very significant in determining the solvation number are modeled accurately by quantum mechanics.
The method appears to resolve the discrepancy between many simulations that have predicted solvation numbers
between 5 and 9. Although the solvation number of 5 obtained from our QM/MM simulation has not yet
been confirmed by the experimental data, a detailed analysis of the simulation results together with a comparison
of previous studies on known systems justifies this prediction.

1. Introduction in the QM region. A guantum mechanical treatment of the entire
In recent years, molecular simulations using molecular system is still not feasible at present. Consequeptly, a hybrid
dynamicé and Monte Carldmethods have become the principal approac_h such as the combined quantum-mechan|caI/moIecu_Iar-
and common tools for scientists to study phenomena at Mechanical (QM/MM) method was proposed to solve this
molecular level. Continuous improvements in both hardware Problem:*12 The key concept is that quantum mechanical
technology and computational techniques have helped to eXpamtreatment is yndertaken to a full extent for a sglected, chemically
the application of these tools to a wider spectrum of scientific 'elévant region, and the rest of the system is left to be treated
disciplines ranging from physics and chemistry to biological Py molecular mechanics.
sciences > Despite the success of these tools in describing  Although most early applications of the QM/MM method
numerous chemical systems, researchers still suffer from thehave used only semiempirical schem&s? recent advances
reality of the “potential energy model”, used as input of the in computer technology allow a full ab initio treatment of the
simulations?—8 Most potential energy models assume that the QM region. This is an important advantage because more
total energy of the system is simply the summation of the complex problems, e.g., ion solvation, require more accurate
interactions between pairs of particles, thus neglecting higher methods than semiempirical schemes as demonstrated in our
order terms. The reason is the complicated orientation depen-previous simulations of L[i in liquid ammoniat® In the
dence of molecular systems that makes the accurate constructiomeantime, numerous solvated ions have been investigated by
of even three-body potentials very expensive. The construction ab initio QM/MM simulations, mostly hydrated ions such as
of three-body energy surfaces may require many thousands ofLj+, Na*, K+ and C&*.17-1°In the present work, Nain liquid
SCF energy points to include all important regions. Moreover, ammonia is studied by an ab initio HartreEBock QM/MM
due to the asymptotic behavior of the three'bOdy potential, flttlng method. The investigaﬂon of this system by a QM/MM method
of ab initio energies to an analytical formula is sometimes a s quite challenging because the solvation number for this system
difficult trial-and-error task. Accordingly, most three-body s very sensitive to the quality of the potential energy model.
potential functions are tailored by some means, for instance, pmolecular dynamics simulation using ab initio pair potential
by removing some energy points and weighting more energy pased on primitive Gaussian basis sets gave a solvation number
points in some important regions to obtain a good fit and by ¢ g 20 Supsequent Monte Carlo simulations using improved ab
neglecting some configurations on the assumption that they i,itio pair potentials based on DZP basis sets lead to the

rarely h‘?‘Ppe” in the smglandﬁ . . solvation number 9.Inclusion of three-body functions into the
The difficulty in describing the potential energy by analytical - yotential model reduces this number t8 ®ith regard to the
functions calls for ab initio molecular dynamics that calculate experiences with Li in liquid ammonia, this number stil

Etergctlcl)nts_ bet_rvx;]een paruclis flTom the first prlnctlpl_ei W|tk1|_n appears to be too high. Considering™Nea water, replacement
€ simuiation. This approach allows more accurate INteraction ¢ 4, pair potential by the QM/MM potential removes one water

Estzgt'iﬁlifiéon?stﬁilg:l\?vtlfgrgg;nrg;eny%tgg;agﬁggtss;Orgﬂ%éﬁgzgsmolecule from the first hydration shell, thereby leading to the
hydration number of 5.8 Consequently, it seems plausible that

up to the degree determined by the number of particles mcludedmore than one ammonia molecule could be removed from the

*To whom correspondence should be addressed. E-mail: sctkc@ firSt solvation shell of N& in ammonia if a QW/MM potential
mabhidol.ac.th. model were used, especially since many-body interactions in
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Na‘/ammonia are 2 times higher than in the aqueous sy&tem.
Furthermore, a Monte Carlo simulation by Marchi et’agave
a surprisingly small solvation number of 5. In this work, a
classical pair potential augmented by implicit tedipole

Kerdcharoen and Rode

2.2 QM potential model. The first QM/MM scheme for ion
solvation defines the QM part as a sphere centered on the ion
of interest?* In that scheme, it was seen that the suitable size
of a spherical QM region may be obtained by a compromise

polarization terms averaging some of the many-body interactionsbetween accuracy and computing time requirement through
was used. Hence, one could expect that inclusion of higher multiple trial QM/MM simulations. In practice, the diameter

many-body interactions by ab initio QM/MM treatment of the
whole first solvation shell would eliminate discrepancies among
previous studies, thus leading to a more or less final result.

2. Models and Methods

2.1 QM/MM terms and Definitions. Interactions within a
QM/MM system consist of three parts: (1) the QM part, (2)
the MM part, and (3) the interaction between QM and MM
regions. The Hamiltonian of this system, modified from R&f.,
can be written as

H = Hgy + Hum T Hommm 1)
where
oM P? QmZzZ,
Z—+Z—+ W|A® WO 2)
2m,
MM P,2
Hym = Z — t Vum (3
2m,
and
QM MMZQ, QM A

=3 3203 3 Vel o

wherel andA denote the atoms of the QM and MM molecules,
respectively. The first term in eq 2 represents the kinetic energy,

whereas the second and the third describe internuclear repulsion

and electronic potential in the QM region, respectively. The
electronic Hamiltonian operator in our work is defined for the
isolated QM region only, thus excluding electron polarization
effects induced by the surrounding MM moleculdsym
comprises kinetic and potential energies for which the potential
function Vuwm is described in Section 2.3.

The coupling between QM and MM regions, eq 4, is more
complex. The first term describes electrostatic interactions

between nuclear charges of atoms in QM molecules and partial

of the QM sphere can be selected in such a way that the
“chemically relevant” area is totally included, e.g., in the case
of solvated ions the first solvation shell whose size can be
evaluated by classical MM simulations as performed in all
subsequent simulatiod§:1°

However, in the present work, we have extended the spherical
QM region even beyond this first solvation shell. Although the
time consumption thus increases considerably from the usual
4—5 months to approximately 1 year on a fast workstation (SGI
R10000 processor), this extension gives the benefit that the
solvation structure up to the second shell can be studied. In
addition to that, the first solvation shell itself can be better
described since the electronic Hamiltonian operator in eq 2 is
improved by the inclusion of electron polarization effects from
the outer sphere influencing the first solvation shell.

The QM sphere is modeled by the Hartrdeock theory based
on the effective core potential (ECP) basis functi#éh3he
selection of this basis set is consistent with the earlier finding
that an ECP that employs extended functions to describe the
valence electrons, i.e., doublgis more reliable than a small
all-electron basis set such as STO-3G. In that study, STO-3G
overestimates the number of water molecules in the first
solvation shell of C& from 8.3 to 10. Further analyses of
solvation structure and dynamics also show that a larger basis
set is necessary for accurate description of intermolecular
interactions in the QM region. However, inclusion of a standard-
sized all-electron basis set, i.e., 6-31G or DZP, especially with
a rather large QM region as in our case, is still beyond current
computing capacity. Therefore, a compromise must be made
and an ECP basis set that has good quality of basis functions
on the valence electrons can be a good choice, as demonstrated
¥ the previous work46-19

Forces on the QM particles can be computed from analytical
gradientg® To allow exchange of particles between the QM
sphere and the MM region, forces must be smoothed at the
boundary by applying a suitable functiéhThus the force on
a particle in the system is defined as

fi = S(rdfom + (1 = Si(M)fum ()

atomic charges of the MM atoms. The second term representsVhere

electrostatic interactions between electrons of the QM molecules

and partial atomic charges located on the MM atoxj§is the
non-Coulombic part o¥uu. Equation 4 can be approximated

by
QM MM ZlQA QM MM QI

fan ™2 2 Ry 2% R,

whereQ; is the effective electronic charge on atdrthat after
averaging over nuclear charge leads to

QM MM Q,Q,
Hommm = Vo = Z Z + Vilf
Ra

tVia )

(6)

TheVommm Of q 6 is used in our simulation and is described
in Section 2.4.

S{r=1lfor=r=r,

— 1?2 (r? + 2r?

2 23
(r"—r17)

(ro2 - 3|’12)

Si(n) =

forr, <r=r,

S(r)=0forr,<r

The QM sphere is selected to have a diameter of 10 A, which
is sufficiently large to include the first and a part of the second
solvation shell accommodating around 16 solvent molecules.
An interval of 0.2 A applied for the smoothing function led to
the values of 5.0 and 4.8 A fap andry, respectively.

2.3 MM potential model. Because the ammonia molecules
in our study are flexible, it is necessary to have an intramolecular
potential for solvent molecules in the MM region. No such
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TABLE 1: Optimized Parameters for the Na*-Ammonia
Intermolecular Potential

Na—N a= —1367.661 kcal moft A4
b= 1598.529 kcal mott A®
c= 20122.26 kcal mott
d= 2.908240 1

Na-H a= 22.64286 kcal moft A4
b= 97.03496 kcal mott As
c= 18.66449 kcal mott
d= 0.7505583 Al

definition is needed for the QM molecules since in the QM
region all atoms move freely on the Ber@ppenheimer energy
surface. The intramolecular and intermolecular potentials for
MM ammonia molecules were taken from the literatéf&he
intramolecular potential of ammonia is based on spectroscopic
data by Spirké® whereas the intermolecular potential was
constructed by ab initio method&These potentials have been
tested in many simulatiofs'?20.3%-34 and proved reliable and
transferable up to supercritical conditiolsSThe MM intermo-
lecular potential for ammonia is atenatom based and takes
the following forms, whose parameters are given in Table 1 of
ref 28,

MM MM fagy by QuQn
Vyu(N —N) = —_— - (8)

i 22 " Re

MM MM s QuQu
VMM(H_H):ZZ e "Mt —— (©)

AB

Vum(N — H) =
MM MM QuQx

—| (10)

Z Z aNH(e*bNH(RAB*ZA) _ 2e*CNH(RAB*2-4)) 4

‘AB

For Na'-ammonia, several intermolecular potentials are
available from literatur&20.22phut we have constructed our own
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Figure 1. Comparison of calculated SCF interaction energies and fitted
energies. Energies are given in kcal/mol, Standard deviation from the
fit is 1.3 kcal/mol

instance, the QM/MM potential between nitrogen of QM
ammonia and nitrogen of MM ammonia reads,

QM QM Q\Qy
VQM/MM(N —N)= Z Z R + Vln/:
A
QUMM Q\Qy QMMM fayy by

RPN i

The QM/MM potentials for other interaction pairs can be
constructed in the same way as in eq 13.

2.5 Simulation Details.All simulations were performed in
the NVT ensemble at 235 K with a time step of 0.2 fs so that
fast motion of hydrogen atoms could be described accurately.
A periodic cube of length 20.66 A containing 1 Nand 215

(13)
Ria

model to demonstrate the dependency of the solvation number@mmonia molecules was chosen, corresponding to the experi-
on the potential energy model. This model potential is con- mental density of liquid ammonia at atmospheric pressure. The

structed by fitting 600 SCF interaction energies based on the Potential and forces are smoothed by using a shifted force

6-311G++(d,p) basis to an analytical function,

Viu(Na™ = N) =

MM MM anN

22w,

Vyu(Na" — H) =

MM MM aNa+H

s

Qna" is assumed to be 1y and Qy obtained from a SCF
Mulliken population analysis based on 6-31t&(d,p) using
ammonia’s experimental geometry ar€.8022 and 0.2674,
respectively. The parameteasb, ¢, andd in eq 11 and 12 are
listed in Table 1. The quality of the fit is demonstrated in Figure
1 by comparing calculated SCF energies with the fitted energies.

2.4 QM/MM Potential Model. From eq 6 the QM/MM
potential consists of the Coulombic interactions between the
net atomic charges of the QM and MM patrticles and the non-
Coulombic part of the MM potential function. These QM/MM
potentials consequently take similar forms to egs 82. For

QN&*QN
RAB

bNanN

4 4 CNa+Ne*dNa+NRAB 4

- (1)
RAB

Qna+Qu
I:QAB

bNa\rFH

+ + Cpgep€ Moo 4 (12)

6
RA B

algorithm and zeroed out at the half-box lengttSince the
simulated cube is not a neutrally charged system, we employed
a reaction field methdd to handle long-range electrostatic
potentials and forces. The simulation started from a randomized
configuration and was equilibrated for 30,000 time steps. The
simulation was continued for 60,000 time steps to collect
configurations every 20th step. For these runs only MM
potentials were used, and they will therefore be referred to as
the “pair potential simulation”. After that, the QM potential was
turned on. The corresponding QM/MM simulation then started
from the last configuration, with a reequilibration for 10,000
time steps, after which the simulation was continued for another
10,000 time steps to collect samples every 5th step. Although
nowadays a classical simulation of ionic solutions can be
extended to several hundred pico-seconds ps, even the 2 ps
interval of our QM/MM run approaches the limits of high-speed
computing capacity because the QM/MM simulation requires
about 15-20 min for a single step on a SGI Power Challenge
R10000, which means more than 200 days of computing time
for the whole simulation. It has been shown earlier that 2 ps
can be sufficient for the analysis of solution structure and some
associated dynamics in the simulations of diluted solutions of
Be?t, Ca™, Lit, Na", and K" in watef7-1936gnd Li* and Na

in ammoniat®2%-28In an ab initio molecular dynamics simulation
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TABLE 2: Comparison of Solvation Parameters for Na*

solvation no.
system hax RDF(fmax) Imin (first shell) T (K) ion/solvent method reference
Naf/ammonia 2.55 14.8 3.3 8 235 1/215 MD (2-body) this work
Na*/ammonia 2.55 4.4 3.7 5 235 1/215 MD (QM/MM) this work
Na*/ammonia 2.49 16.6 3.2 8 235 1/215 MD (2-body) 20
Na*/ammonia 2.42 14.6 3.2 7 266 1/215 MD (2-body) 20
Na*/ammonia 2.68 11.6 3.6 9 277 1/201 MC (2-body) 9
Na*/ammonia 2.68 10.0 35 8 277 1/201 MC (3-body) 9
Na‘/ammonia 2.25 9.5 3.0 5 260 1/250 MC (empirical) 22
Na'/water 2.36 8.1 3.0 6.5 298 1/199 MD (2-body) 18
Na'/water 2.33 55 29 5.6 298 1/199 MD (QM/MM) 18
Na'/water 2.45 3.5 6.6 298 1/215 MD (2-body) 39
NaNG; (aq) 2.44 6 6.0M X-ray 40
NaNG; (aq) 2.40 4.9 3.1M X-ray 41
16 5.0 —
] ) / —— QMMM potentiad | 17 v e ST /
14': ------- pair potentiaf 4.5 ‘ ~

40 _First Solvation Bounddry T\ .

3.0+
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Figure 3. Time evolution of distances between Nand nitrogen of
ammonia molecules. The plot includes only ammonia molecules that
are involved with the first solvation shell, i.e., locating inside, entering
into, or exiting from. In this plot, the seven ammonia molecules involved
are depicted with different type of lines.

Figure 2. Na—N radial distribution function and its running integration
numbers.

of aqueous B by Parrinello et al®® it was observed that two
water molecules escape from the first solvation shell within only
0.25 ps after ab initio potentials are switched on from a classical | 4 igus simulations is given in Table 2. The NaN RDF of
simulation, thus leading to the coordination number of 4, which o pair potential simulation exhibits a sharp, narrow, and well-
is maintained for the total simulation length of 1 ps. In the separated peak located between 2.3 and 3.3 A, which leads to
present work, QM/MM simulation also followed from a classical a solvation number of 8. The QM/MM method depicts a less
simulation that has a starting coordination number of 8. Within rigid solvation structure, as can be observed from the lower
0.5 ps, three ammonia molecules were observed to leave the, haqer, and less symmetric 1st shell peak, which corresponds
solvation shell. However, calculation of some sensitive dynami- , o average solvation number of 5. In contrast to the pair
cal properties such as self-diffusion coefficient require a ,qential simulation, the first solvation shell of the QM/MM
simulation length up to 100 ps and this is beyond the scope of i jation is not clearly separated from the second one, which

,38 . .
the present study. indicates that an exchange of solvent molecules between both
3. Results and Discussion shells takes place much more easily than expected from the
- Resu IScuss “classical” simulation. Motions of solvent molecules that enter

Figure 1 demonstrates the quality of fitting the analytical pair into and exit from the first solvation shell were monitored in
potential functions of eqs 11 and 12 to 600 calculated ab initio the course of the simulation, and the ion-nitrogen distances with
interaction energies. A good agreement between ab initio the time evolution for these solvent molecules are plotted in
interaction energies and fitted values, within both attractive and Figure 3. This plot excludes solvent molecules that have moved
repulsive regions of the interaction energies, can be seen fromclose to the first solvation shell but never entered it. It can be
points located close to the diagonal line. The global energy seen that during a period of 1.2 ps solvent molecules cross the
minimum for the Nd-ammonia complex has the NaN boundary 13 times in both directions. In fact, only 4 solvent
distance of 2.38 A, which corresponds to the interaction energy molecules restrict their motions to an area within the first
of —27.81 kcal/mol. Although this optimal Na-N distance is solvation shell, whereas one solvent molecule is exchanged
equivalent to that obtained by HannongSuahere Dunning’s between the first and second shells. This behavior is reflected
DZP basis set was used, our potential model leads to a slightlyby a shoulder in the first Na-N RDF peak. Because of this
smaller stabilization. solvent exchange, the first solvation shell becomes larger than

The Na—N radial distribution functions (RDF) and their that obtained from the classical simulation. This result also
running integration numbers obtained from pair potential and indicates that for discussion of ligand exchange mechanisms
QM/MM simulations are presented in Figure 2. To demonstrate of weak complexes, a basis of a highly accurate simulation is
the sensitivity of solvation structure on the potential model, a needed to predict the microspecies present in solution because
comparison between characteristics of the RDFs obtained fromthe simultaneous presence of more than one specieswill have a
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4. Concluding Remarks

"""" Pair Potertia It is believed that the present work confirms again the
importance of higher n-body terms for a correct description of
solvated ions, in particular for the case of nonaqueous solvents.
The separation of the system into a QM and a MM region does
not seem to be a problem for the quality of the results. A further
improvement could probably be achieved only by the use of
large basis sets and/or inclusion of correlation effects in the
QM treatment. This is, however, still beyond any reasonable
computational feasibility.

Probability Density / Arbitary Unit
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