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i.2 DEFINITION OF CHEMICAL COMPLEXITY

The complexity of a chemical system, considered as a discrete and
numerable ensemble of particles, is proporticnal to the number of
mutually dependent variables characterizing a given aspect of the BYS~
tem. In our implicit definition of complexity, we use two criteria:

1. The number of atoms or molecules present in the system and

2, The size of the largest molecule in the system. The size is defined
as the number of atoms in the largest molecule of the system.

When one deals with biological systems, the above conditions are neg-
essary to define the system, but probably not sufficiently, since in
defining a bivlogical system one must include conditions, whereby, for
a limited interval of time, structural forms evolve from previous forms
at little energy cost.

Let us consider two examples of a complex system: in the first, com—
plexity results from the number of molecules, in the second, from the
size of the largest molecule.

A single water molecule is here defined as a simple system, a cluster __
of about ten water molecules represents a case of intermediate com-
plexity and liquid water is an example of 2 complex system. Here ¢om-
plexity is due to the number of the components. The mutually dependent

,variables arg the positions and crientations of the water molecules.

The sugar molecule (or a phosphate group), the sugar-phosphate-sugar
complex, and a protein are examples of simple, intermediate, and complex
chemical systems, where complexity is due to the size of the iargest
componént of the system. The mutually dependent variables are the angles
of internal reotations.

The two criteria, number and size, cover a large number of chemically
complex systems {see Figure 1Y. 1In a simple system, the appropriate
model {gquantum mechanics) assumes as particles the nuclei and the elec-
trons; thus the dominant statistics is the one of Fermi-bDirag, In
complex systems the appropriate particles are atoms ot group of atoms:
the model is classical in the limit and the Boltzmann statistics (and
timg fluctuations) are essential for a proper descriptiem. It follows,
as a corollary, that intramolecular forces play a dominant role in
simple systems, whereas intermolecular forces, and torsional and rota-~
tional barriers are domimant in complex systems. As a second corollary,
A valid goal in small systems is the determination of the exact geo-
metrical relationship between the component atoms., O&n the contrary, the
probabilistic nature of the distribution of the atoms or groups of atoms
is of basic importance in a complex system, The hotion of Probability
distribution brings in most naturally the need for the concept of entro-
Py. This concept has been aomewhat overlooked in quantum chemistry,
since subtly buillt intg the Schroedinger wave mechanical representa-
tion, whereas it is more easily grasped in classical chemical particles.

In conclusion, depending on the complexity of the system, gne uses
either guantum mechanic¢s, statistical mechanics, or fluid mechanics

and thermedynamics. In biological systems an amino acid, a protein, and
a living cell provide an example of systems appropriate to the above
three models.

One can safely predict that important advances in the description of
complex chemical systems will be cbtained by attempting to connect
quantum mechani¢s with statistical mechanics, and statistical mechanics
with fluid dynamics and thermodynamics, As noted, the need is not as
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much ir. "formal" cennection,  that essentially is available, but mainly
in & "operational" connection, for example, by means of computational
methoas.

Fs
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Water
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Figure 1. Simple, to intermediate, to complex chemical systems
A,B,C, respectively): the two criteria are Size of the Largest
Molecule and Number of Molecules. At the linit {region D) starts the
¢ontinuous description of matter.

1.4 A GENERAL METHOD FQR SIMULATIONS OF A COMPLEX CHEMICAL SYSTEM

The most basic selection one makes to describe a system with some given
model, relates to the choice of the adopted statistig; this choice
brings about a specific definition of the nature of the "ebjects" {par=
ticles or medium} and concomitant model-eguations. "Natural objects"
for chemical systems are either nuclei and electrons or atoms and
molecules or some continuous medium [Figid or nonrigid) . The corres-—
ponding statistics are eithef the Fermi-Dirac statistic or the clas-
sical statistic (inclusive of Boltzmann distribution); the corres- -
ponding egquations are either the Schroedinger equation or Newton's
equations (adopted for discrete particles or for continuous medium),

In the latter case, of particular chemical interest are aspects dealing
with the thermodynamic of reversible and irreversible systems, problems
of linearity and nenlinearity, single or multiple solution for station-
ary states, etc,

Today, guantum chemistry has sufficiently evelved sc as to allow us to
consider realistically complex systems as an object for numerical simu-
lations. As previously pointed out, however, it is basic to reject the
indiscriminate use of quantum chemistry (intended as approximate solu=-
tiong of the Schroedinger equation} as the enly tocl to be used for a
tomplex system's description, Such indiscriminate use brings aboup
necessarily gross over-simplifications that could be avoided by using
quantum-chemistry as a first step of a many-step methodology aimed at
realistic simulations of complex chemical systems. .

We briefly summarize an operational procedure to simulate complex chem=
ical systems. Most of the theoretical foundationz needed in our ap-
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Proach were known long ago (21). - However, little has heen done to
operationally link different methods that are traditionally kept in=

ependent one from the other, despite the fact they represent the suc-
cessive step of our approach or of any physically reagonable approach.
Details on the proposed method will be given in later chapters; hare
we wish only to present a very brief account of what will follow. Let
us start by considering some appropriate subsystem of our complex sys-
tem, The simplest and most immediate subsystems ‘are the individuval,
separated molecules. As previously indicated, the gize of a molecule
for which "decent” guantum chemical simulaticns are feasible is cop=
stantly increasing, either because of new methods or because of the
increased performance of computers. “"Decent" simulaticns are those
that make use of adeguate basis sets and that include electronic cor=-
relation corrections, when needed.

. "
The general method is presented as a five-step technique; the output
of step {i-1) constitutes the input to step (i). This constraint is
basic to develop an operaticnal procedure.

Step 1: Quantum Chemistry

Ab initio quantum chemical simulations are performed either on one or
Tew moledules. 1If the complex system is composed of only one macro==—
molecule, then we shall use methods described in the second chapter,
Alternatively, the complex chemical system might be composed of many
molecules. If ab initio computations are performed in order to obtain
inter molecular interactions, then we proceed at first by obtaining the
two-body interactions. If three-body interactions are regquired, then
the same procedure-used to obtain the two-body correction is followed.
Details are given in the fourth chapter. The introduction of the re—

_action field im assumed under the neading of ‘“guantum chemistry”, not

because it is a generally aceepted procedure, but because it is a nec-
essary interaction in most problems dealing with complex systems,

Step 2: Construction of Interaction Potentials

From the numerical potentiala of Step 1, one obtains analytical poten-
tials. This second step constitutes a moat critical aspect to opera-
tionally connect guantum chemistry to statistical mechanics. The
potentials must be constrained in such a way as to be of an analytic-
ally simple form, fast for computational use, transferable from mole-
cule to molecule, standardized both in the form and reliability and,
finally, amenable to gradual refinements and extensions. By design we
have neglected the possibility to use experimental datz as the starting
parameters to obtain the potentials. One reason is that often there
are not sufficient experimental data available: a second reason ig

that it is often arbitrary to extract two- and three-body contribuy-
tions from an experiment obtained at conditions corresponding to a full
n-body potential,

Basic to this step is an analysis of how an atom can he characterized
when in a molecule. From the valance concepts of Lewis ang Langmuir,
the valence bond approximation was derived by Heitler, London, Slater
and Pagling: an important concept in that language is the valence state
<oncept. Alternatively, from the Lewis-Langmuir concepts, we can ar-
rive at the Mulliken-Hartree-Fock Molecular Orbitals approximaticn.
Heuristically, an important concept connected te the MO model is that
partitioning of the electronic density known as the electron popula-
tion analysis. From the valence bond approximation, we have translated
into the MO thecry the equivalent of the concept of Walence State and
called it "molecular orbital valence Etate®, MOVS. An atom in a mole~-
cule can be characterized Ly its value of the MOVS energy and by the
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value of its met charge: hybridization, charge transfer and nearest
neighbors are ingluded in this characterization. By definition, we
characterize an atom of a given atomie number and in a specific elec-
tronic environment with a label referred to as "class" for that atomic
specification. 1In this way, atome of the same atomic number and in the
same molacular environment belong to the same class, Hence, by con-
struttion, the identification of & “class" for an atom is transferable
from molecule tec molecule, as long as the atom has the same 2 value and
class label. As a corollary, atom-atom pair potentials are transfer-
rable from molecule to molecule. Historically, we can note the fol-
lowing evolution in the characterization of atoms in molecules: the
first and gross characterization is the one ceorresponding to the atomie
number, (for example, for the carbon atcmsi 2=6): then the hybridiza-
tion characterization (for example, sp, sp¢ and spd} and the valence
state convepts; now the "clags™ characterization is added, providing a
finer characterization. For example, the carbon atoms in CHq,CH3-CH3,
CE3-NH2, CH3-0H, CH3=5H, have all the same¢ valence, but each one of the
carbon atoms belongs to a different ¢lass, as clear from the different
values of the two parameters, namely the MOVS energy and the net charge
value.

The intermolecular interaction potentials must be limited to the two-
body Hartree-Fock equivalent interaction, bui must include dispersion
corrections at the two-body level and induction corrections at the many
body level. Ms later explained in detail, such corrections can be ob—
tained both easily and accurately- for intertolecular interagtions.

Step 3: Static Properties

The availability of atom-atom pair potential allows us to easily pass
to statistical thermodynamics, Static properties are first analyzed.
A basi¢ tool in this step is the Monte Carlo, MC, method {22) that al-
lows us to introduce temperature averaging in the Complex gsystem. We
generally use the MC method at constant volume with pericdic boundary
.conditions and at constant pressure for clusters studies, ‘The intro-
duction of temperature eliminates for example, the unphysical (but
currently used) approximation to stuvdy solutions at Zero temperature.
As known, the reactivity of a system is related to its free energy and
not only to the internal energy; in this regard we note that the simu-
lation of entropy is now becoming more and more feasible using MC
techniques.

Step 4: Dynamical Proverties

In this step the time Parameter is introduced, for example, in the
standard form of molesular dynamics MD {23)., Prereguisite for this
step is the availability of pair-potentials from Step 1. As an initjal
condition to describe the system, we use the final configuration ob~
tained from Step 3. Work is in Progress on this step in our group. We
note, however, that from the current and past literature on applica-
tions of MD one could easily obtain a realistic estimate on the impor-
tance of this step. The transport aspect is one among several that

c¢an be gimulated from the time parameter introduction.

Step 5: Continuoum Representation

In this step, the basic coefficients needed to solve, for example, the
diffusion equations of a flow are obtained from Steps 3 and 4. As in
the case of Stap 4, we are only beginning work at this problem, but the

very ample literature in fluido-dynamics coupled with the ample litera-

ture on biological dissipative systems, and time or/and space fluctua-
tions {24) should be encugh to let one understand how muich rewarding it
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i i i ts of Steps 3 and 4.
will be to unify the scope of Stap 5 with the outpu
Traditionally, this step is the less pperationally connected to quantum
mechanics and quantum chemistry,

our opinion, the theory and simulaticns of complex chemical systems
;:ve suf?ered éecause of {he lack of a general framework, as for ex-
ample, the one above cutlined. Essentially, as with phy51cc-chgm;cal
experiments, one can analyze either simple or complex systems without
artificial limitations (like the problem of having too many electrons,
etc.} 80 we wish to reach the same type of operative E:eeéom in theo-
retical simulations. We wish to solve for Newtcn's equations of comple
systems at different levels of resolution. If Fhe particlgs of the
system are electrons and point-charge nuclei (high resolution level)
than we impose on Newton's equations the constraint of the quantum .
numbers (forced on by the Fermi-Dirac statistic). If there are no "par
ticles” in the system, but a continuous distrlbutlog of matter [(low
resolution level), then we impose on Newton's equations the Rayleigh
numbers for its equivalent) as constraints, representing boundary con~
ditions and conservations laws, When we s5till talk of discreate dis-
tribution of particles, but these are atoms and mqlecules rather than
electrons and nuclei, then we are at the intermediate resplution level.
Different aspects of a given chemical problem require different levels
of resolution hence different statistics and, therefore, different-
constraints to the equations of motion.
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In general, the

choice depends on what one wigshes to obtain from a wave function. For

1.8) Chotlee of the Basis Set for SCE-LCAQ-MO Functions - Let us briefly

corment on the selection criteria for the basis sets.
lecting wavefunction accuracy should be a function of the assumed goals.

example, one might wish lew mccuracy in the total energy, but fair ac-
We shall consider the molecule of water as an exampls.

curacy in the valence slectrona, or high accuracy 1n the jinner shells
and low agcuracy in the valence electrons. Clearly, the strategy in se-
The basls set for the hydrogen and oxygen atoms are those computed re-
cently by F. van Duijneveldtug’ and are not reported here since too
many tables would be required. We have used from 2 to 7 & functions

for the hydrogen atom (designated as H/2,3,...7) -and for the oxygen

atom the smallest basis set is 4/2 namely 4 s and 2 functions of Pyt
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py} By type) up to 13/6 (namely 13 s functions and B functions of By
for atomic hydrogen and oxygen atoms, a number of
computations for the water molecule were performed. The melecular geom-
etry for these compatations is the experimental equilibrium geometry.
In Table % the Total Energy (in a.u.) is given for 68 &ifferent basis
sets; In this table the hydregen and the oxygen functions have been
used without contraction. From the table it is clear that the Hartree-
Fock limit for a bagis set containing only s and p functions on the
addition, if we wish an accuracy of 0.001 a.u. {which is adequate for
Hartree-Fock computations) a basis set of 68 functions on the hydrogen
and 115 functions plus 7p functions on the oxygen (11s, 7p. 68) is suf-
1f one i interested in an accuracy of 0.01 a.u., then a’set

Py and p, type).
oxygen and only s function on the hydrogen ie about -76.026 a.u. In

With the basis set

ficlent.
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reported. We started with an (n 13g, 8p; H 68) baeis sct and found
that contracting the eix O s functions, the four O p functions and the
three H 5. functions with the largest exponents resulted in an energy
loss of only 0.00010 a.u. compared with the energy of =-76.02573 a.u.
in Tahla t for the completely uncontracted basig wet. Consequently we
used 2 (0 Bs, Sp: M 48) contracted basis set and augmented it with

the polarization functions given in Table 6. The best energy of
=76.96587 a.u. was obtained by using three sets of 4 functions and a
set of f functions on the oxygen &nd two sets of p functions and a set
of d functions on the hydrogens. A constderation of the anergies re-
ported in Tables 4 and 6 leads ug to believe that the above energy 1s
about 0,002 a.u. from the Hartree-Fock 1limit for H20 with the experji-. -
mental equilibrium geometry.
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Part 2 Stracture of Liquid Water as a Test Case

2.1 Intreduction - In the previous chapter we have analyzed how a wave-funcrion can be used to describe
ather a single molecule of water or 2 molecule of water intetacting with ions or with a second molecule of
water. In parvicular, we have stressed the chemical and physical interpretation of the quantitics such as
electronic density, toral energy and orbital energies thar constitute the traditional ouzpur of 2 guantum
mechanical computation. In this seetion we shall be confronted with another problem: how to describea
system of many molecules such as 2 liquid. Clearly, if we fail to describe 3 liquid as water, therc are
reasonable doubts on the possibility to describe the structure of an jon or of a molecuic when surrounded
by the many molecules of water considered as a solvent. Therefore. our aim in this chapter is to produce
the structural information {X-rays and neutron diffraction) todav available for liquid warter, considersd s 2
salution compased of one molecule of warer surrounded by many molecules of water. In so doing, we shall
find the need of anether quantity, previously not even mentioned, namely the temperature and (as its
consequence) several aspects of stavistical thermo-dynamics. Therefore we shall have a new “many body
systems” with reference no langer 1o electrons and nuclei but molecules and ions, and accordingly we shall

pass from the Fermi statistics 1o the Boltzmann statistics. -

2.2 Approximate Hartree-Fock Polential for the Water Dimer - In this scction we report # study of the
Hattree-Fock potential for the water dimer(!? obrained with the restriction that the two monomers are
kept rigid (cach with the experimental H; O geometry; the calcuiations were cafricd out using the H, O basis
set given in reference(2h),
We note that the hydrogen bond swwength in the warer dimer is about § keal/mole (0.008 a.u.}. Thus
particular care should be used in selecting the basis set, An insufficiencly small basis ser will yield different
accuracy for different water-water separations, At shorter distances the basis set of one molecule will tend
to compensatc for che deficiencies in the basis ser of the other molecule, thereby yielding a lower energy
and a larger biding encrgy'®). To cnsure thar our results are of sufficient accuracy, we have carried out 2
calculation near the equilibrium configuration using a very large basis set thar vields a total energy close to
the Hartree-Fock limit,
Galcularions on the water dimer have been reported!?) for 190 different geomettics. As noted previousiy,
the gromerry of cach water molecule in the dimer is kepe rigid and the first water molceule is placedina
fixed position. It lies in the xy-plane with its symmetry axis zlong the x-axis. The sccond water molecuie is
moved around the first one,
In the vicinity of the energy mirimum an additional 26 points on the energy surface have been calculared.
We have atempted to find an analytieal expression for the energy surface by fitting the 216 calculzred
points. As a saarting point we tried several models proposed for the HyO-H, @ porentials, 4.5.8) e
analytical formula thar best combines numerical accuracy with mathematical simplicity can be considered
25 resulting from an H, 0 charge distribution similar to that proposed by Bernal and Fowler'*) we wish 1o
stresy that the point charge model is only a convenient way to simplify the choiee of an analytical
expression for the porential. We atrzeh no sighificance to the values of the numericat Parameters of the
point charge model given in Fig. 1. The parameters obreained are the ones that best fit our numerical
Hartree-Fock data, i
The analyrical potential that we obtained is given by the expression (ind.u.h
E= @by + Uy + liny, + 1y )
+ 3q7 iy, .
= 2q0 Lty + Uirgs +lingy + 1/1ay)
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+ a, exp(birgg)

+ a3 [exp(-byriy) + exp(-baryy) + expibyryy) + exp (-byryy) |

*+ 25 Lexplbyrg) + exp(byry) + exp(byryg) + exp-byrey) )
where: 2, ®582.277054; 2; = 0.143789; o, = 5.470184; b, = 1.520593; b, = 1221756
by = 1.936626. q7 = 0.349387 and the Oy —M, (or Og=M, ) distance is 0.436 a.u. The Izbelling of the
water dimer nuclei and M points is given in Fig. 1.

e

R

Hy
Hy q
M8 A
-2q
M e o r uHs
8 5,6 .
7 OG
H2 q

Figure1 Point chargs model used in the dervation of the anslyticsl water-water intraction potentiat,

The accuracy. of this fiv is indicated by the following values of the standard devistion, The standard
deviation is (.).0002 a.u, for the 80 points with negative E (i.c., that are binding), 0.0004 a.u, for the 165
poinzs with E less than *5 keal/mole, 0.0013 a.u. for the 208 points with E less than 1 ¢V, and 0.0018 a.u,
for all 216 points,
Thus our fit is very good for stiractive regions of the potential, but is s.omewhat IC?I accurate for the
repulsive regions. Of course this is what we wanr, since tepulsive configurarions are not important (because
of the Boltzmana factar) in the study of systems at room lm].)mwr:. . o
The Hartree-Fack potential can be compared with the empirical potentlals proposed by Ilowlmson' m.d
Ben-Naim and Stillinger!?, We notc that these authars were mainly interested in deriving an cffective pair
potential for the condensed phase rather than = potential for the watet dimer, ) ) )
It is of particular interest to present the energy surfaces where the comt.ramr on the oricniation o'f the
symmetry axis of molecule 2 is relaxed. For a given oxygen-oxygen distance, .‘hc symmetry a‘m z.>f
molecule 2 is positioned so that the dimer energy is at its minimum vatue, The resulting surfaces are given in
Fig. 2, 3 and 4. All three potential show nearly linear hydrogen bunds~ for the most stable cofnﬁgurmuns.
The oxygen-oxygen equilibrium scparation decreases on going from Fig. 2 w0 Fig. 4, B:{v .cuuntmg ct:rntuurs
onc determines thet the Hartree-Fock minimum is not ag decp as that for the empirical potca.n.:ls. In
addition, for the empirical potential the hydrogen bonding is more Iouliz‘efl nea:: the potential minimum.
The lincar hydrogen bend ofientations are much more favoured than the oriesiztions where che symmetty
axes of the two water molecules are parailel. ) )
The optimum angle between the line joining the two oxygen nuclei lndf the symmetry axis of rlnolcculc 2is.
shown in the right half of Figs. 2-4. The qualitarive behaviour 15 simaia{' for a‘ll three potentials. For- th;
Hartree-Fock potential, in a given region of space 1h¢‘fe is hardly any reoncnt:mon_of the s_vmm.e(ry axis o
molecule 2, ie., the value of ais approximately zero. This is less true for the Rowlinson potential and even
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less for the Ben-Naim-Stillinger potentials. This results from the pronounced icndcnc}' of the empirical
potentials towards nearly terrahedral orientation of neighboring molecules,

Ha - M0 Sullingar Putenval

Enargy Surtace Angular riantation
T r T r d \ 18
4 \ W
- \ [
[
8 i . s N . . A . L ;
-1, & [ [ [T U Ty o [Y RS

Figurad . BenrNaim and Stitlinger potential surface for the illustrated configuration type

In Table 1 we compare 2 number of computations in the SCF-LCAC-MOQ apporximation to determine the
binding energy of the water dimer; those of Diercksen et al. and Hankins et al. correspond o references 7
and 8 respectively.

23 Palymers of Water
The more a potential for two melecules is spherical, likely the less meaningful, in a thermodynamical sense,
7 is it to discuss the exact geometry since we are in @ situation described by polviopic-type bonds and ge-
ametrics*??. Therefore, in the study of clusters of water we expect the existence of many configurations
with aearly the same energy, ot only at finite temperatures, but also near zero temperature. As a conse-
quence, in the study of the structure of water complexes. the emphasis should be on the prebability
distribution of the various configurations. We wish 10 point out that this situation accurring for the water
complexes is not unique: since it has long been recognized that in the study of the siructure of polymeric
chains, the chemically significant problem is not the exact determinztion of the energetically Jowest

possible conformation, but rather the study of the probability distribution of all those conformations that
are within an energy range statistically compatible with the temperawure of the system in consideration®19?,
We further note that the energy barriers in polvmeric chains. the main factor controlling the distribution of
conformations, are in the same enetgy range as the water-water binding energics inamely of the order of 3

19

10 & keal/mole).

The basic technique found useful in the conformational study of polymers can be zc';p[éd in the study of
the conformations of fhe water complexes {or of iozrwater complexes), namely an aralvtical potential of
refatively simpic form is constructed and iso-tnergy contaur maps are obtained to aid in the selection of the
mast probable confarmations.

Previous theoretical studies on the strucrure of water comptexes'! 1-12) have. however, foliowed the tra-
ditional approach commonly used for the quantum chemical characterization of smail molecules in the
gaseous phase, where onc attempts to determine the energetically most stable singie geometry for the
molccule. We are of the opinion that this commonly adopted approach might not be susiicicntly meaning-
fu! since: (a) a number of competing structures will be negleezed and (b) likely it will be practically
impossible to obtain the lowest configuration since there are too many dogrees of freedom to analyze. and
presently a full search of the porential surface is 100 expensive for direct quantum mechanical compu-
rations.

Therefore, in this scction we present a study of the water-warer complexes'!?) where use is made of 2
simple analytical potential obtained from direct computations in the Hartree-Fock 1aproximation; with
such a potential, assuming pair-wisc additivity, a fulf search of the potential surface for the (H,0),
complexes is performed. For the complexes (Hy; O}y and (Hy Oy, direet Hartree-Fock compurations are
presented to check the validity of the pait-wise addivity ption. Previously we have reported the
iso-energy contour maps for the Harree-Fock interaction of two molecules of water. referred below as
molceule A and molecule B, subjecred 1o two geometrical constraints.

First, the peometry of cach moleculc wis kept rigid (and chosen 1o be the known experimental geomerry at
equilibrium internuclear distances).

Second, both molecular planes were consteained 1o be perpendicular to each other, with the oxygen of the
molecule B lying in the plane of the moleculc A, This contour map can be construcred using the available
analytical fit to the Hartres-Fock nmpfin; of the interaction petential for A and B, and considering three
variable geometrical parameters. If we fix rigidly the molecule A so that the oxygen atom is ar the cartesian
origin and the O-4 bonds of A are in the x-y 'plam. then the variables are the x and ¥ coordinates of the
oxygen for B, and {for ¢ach pait of value of the variables) the rotational sngle around an axis perpendicular
to the molecular plane of A and passing through the oxygen nueleas of B. The number of configararions to
be considered is high, in the order of several thousands, even with the assumptions implied in the above
mentioned constraints,

We shall now relax some of the above conswaints. For each position of the molecule B. its hydrogen is free
1o be cither in or out of the planc. En other words, the rotational axis, passing through the oxygen nucleus
of the molecule B, is not constrained to be perpendicular to the molecular plane of A. but can assume any
direction. As known, any rotation can be obtained by performing chree successive rotations with pre-
established order and sense (for ¢xample, one can use Eulerian angles). The sampling of the interaction
potential needed to obrain iso-encrgetic maps is now sharply increased, since there are no longer three

- geomettical variables, but five (the xand y coordinates of the oxygen atom of the molecule B and the three

rotational angles). .

This process can be repeated with the oxygen atom of the molecule B no longer constrained to be in the
malecular plane defined by the molteule A, but free to be in any plane parallel to the one defined by the
molecule A, This way only one constrainc insi the molceule is not zllowed to vibrare.t is rot 3 trivial
task to find a practical and satisfactary solution to the problem of displaying the cnormous number of
configurations 2nalyzed. [n Fig. 5 we present a graphical solution that 1akes advantage of twa computer
programs kindly made available to us by D.A. Schresbert?4) and by €.K. Johnson'! *). For cach oxygen
oxygen distance Ry g only the configuration corresponding to the lowest energy for the three angular
rowtions s reported. A master coordinate axis X, y, 2 is Jocated at the oxygen nycleus of the rixed
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Figure 5 -Minimal snergy contour maps for tha interaction of two molecules of weter, Ong molecyly is kept
fixed 21 the origin of the coordinate system {see battom right insert), The second molecule hay its Qxygen
muclous constrained parsilel to the xy plane at z = 0.0 a.u. ftop Jeft insera), at 2 = 1.85 a.. {10p right insert),
atz =33 au. imiddle left insert}, at z = 4.95 a.u. imiddle right insert}, at 4 6.5 &.0. [hottom teft jnsary).

The contour interval is 0.0005 a,u. The lowwst eontour {mini )iz at ~4.4 keal/mole vith the of
the bartem left insert, where the lowest contour is at -2.8 keal/mole. The orientations of the second molecule
ore antigy optimized and some of thess ori ions are given in 2 ive view with the O-H distances.

being given anly in half of their actual length and the viewer being perpandicular above the planes.
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malecule, A, lying in the xy-plane, the x xis being, for examplc, oricnted as to coincide with the €,
rotational axis of molecule A {2 water molecule has C,, symmetry at the equilibrium configuration of the
ground state). The oxvgen atom of the mulecule B is constrained to be either in the plane of xv (2-0.0) or
in 2 number of planes parallel to the xy-plane. The planes we have considered are defined by 2=0.00 a.u.,
-1.6% 2., -3.302.u, -4.95 2.u., 6.6 2.1 The iso-encrgy contours in cach plane have intervals of 0.0003 a.u.
(about 0.3 keal/molc). A computer program computes for a grid of points in each plane the energy of the
A-B svstem, using che analvtica fic to the Harevee-Fock petential, optimizes the molecular orientazion
based on a2 minimum energy criterion, and chen wansmits these data 10 the contour program!!Y), The

angular oricatation of the hydrogen atoms (or of the O-H bonds) for the molecule B. corresponding to the
lowest energy for the chosen R g distance, is graphicallv given in Fig. § by presenting a three dimensional
schematic representation of the B molecule. The O-H bond is not given in scale, but the O-H distance is
represented by exactly one half of the correet one in order to display the data in a comprehensible way,
The display of the B molecules is restricted to a sufficient number so as 1o convey & visual “feeling” af the
wzy the molecule B orienty ivgelf is space when it moves from point to point in a given plane. The main
information we wish to convey is of qualitazive narure (the quantitative information is in the analytical
expression for the Hartree-Fock potential), From the information displayed in Fig. 5, a cross section of the
energy surface, one can obtain 1 good representation of the surface. In the foflowing we shall briefly
comment on the cross section presented in this section. First, we have a repulsive region and an attractife
region. The repulsive region can be ideotified very simply in the -0,0 a,u.. in the -1.65 a.u. and in the -3.3
a.u. planes, since here the repulsion is very rapidly increasing when one brings the molecule B close to A:
the contours are very near to one another, forming a ring, whosc last contour represents 1 cut of 3.4
keal/mole. We have not displayed more repulsive contours, since they are not 100 important for the study
of $y3L¢ms NEAr TOOM temperatire,

The auractive regions of the potentials are more important: the three minimz of the 0.0 au, plane,
corresponding to the open for of the dimer with nearly linear hydrogen bonds, are still present in the -1.65
a.u. plane, bur not all of them appear in the -3.3 a.u. plane. The remaining minimum moves towards the
xxy=0 position in the -4.95 a.u. plane and is ncarly at this position in the -6.6 a.u. plane. It is noted that all
the contours of the -6.6 a.u. plane are armactive. These are the main energetic features cmerging from the
Hartree-Fock potential: Fig. § contains 2 number of imporrant decails that will be discussed larer. In Fig. §
the energy of the lowest contours is 4.4 kcal/mole (with the exception of the lowest contour in the -6.6
wu, plane, where the energy is 2.8 keal/mole).

The orientation of the water B, relative to the fixed malecule of water A, is now briefly considered. Let us
fix our sttention on a malecule B an the C,, axis, to the left of the molecule A, with the oxygen ar about
¥=5.5 a.., ¥=0.0 2.u. In the 0.0 2.u. plane, we can see only one O-H bond {looking from above the plane in
the -z direction) since the second one is masked and exaetly below, If we move this molecule along the -z
axis {from the 0.0 a.u. plane to the -6.6 au. plane) znd lex the hydrogen find the energesically optimal
configuration reiative to the molecule A, we can learn from Fig. S that the molgeule slowly rotaces around
an axis passing through the oxypen and parallel 1o the y axis; in the plane 6.0 a.u. the hydrogen points away
fram the A molecule. in the planc -6.6 a.u. the hydrogen poinss to the 0.0 a.u, plane, and one to the oxygen
of the A mobecule (the molecule A is not shown in the ~4.95 2., and - 6.6 2.u. planes).

Let us now consider in more detail the -3,30 a,u. plane. InFig. 5 there i only one minimum; but one can
se¢ a rather extended region enclosed between che third and fourth lowest contour. In this Gat region there
is 2 very shallow minimum thar can be obrsined, for example, by selecting 2 smaller contour incerval than
the one of 0.0005 a.u. uscd for Fig. 5. To this shallow minimem corresponds a second form for a water
dimer, designated as “closed form™, containing twa hydrogen bonds’ 3"18). The closed form of the dimer
is of intcrest as the simplest prototype of eyelic polymers of water {closed ringsh, whereas the apen form is

the prototype of the open chain poiymers of water,
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Finally it is noted that previous studies on the dimer like those of Marokuma and Pederson'??, Koltman and
Allea‘!7? Del Bene and Poplet?) (ali done in the SCF-LCAOQ-MO approximation) are not sufficiently
accurate so as to be of lictle help in this problem. Other computations by Hankins, Moskowitz and
Stillinger(®?, by Diercksent?), Lemtz and Scheraga®!2), have not scanned the potential space sufficiently as
10 be in 2 position 10 study the closed dimer srructure.

Hankins, Moskowitz and Still'mgcru” have reported a Hartree-Fock study (with a sufficiently farge basis
st as 1o be near the Hartree-Fock limir) on the water crimer, and have eoneluded thar tripiets of water
molecules with seqaencial hydrogen bonds stabilize significantly the condensed phase which incorporate
such structures. A total of cight configurations have been analyzed by these suthors. Since these authors
Eave considered structures related 1o the subic and the hexagonal forms of ice, from this work it is not easy
to extract a gencral congiusion for the stable form of the water trimer.

Lentz and S:her:ga““ have recently exzmined the structure of the water trimer and the water teiramer
with the aim to compare the binding encrgy of the cyclic and open form of these complexes. Their
conclusion is that the cyclic wimer is less stable tham the non-cyelic one, in contrzdiction with the results
chtained by Del Bene and Pople’?®). It is noted that Lentz and Scheraga’s computations have been
performed in the Hartree-Fock model with adequatety large basis sets, whereas Del Bene and Pople’s basis
et is sufficiently truncated as to give up to 2 keal/moe error in the stabilization energy of small complexes,
ke dimers(®), o=
As remarked in the inroduction to this chapter, and as evidenced by the twe works summatized above, 2
fuil optimization of the geometry for a system containing several energy minima is 2 complex task.
Qementi et 3L have chosen to use the analytical fit to the Harwee-Fock sampling (a-f-H-F) for the
(H,0)s complex to determine the optimal configuration on an energy criterium for the {H, O, (n=3,...,8}
complexes. This might constitutc a severe assumption, which however has been tested (see below) by
considering the magnitude of the three and four body effects obtained by computations on the (H;0);
complex and computations on the (H;Qy complex. For the accuracy required in an approximative
mrocture determination of the (H, 0),, complexes, the previous additivity assumption appears satisfactory
15 shown below.

For the (H,0); complex, the best configurations optimization yiclded 2 geometry given in Fig. 6.
Thousands of possible configurations have been generated with the #-f-HF, translating and rotating the
three molecules in many possible ways, The resolution of this search depends on the magnitudes of the
steps between two successive geometrics, The optimization meshod used a modified version of a Simplex
computer program kindly supplied by ).P. Chandicr'!®), Examining Fig: 6, we leam that the most stable
peometry obtained has neatly Cy symmetry, a result in agrecment with Del Bene and Pople(!®); hawever,
the dimension of the ring is significantly larger: our vatues for the oxygen-oxygen distances (sec Fig.6 for
zotation) are R{O,,0;) =2.96A, R(0;,0;)=2.95A, R(0,,0;) =2.97A 10 be compared with Del Bene and
Pople’s distance of RO, -0y JR(O; -0y ) %R0, 05 )=2.56A112).

The hydrogen bond angles in our putation are bent ds by about 22°. The energy of stabilization
for this structure obtaincd with the a-f-HF is 0.0196 a.u. (12,3 keal/mole).

Using the same technique previously described for obtaining the best (most stable) condiguration of the
water trimer, the water tetramer was found to have the structure given in Fig. 6. The constraint imposed on
the tetramer was to leave all oxygen 2toms lying on the perimeter of 3 circle.

The grometrical charasierization of this tezramer is as follows: H1)—0(2) =2.954, O(1)-0(3) = 4.17A,
O(D-0(4) = 2954, O(D-0(3} = 2.95A, O(2)-0{4) = 4154, O13)~0(4) = 2.95A; the angular characteri-
2ation is given in referencet 1), . .

As an inwroductory analysis to larger complexcs of water, we have aml_v:cd(”" = very testricted class of
polymets of water, which have been discussed amply in literature but not studied in 2 quantitazive way. We
Secl thar the use of the addivity approximation will yield reliable indication en the best structure and
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about the grometryl.
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Figure 7. Mos1 stable contigurations for (H20)s, (H0%, (Hz0!7 and IH;013 obtained under the constraing
hat 1he oxygan nuciel have 1o lie on Lne periphery of 3 ring. The hytrogens are frea to assume any orientation,
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stabilization cnergy. With the eonstraint that the oxygen atoms should be on the periphery of a circle, that
means we require all oxygens to be in the same plane, and with no constraint for the hydrogen orientation,
we have scarched for the configuration of minimum energy for (Hy G);, {H20)y, (H; 0)y, and (H; O}y . The
resulting soructures are displayed in Fig. 7. For all these rings one hydrogen for a given molecule is
hydrogen-bonded and the second one tends o minimize the hydrogen-hydrogen repulsion. We shall not
diseuss at Jength these structures, but only some that characterize the result given in Fig. 7.

For the pentamer, (H; D) the gromerrical characterization js: O{1)-0{2) = 2.97A, O(1)-0(3) = 4.80A.
HD-O8) = 4794, O(1—O(F) = 2.96A. O(2)-0(3) = 2.97A -0 §80A. O(1)-0(4) = $.80A,
UH—0(4) = 2.5TA, O(D—(K5) = 4.80A, ()~ K5) =2.95A,

The hydrogens that are hydrogen bonded are characterized by the angles: o= 4% £2°, f = 3° £1°, 4= 1
+1°, One can nonice that the hydrogen bonds are somewhat more straight than in the tetramer case: this is
expected since chere is less strain the larger the ring.

For the hexamers, (H; 0), the peometricat characrerization iz a5 follows: O1)~0(2) = 5,134, O{1)-0(3}
= 5.13A, {1)—0(4) = 2.96A, {1}—O(5) = 5.92A, O{L)—O(6) = 2.96A, O{2)-O(3) = 5.12A, O{2—
O) = 5924, 0{2)—K5) = 2.96A, O{2}—0(6) = 2.96A, OO)1-0(4) = 1.96A, O(1-0(5) = 2.96A,
O(3)—0{6) = 5.92A, OI4)-0(5} = 5.12A, O{D—0(6) » 5134, O($)~0(6) = 35.12A. The value of the
angle is 3 2 1° with exception of & (H;050;) = 7°; 2 is cqual 15°2° £ 1°; and: 7y is equal to 3° £ 1° with
exception of ¥ (H;O;H; ) = 7°. -
For the heptamer, (Hy 0) the following geometrical characterization is given: O(1)—2) = O(1)}—(K4) =
O(2)—0(5} = ON-0O(5) = HI—ON) = OMH-08) = 607} = 5.32 £ 0.0LA: OID-(HI) =
O1)—0(7) = O(1)—0(6) = O(I)-O(T) = O(31-0(4) = O4—0(5) = O(5}-O(6) = 2.95 £ 0.01A,and
KD-OS) = O1)—0G(6) = NAI)—06) = O4)-O7) = O{5)~O{T) = 6.65 £ 0.0LA. The vatues of the
anglesare B m 6°£1°. = 5" £1° and ym 2° £ 1° with exteption of ¥ (HyO3Hy ) = §°.

The octamer, (H;0), has the following geomerrical characterization: the nearest neighbor has (0)—(0:) =
296, a=8"£1° B = 8"22"znd y= 3" 21", The next nearest neighbor hasa (Oi)—(O}) distanee of
5.46A, the next nearest neighbors have (op—(oj) = L13A

in 2 large number of calculations we relaxed the symmeiry constraints imposed on the positions of the
oxygen nuclei, At first we required the oxygen nuclei to lie on the periphery of a sphere, thus admitting
non-planar ring strucrures. The resubting structures differ not 100 much in energy and geomerry from the
pianar rings, however the larger clusters show puckered non-planar rings. Relaxing all constraints we obtain
for (H; ), and (H, Q) cing structurcs, but for the larger clusters we obeain for a given cluster size varipus
irregular swuctures with multiple branching of H-bonds on one molecule (corresponding to open H-bonds)
and considerably different geometries but quite similar encrgics. For instance, in Fig. 8 three forms for the
{H;0)y complex are given. The corresponding stabilization energies sarting from the right are 47.30
kealfmole, 46.95 keal/mole, and 46.76 keal/mole. This proves the necessity to study the statistical distri-
bution of configurations and thus reduces the importance of individuzl geometries.

In Fig. 9 we display the energy stabilizacion and the stzbilizacion energy per moleculs a3 a function of the
polymer size n, For the planar rings, the spherical rings, and the irregulay structures the stabilization
¢entrgies are quite similar, the spread is not laege, bue wichin this spread a farpe number of differenc
strugtures are existing, increasingly larger the larger the polymer size. The binding energy per molecule is
increasing with increasing cluster size, this indicates the stability of the larger clusters againsy dissociation in
any combination of smailer ones, at least at T=0°K. The binding energy per molecule is much smaller than
the corresponding value of u large system of warer molecules (for instance at T=273°K Monte Carlo
cabculations with the a-FH-F potential vield a value of 2.1 keal/moale). The relatively small scabilization
cnergy per molecule and the fact that the open structutes are more stable for lazger clusters indicares chat it
docs not seem to be possible ro describe the energetic propertics of water as resulting from an ideal mixzure
of smalt reguiar clusterst??). This conclusion would not be changed evets when we take inta account
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three-body effects for the smalter clusters,

This is somewhar i; iction wi :
Popic and Del B:rl:u”. n conteadiction with the results obtained by

St s e, Popke 154 B e b o e o
. ; probably caused by the use of a oo much
l:run?ated basis ser. As pointed out by Ben Naim(20? apy liquid ean be formally regarded as a mixture of
quasicompanents, for instance clusters, but according to our results this ducs.not seem o be v.erv con-
venient for liquid water, since the mixtere would be strongly non-ideal a2nd one would probably ;\eed a
large amount of different clusters, differing both in size and geometry. But again, as noted befare' one has
1o be very careful in transferring this conclusion 1o systems at finite temperature, since zherclemm
effects may be very important. ' Py
We concluded that the stabilization energy per molecule shows no special stability of an individual cluster
a‘nd .is #lso considerably smaller than for liquid water. This seems to be in contrast with mixture-models of
liquid water, describing the properties of water as resulting from an ideal mixture of small reguiar polymers.
Due to many encrgetically nearly equivalent but geometrically quite diffecent structures for zh:.largcr
clusters, the ¢xact geometrical sructure is less imporrant. The probabitity distribution of different cluster
structures at finite iemperatures is likely 2 more physically meaningful parameter. In addition it has to be
noted that entropy cffects have an important influence on the relative stability of different clusters.

2.5 The Structure of Liquid Water using an Accurate Potential

Recently, Diercksen. Kracmer, and Ross'27? reported extensive €1 calculations for the water dimer. Al
though cheir calculations are limited to 2 relatively small portion of the potential surface in the vicinity of
the cquilibrium geometry, camparisan with their results and with the dispession correction resuits cal-
culated by the perturbation technique!2®? provides ¢ valuable cheek on the aceuracy of our correlation
energy results.

However, 2 potential sufficienily extended in space, and not restricted around the minimum energy of the
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- dimer, is now availablef@?}, as below described. The electronic wavefunctions and energies for the ground

state of the water dimer have been calculated using the configuration-interaction method. The ground state
wavefunction is expanded in 4 form

¥« Coop QSCF + z. ci 'b'i INTER 4 zl Ciq’ilNTR‘\ fea]
where C's ate variationally derermined cocfficients, and & are orthonormal configuration state functions
(CSF). Since we were interested in mapping 3 potentizl surface for the water dimer in any possible
conformatioh, we treated the system without reference o point symmetry consideration. Thus, cach dis
livear combination of Slater determinants (SD) constrained only to be 2 singlet state function. The 5D's are
built from an arthonormal one-particle basis set of spacial orbitals, which in turn are ¢xpanded in terms of 2
st of clementary basis functions (EBF), In equation (7) the wavefunction is wrirten 25 4 sum of three
classes of %'s. The Frst class consists of the SCF state function, $gop, which is taken as the referenee CSF
in this work. The second and thirdclasses consist of & 'NTER and ' @INTRA, ywhich coptribute mainly to
eicher the inter- or intra-molecular correlation energy, respectively. Later in this section we shall give precise
definitions of these classes of CSF and the details on how these CSF's are constructed.
The elementary basis set we have used consists of contracted Grussian-type (CGTF) centered at cach atom;
the type, the orbiral exponent and contraction coefficient for cach CGFT are listed in reference!>®), This
essentizlly the same as the one used in the previous SCF water dimer potential calculations, and consists of
(11,7,1/4,3,1+functions (which means 11 5, 7 p-, and £ dtype functions contracted to 4 8, 3 pr, and
d-type functions) centercd on each oxygen atom and (6.1/2,1)-functions on each hydrogen atom.
A SCF calculation with the elementary basis set just described yields 10 canonical SCF occupied orbitals
and 48 virrual orbitals. In our CI calculations we used as the core and internal orbitals, 2 ser of orbitals
obtained by localizing these canonicat SCF orbitals on cach monomer following the method develaped by
Edmiston and Ruedenberg®®, This wransformation was performed in order to ensure a mearingful par-
titioning of the dimer carrelation en¢rgy to inter- and intra- parts. In addition, this transformation provides
a reasonable way of sciecting a limited number of external orbitals to be used in construeting CSF's.
We wrice the SCF state function as

®gop= 1 #'2 @3 0¥a @5 ofe €17 478 @9 100 ®

A A A A A A A A A A

where the subscripts A and B designate thewater menomer o which the orbitals are localized; 19, and 2y
are cssentially the 1s oxygen orbitals that we shall call the core orbitals, The remaining & localized orbitals
will be designated as the internal orbitals,
With this order  of the core and internal orbirals, we define two classes of CSF as follows:

§WTER = {a }f“a} P =3nb | ®T.10; K& =11,..98 @
h

3 INTRA = H E!u = 3 60t 7y 10 KE = 11, 58, (10
H.

where } | means a CSF wish state o constructed by exciting a pair of electron from i and } internal arbitals
into k and 2 SCF virtua! orbirals. AlLThe possible stazes arising from an orbitz] configuration which interact
with the égep are included; the number of CSF in §WTER ang F'NTRA are 36,864 and 37,057,
respectively. ’

In order to obtain an overall description of the water-water potential funcrion, it is necessary to cover a
wide range of geametrical configurations of the water dimer.

In sclecting geometrical configurations we use the following approach. First, we fix a water molecule ina
coordinare frame with B, at the origin and with H, and H; in the xy plane with the x axis bisecting the
HOH angle (see Fig. 14). We note heee thac the geometry for the water molecule is always kept constant

with the experimental structural parameszers of Hy O {Rgp=G.9572 & and <HOH= 104,52%) 31) we then
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I; the second watcr‘molecule approach the first from different dircctions, and these directions arc used in Similarly, the E qurve may be identified as that for the lincar dimer, and its geomeary -a: Rpp= 5.5 a.u
‘Er::::: ;‘:::;‘:;T;‘:m :;P‘; u;geomzfric]al ‘Io"'ﬁ?““"""s- We have selecied 10 ditcetions tsee Fig.14). indicates it is very close 1o the optimum geomerttical configuration for the water dimer. The ?;c(gmeu'y for
1. 15, the B curve - i g i S i ifi
B s elearly 2 potentizl curve for the bifurcated dimer, the C curve is not exactly the symmettic ceyclic structure, but it is close enaugh to be classified as 2

somewhat distorted cyclic structure in the vicinity of equilibrium. Since this region of the potential
. surface appears to be rather flat, evidenced by the closencss of the curves C, H and 1, we shall take the C
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Thus, the potential minima for the linear, cyclic, and bifurcated dimers are estimated 10 be respectively -$.6
(2.98 A). 4.9 (2.87 A), and 4.2 (3.01 A) kea¥mole (the corresponding O—0 distances are given in  paren-
theses).

The form of the potential function used is

1 1 1 1 ﬂ: { 1 - 1 1 1
= t] A — —— —— ». - — — — —
€ q[’n +1’|4 *r 23 *i a4t 78 L T e FF a 3t 47}

+ o explhyrg,)

+ ot [ explhariy) + explbing + expiby ) 4+ expi-bzrya) |
Toay [ expibyrigd + expihyray 4+ explitbaryg) +  explbyras) |
= 2s [ expiber g + expibarpg) +  explby ) 4+ exp (-by Tag) | an

The set of constants obtained by Matsuoka et al. is, in A and keal/mole:
3 = LOBA213 a; = 6663373 a2, = 1455.427 a, = 2735954 b, = 5152712
b; = 2760844 b, = 2961895 b, = 2233264 q° =  170.9389.

While stressing that any constant appearing in the analytical potential is only 2 fitting parameter, we may
note that the dipole moment calculated using the above parameters is 2.19 D, 10 be compared with-ti
dipoic moment for a single water molecule, 1.85 D.
With the above potential, 2 Monte Carlo simulation on the liquid water structure was recencly per-
formed ). In this study, 343 water molecuies are considered in a cube with periedic boundary conditions,
the assumed water density is equal to the experimental density at 25°C (0.03334 molecules/A?). The size
of the cubeis thus (21,731 A? and is belicved to be big ¢nough that the long range water-warer inter-
actions are sufficiently accounted for.1n the simulation the total number of configurations generated ¢after
rejecting che initial 500,000 configurations) is 600.000; about half of them are tejected in the Markov
chain{?3?,
The average distribution of molecules in a liquid is usually represented by radial distribution functions. The
computed oxygen-oxvgen radial distribution functions, 2ooir) Tpoln) = 4wpr? £00¢t) and Neg(n =
Lo RWR are shown in Fig. 16, togsther with the experimental Tesults of Narten et al.*} Mere is 1o
be noted that, in deriving three radial distributions, 800 Bon M gyy, from experimentai x-ray and
fULron scantering data, 3 model for the average orientation of pairs of near neighbouring malccules had to
be assumed. {Narten had at hand only two methods involving sufficiently different values for the atomic
scattering amplicudes).
It is clear from Fig. 16 that the agreement between the simulated and experimental gne is very satis-
factory. This is clearly shown by analyzing the height 2nd position of the first peak ; the first peak in the
simulations occurs at zn oxygen-oxygen distance 2.33 A with heigh value of 2,48, to be compared with the
*-ray data of 2.82 A and 2.31 for distance and height, respecrively. Lie and Clementi*?5? obtained in their
Monte Carle simulation, using only radial correlated pair potentitls, the peak 2,78 at 2.78 A, whereas
Stillinger and Rahman obtained, using an improved empirical potential in 2 melecular dynamics simutation,
3.09 at 2.85 At3} The two broad maxima observed experimentally at 4.5 A and 6.5 A are also well
feproduced in the simulation, The agreement between the simulated and the experimencal result is even
more cvident by taking into account the velume clement. as can be scen from Figs. 16(b) and 16(c). 11 js
interesting 10 note that all simulaticns of liquid water carried out up to this time, including the present
work, fail to reproduce exactly the distinct, albeit small, peak observed experimentally at 3.75 A, an
indication that the peak is probably a cut off ripple caused by the finite termination of the upper con-
volution limit. ‘
In the radial distribution functions of Narten and Lewv' 3% the maximum of the first peuk shifts gradually

9
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from 2.82 to 2.24 A as the temperature is increased from 4 to 200°C. A similar crend is expected 10 be
found in our simulation since, a3 noted previously, the minimum energy configuration for the pair porential
used in che present work is 2.87 A, whereas the nearest neighboring oxygen-oxygen distance found in liquid
a4 25°Cis 2.83 A. '
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In Table 2 we numerically compare the radial function obtained with the results of the mostrecent, accurate
moleculsr dynamtic simulation of Stillinger and Rahman. It should be noted that any difference rests mainly
in the differences in the potential functions used, bur not the simulation techniques, The potential used by
Stillinger 20d Raham, called ST2, is of empirical nature and predicts also 3 ncarly linear hydrogen-bonded
strucrure with bonding epcrgy 6.8 keal/mole a3 the most scable dimer configuration. All resules of the ST2
potential reported in Table 2 are interpolaced from the original paper between 4 and 41 °C,

s . o N o

ong ac 25° C
15t max 1st min 2nd max 2nd min
ST2 2.85 3.09 3.53 0.72 +.70 113 5.8 0.80
o O 2.83 . 246 353 094 425 108 56 0.89
Exprt 2.83 23 345 0.83 4.53 L12 5.6 0.86
ST2 1,80 1.38 .50 0.3 350 1.60 4,60 0.92
20H 1 1.90 1.08 2.55 0.28 3.35 L.68 4.85 0.90
Exptl 1.90 0.80 2.45 0.50 138 L70 -t -
5T2 2.50 1.50 310 0.78 4.00 118 5.40 096
ZHH CL 2,50 1.40 3.10 0.86 3.90 1.20 5.50 0.93

Exprl .35 1.04 3.00 0.47 +.00 1.08 —f —-f
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Since the radial distribution functions are indirect experimental data, it is desirable w0 calculate the x-tay
and neutron scattering intensities from our simulated radial distribution functions and thus to be in a
position 1o compare direcily with the corresponding original experimental data.
The coherent scattering intensity I¢s) for *:Tay, neutron, or electron scattering can be treated in the same
way and, neglecting the surface scattering, is given, in number of elecrrons per molecule, by
o in (sry

1is} = (F?) +(‘1-' f f. f,, ) o 4xrt p[g‘ﬂ i - ”_s_mn('i dr,
where FY) = %- Ef.4 , exp ("bij 5 1) SR )

4

I
5 the scattering intensity from one independent molecule 2vwaged over all aficntations, depending on the
average interatomic distznces T;; and their meanesquare variations _Zbij. Nate that indices i and j are used o
refer to atoms belonging to the same molecule, while cand § to different malccules. [ Jlor f;) is the static
coherent scattering amplitude for arom ee(or i), 8 is the experitnenial (bulk) density of water and § (rrthe
radial disaibution function for the pait @and B, s is related ta the scattering angle 26 znd the wavelength &
of the incident beam by the foltowing equation:

S = 4w sindih .
The scattering amplitude f, Is independent of s in the case of Reutron, scattering and is a function of s for
X1y scattering.
In studying the strucrure of liquid, however, it scems more meanful 1o subtract out the intensity due 1o
the scattering of a single independent molecule; hence, we can introduce 4 structure function His) defined
as
H(sp) =.lis = (F
. (kY

The denominator is used for normalization, so thar H(s) approaches 0 as 0 if there is no structure (i.¢.,
idcs  gas) and -1 if the structure is highly ordered (¢.g., perfecr rigid erystal). We note thar the definizion
used heve is different from that of Narten et al134, and is believed to be mors instructive in presenting a
structure function for nonsimple liquids, since all inzerference patterns in H(s} are then sobely cpused by
the devistion of g from unity. At large angles anly independent molecular scattering is observed, and
hence H(s) approsches zero at large 5,
The neutron atomic scartering amplitudes used in this work are for 0.566 x 1017 cm3T) 0 g =
067 x 10" 2em™8), We agsume that the structure of liquid H, O is the same as thar of liquid D, O in order
o compare the simulated neutron intensity with experiment. The atomic x-1ay form factors, a function of
% are extracted and interpolated from the rabulation of Narten angd Lery) Fig 17 compares the

simulated x-ray strucrure function with the experimental results. The IgTECment seems o us 1o be very -

satisfactory. The unique doubte pezks abserved experimenaally in the Tange s22 A% and w23 AN buve been
found alse in the simutation, although the compured left peak is too high, whereas the right one is too low,
Comparing with the simulated results of Lie and Clementi®3), where no angular correlations were included
in the potential, we can notice nar only qualitative but also quantitative improvements in the present work.
The structure functions constructed from the neurron scateering intensities of the simulation and the
experimenc(3#) 4pe compared in Fig. 18. The agreement is less sartisfactory Bur st moderately good, One
reasan for the discrepancy may stem from the fact thar the neutron scattering lengths for the oxygen and
deuterium atoms are zbour the same, hence a precise knowledge of the dimensions of the water molecule is
hecessary in untangling the intramotecular scartering from the experimentat roral inzensity. This difficuley
is practically not presenz in the ¥-ray scartering of liquid warer, since the scateering is dominated by the
oxygen atom. Two different geomerries for the water molecule are used to subtraer the single molecule
scattering from the experimental results of Narten in Fig. 16: the first onc is thar obtained from the gas
phase by Benedicr er k') with b, = 0.0022 A% and byyy=0.0066 A? from Shibata and Barell40!, the
scond that obzained by Narcent¥4} by least squares fitting (o the observed dara and with the assumption
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of 2 model. It s.ould therefore be noted that the OD distance found by Narten is .02 A shorter than :11;
equilibrium distance in Dy vapor, whereas che DI distance is .02 A longer. l‘!owever. Marten st;gig:;m

that differences should not be accepted as real unless confirmed by a more rcffn:d ncutmn.expd.ﬁ t
Another source of discrepancy between the simulation and experiment may lic in the folluw.;rlg i c:n

definitions of the “souctute’” as “observed” by the simulation and the x-ray.and neutron expcnmc?ts. s 1:
well known, the molecules in a liquid undergo rotational and transtational duplaf:m?nts and more :;que:o
oscillztions. The structure observed in the coherent x-tay or ntl.llfﬂn scattering it called, a.c:nr ;nlgimc
Eisenberg and Kauzmann(*1}, diffusc-averaged or D' structure, which can be r:gard;d. as :;to‘:l;ver e
average or a space average of different vibration-averaged structures. In our simulation, ,

i ov chain was 1aken into account.
ibrati ¢ of each displacement generared by a Markiov chain wa : -
e 1 ! g‘ it seems clear from Fig. 16 that the intra

in i d
Despite all these problems in interp an p : " :
molecular scattering affects almost exclusively the region for s> 2.5 A" and that the simulated positions o

the scarcering maxima and minima agree well with experiment, but the simulsted intensities lcss. s0. Since

the zero anglc scattering is connected with the isothermal campressibility, we postpane its discussion to the

next section. o o

We zre of the opinion that starting from first principles, one ean readily simulate auiibeam
pr operties of 2 quite complex system, like liquid water, to z high-degrec of accuracy, Althougl -

body {or even four-body) interactions {and possibly quantum effects) have frequently bcﬂ; suggl:sh’l

porta i judgi here, that
i i f water, it scems, judging from the results presente X

o be im; nt in the study of the structure o . ‘ .

they contribute only nominally 1o the pair distribution functions and heat capacity. We arc presently work:

ing tawards 3 quantitative definition of the importance of three-body effects.

equilibrium



Monte Carlo Study of Liquid Water with
Two- and Three-Body ab Initio Potentials

E. CLEMENTI AND G. CORONGIU
{BM Corporation, IS/TG, Poughkeepsie, New York 12602, U.5.A.

Abstract

An ab initio three-body potential (called cc) is presented, discussed, and applied. Using the ab
initie two-body potential of Matsuoka-Ciementi-Yoshimine (1975) and the €C'C potential, we have
carried out Metropolis-Monte Carlo simulation at 298 K for an (N, V, T) ensemble with N = 64,
125, and 343 water molecules. Improvements, relative to the use of only the two-body potential,
have been obtained for the g(0--0), £(0—H), g(H-—-H), g(N) comelation functions, for the X-ray
and neatron beam scattering intensities, and for the enthalpy.

_ Inu'oducﬁon
As is known, the many-body correction is among the most celebrated problems

- in classical and quantum mechanics. In this work, we present a study on the

three-body interaction energy for water trimers and a computer experiment on
liquid water. As proposed over 10 years ago [1], we obtain the intermolecular
potentials from ab initio computations and we use these potentials in statistical
mechanical computer experiments on pure solvents or solutions [2a.3]. Our main
goal is to assess the reliability degree in predictions obtained for ab initio solvents
and solutions relative to laboratory solvents and solutions. However, since exact
potentials are as unattainable as exact wavefunctions, the concomitant goal is to
derive an ordered set of approximations leading to an increasingly realistic
description of the ab initio liguid. We recall that a rather standard alternative
routine is the use of experimental data for the determination of the values of
parameters present in an intermolecular potential [2b], We recall, in addition,
that this latter avenue can be used only when the experimental data are available
in sufficient number and quantity. For the case of water, the experimental wealth
of data is rather enormous [4}. This notwithstanding, the “experimentally derived
poientials™ have been subjected to criticism [5]. This clearly illustrates that the
task of obtaining a reliable intermolecular potential from experimental data is
not a trivial one, even when many and accurate laboratory data are available.

The CC Three-Body Potential
For an N body system, the standard expression to represent the tota! interaction
energy system, E(1, . . . ,N), is the N term series expansion

AlL,...N=23eip+e@.iK)+ - +sl,... N (I

1
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where the summations are extended over all possible doublets (i, j), triplets (i,
J. k), etc. In the above system, 1, ... N are atoms or molecules which are
considered classically. From standard quantum mechanical notions, we know
that the interaction energy of the above systern—considered not as an ensemble
of atoms and molecules but as an ensemble of nuclei and electrons—can be
decomposed into the Hartree—Fock cnergy E, (namely, the energy comesponding
to the one-electron approximation model) and the electronic correlation energy
E’, Thus, we can write

EQ, .. N) = Edl, .. N) + E, .. N), @
where

Ell, .. N) = Seli )+ Seais B+ +2l,.. N), (3)
and

El.. M=+ e+ -+, ..N (@

Whereas E, can be computed for relatively large systems (recently, up to 80 to
100 atom molecules have been reported [6]), E' can be computed reasonably
well only for systems with 20 to 40 electrons at most. (The latter part of this
statement is unfortunately true, especially when we consider variational tech-
niques, such as MCSCF, cl, etc.; however, perturbational technique and density
functional methods, which have been available for some time, seem to yield
reliable energies [3].) In considering eqs. (3) and (4), it has been noted 7] that
€li, j, k) + e'(i, j, [) = ~=&o(i, j, k), since the major contribution to (i, j, k)
comes from the induction energy. Numerical vetifications of the above propo-
sition have been presented, for example, for systems such as (H,0);, (H;0)—
Li*, (Hy0)—-Li*—F—; see Refs. 8, 9, and 10, respectively. In particular, in
a recent numerical experiment [11], €4(1, 2, 3) has been compared with e(1, 2,
3) for a number of water trimers yielding the results reported in the left inset of
Figure 1. For each trimer geometry, a point in the x,y plane is associated, x
being the e(1, 2, 3) value and y, the £4(1, 2, 3) value. One can readily sec that
the points feil very near to the diagonal, where x = y.

On the basis of the above arguments [7-11], we have computed the Har-
tree—Fock energy for 173 different geometrical arrangements of trimers of water.
The basis set on the oxygen atom consists of 13 s functions (contracted 10 6),
8 2p(x} functions (contracted to 3, and equally for the 2p(y) and 2p(z) functions),
and one set of 3d polarization functions. The basis set for the hydrogen atoms
has 6 s function (contracted to 2) and a set of p polarization functions (see Ref.
12). By indexing three water molecules as 1, 2, and 3, respectively, the Har-
tree—Fock three-body energy is defined as

eill, 2, 3) = Eo(l, 2, 3) — Eo(l,2) — Eql, 3)
= Eo2, 3) 4 Efl) + Eyf2) + Ef3), (5)

where Eo(1) = Eo(2) = Eg(3). As is known, the use of a large basis set ensures
that the basis set superposition error will not be too large. However, for accurate
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Figure 1. Left: Three-body cotrection for water trimers computed in the 1 approximation £(1, 2, 3) and in the Hartree—Fock
approximation eo(1, 2, 3). Middle: superposition error on the three-body interaction energics. Right: Thres-body cotrection

from Hanree-Fock computations and from the cc fit.
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computations, as in our case, the superposition error is too large to be neglected;
therefore, a correction was computed using the counterpoised technigue [13]
yielding the three-body energy as defined below:

£*(1,2,3) = EW1, 2,3) — EX(1,2) — E¥1, 3)
= E¥2,3) + EX1) + EX2) + EX3), (6)

with E*(1) # E¥(2)# E*(3). In Figure I (center}), we report the value of AE(Z,
D = E*({i, j} — Euli, /) in kcal/mol versus R(O—0), the oxygen—oxygen dis-
tance (in angstrom units). Note that the error can be of the order of 1 kcal/mol.
In addition, note that AE(#) = E*(i) — E(i)can be as large as AE(, j), namely,
the superposition etror for the monomers can be as large as the error for the
dimers. Inspection of the distribution of the AE(, J) values tells us that com-
putations of three-body corrections for the water trimer without corrections for
the basis set superposition error should be viewed with scepticism.

As usual in our work, the potential is obtained by fitting an analytical expres-
sion to the computed ab initio cnergies, namely, the 173 three-body interaction
energy values. Since the induction energy is known to be a good approximation
of the three-body nonadditivity correction [3], its expression will represent an
obvious starsing choice for an analytical representation. The final expression is
the one reported below:

Eo (three-body) = —§ 3 [o (& * £) + 8 (& - €)7], 1¢);
fek
where « and & can be considered fitting constants (with values 3.91 and 1.42,
respectively), i is the index for the ith bond in the kth molecule, ¢, is the unit
vector in the direction of the bond /, and £ is a quantity defined for the midpoint
of bond i by the relation

& = 2 @W*RYIR; - C) * RyR2, (8)

where the summation extends over all atoms with point charges g(i) of the other
molecules in the trimer different from X, and Ry denotes the radius vector from
the atom j to the midpoint of the bond. The fitting constants C; have the values
3.038 and 0.00 (in units of A% for oxygen and hydrogen, respectively. Alter-
natively stated, we have found that there is no need for a direct dependence on
C; for the hydrogen atoms. Note that eq. (8) is written for Monte Carlo simulations
where it is used with a cutoff for the O—O distance: indeed, it should be evident
that the equation needs corrective terms for small R; values. The values of ¢(7)
are —0.6436 and 0.3218 for oxygen and hydrogen, respectively. One can easily
verify that eqs. (7) and (8) are closely related to the expression for the induction
energy (see Ref. 3, page 81).

In Figure I (right inset), the three-body corrections for the 173 trimers are
reported as obtained from the ab initic computation (x axis) and from the fitting
equation (y axis); one can see that the accuracy of the fit is very satisfactory, as
also indicated by the mean standard deviation value, o = 0.21 keal/mol. The
three-body correction given by the expression in eq. (7) is hereafter referred to
as the cc three-body comectior.

LIQUID WATER 3s

Comments on the McY Two-Body Potential

The two-body potential we shall use in this work is the MCY potential [14],
which was obtained by fitting ab initio interaction energies obtained from ex-
tended 1 computations. A most interesting feature of this potential is that it
yields a surprisingly good agreement with a number of experimental data on
liquid water, despite the fact that it represents only the first term in the expansion
series of ¢q. (1). The surprise is actually somewhat lessened by realizing that .
the first term in eq. (2) alone can reproduce the main gross structural features
of liquid water as shown in Ref. 15. In addition, a rather rough approximation
to &(7, j} is known to yicld immediately a notable improvement in the simulation
of the pair correlation functions and X-ray scattering data for liquid water (see
Ref. 16).

However, other features of liquid water were not satisfactorily reproduced,
as was pointed out in our carlier papers on the McCY potential [17,18]. For
example, the pressure is too high (even keeping in mind the very large error in
general associated with computations of the pressure), the second virial coeffi-
cient is not well represented (errors up to 50% were reported in Ref. 18), and
the enthalpy is too small. Other quantities related to the above one are also (and
necessarily) affected. A number of articles have been written pointing out in
more detail [19] these shortcomings. Despite al this, the MCY potential is among
the most reliable in the literature, especially for structural information. It should
be recalled that the number of ab initic c1 computations for geometrical config-
urations of the dimer was small [17] relative to the number of parameters in
need of fitting. For this reason, the MCY potential was refitted, starting from a
perturbation potential [16], which in turn was obtained by refitting the previously
obtained Hartree—Fock potential [15] where many ab initio points were com-
puted.

As is known, the selection of an analytical form (model) is a rather critical
step. For example, more recently a rather large number of water dimers have
been computed in the c1 approximation [20], where we experimented with a
number of different ansatzes. A “very good” fit was obtained, on the basis of
the mean standard deviation (as a criterion); however, the new potential was
very unsatisfactory on the basis of the second virial coefficients (about 100% in
error), even if it predicted the equilibrium geometry for the dimer well. This
discussion is presented in order to recall that a good fit (that is, smafl mean
standard deviation) is needed, but it is in itself far from sufficient. These com-
ments holds also for another recent note [21]. In addition, one should always
remember that a “good fit” for a set §(1) of points might turn ottt to be a somewhat
“poor” fit for a second and larger set S(2) containing $(1).

In conclusion, on the one hand, we are working at obtaining a more accurate
ab initio two-body potential for water—water interactions [20]. On the other hand,
we shall keep on using the MCY potential until we have derived a truly superior
two-body potential. ‘

In the following section, we compare the use of the MCY potential with and
without the three-body correction cc.
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Monte Carlo Simulations

The Metropolis-Monte Carlo simulation [22] was carrier out with an (N, V,
7} ensemble for T = 298 K and N = 64, 125, or 343 water molecules at the
experimental density p = 0.998 g/cm®. Cubic boundary conditions with a min-
imum image cutoff have been used [23). As usual [22b], we started the Monte
Carlo simulation with an ice-type structure. Then, we annealed the sample to
7 = 2000 K to ensure an initial random distribution; and after some time, we
cooled the sample back to T = 298 K. The initial part of the computation is
spent to obtain equilibration and is discarded in the statistics; we consider our
sample equilibrated when the fluctuation (error) in the enthalpy is about +0.02
keal/mol per water molecule. The optimized step size for our computation is

28F ——
r & - MCY + CC
21k
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14
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Figure 2. Pair comelation functions obtained by modeling X-ray diffraction data (Narten} or
simulated with either the McY or the (Mcy + CC) potentials: goo(r} (1op). gonlr) (middle),
2unl?) (bottom). :
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about 0.30 = 0.05 A, and the optimized angle is about 20 + 35°. The collection
of statistical data starts at this stage, and about 10° steps were carried out.

We recall that, in general, different properties have a different dependence
on N, unless N is really large: we consider the range 64 to 100 water molecules
as submarginal. Indeed, this can be easily recognized by recalling (1) that a
trimer can occupy a volume with a length of 8 to 10 A; (2) that the half-side of
the cubic box containing 64, 125, or 343 water molecules is 6.2, 7.6, or 10.5
A, respectively; and (3) that a correct description of dimers, trimers, and tetramers
of water molecules is essential to any realistic description of liquid water.

The main results are collected in Figures 2 to 4 and in Tables I and II. In
Figure 2, we compare the pair correlation functions g(0—0), g(O—H), and
g(H—H) obtained with McY either with or without cC (designated as MCY + CC
or MCY, respectively). The correlation functions are reported for N = 343 and
compared with those obtained by Narten modeling X-ray and neutron beam
diffraction data [24]. In Figure 3, we report the computed structure function
H(s), defined as

H(s) = [H(s) — (FOWFD), 9

where 5 is related to the scattering angle 2§ and the wavelength A of the incident
beam by the relation s = 4w sin /A, I(s} is the coherent scattering intensity,
and (F?) is the scattering intensity for one independent molecule averaged over

0.6 | 0.6
02 0.2
02+ -0.2 -
I I - exp L
0.5 | MCY + CC 0.6 [
-1.0 I 1 1 A L \ L 1 -1.0 1 1 1 ) | - 1 L1
20 40 60 B0 10.0 120 140 160 20 4.0 60 80 10.0
06 a8
0.2 0z
-0.2 0.2
0.6 |- 0.6}
-1.0 L 1 1 1 -1.0

1 I 1 I
20 40 £0 8.0 10.0 120 14.0 160

Figure 3, Comparison of X-rays structured function H(s) from experiments (Narten) and
from simulations with either Mcy or (MCY + ©C) potentials; same for neutron base scattering.
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Figure 4. Comparison of Dore’s neutron data with simulated gi(r) obtained eithet with Mcy
or (MCY + CC) potentials.

all orientations. For details on these computations, we refer to our earlier report
[17].

The insets of Figure 4 compare our weighted sums of g(D—D), g(0—D),
and g(O—Q) with the laboratory data by Dore [25) reporting recently obtained
neutron diffraction experiments. We should point out that the X-ray and neutron
data are not in full apreement with the electron diffraction data [26]; this fact

might advise some prudence in discussing the agreement with “experimental”
data.

Discussion and Conclusions

From Figure 2, it can be seen that the (MCY + CC) potential yields correlation
functions which are more structured than those obtained with the MCY potential.
The previously obtained agreement [17] was rather good, and now it remains
essentially the same, which can be seen also by inspection of Table I. In Table
I, we have compared our results for N = 343 with those obtained with N = 64
and N = 125, As one can note, there are differences in increasing N from 64
to 343, but these are not as large as those shown by comparing the average
enthalpy (see below). In this table, we have also reported Stillinger and Rahman’s
results with the ST2 {27] and with the SD [28,29] potentials. We recall that
these empirical potentials were derived from the BNS [30] and Rowlinscn [31]
potentials,

Narten's X-ray and neutron beam data (see Fig. 3) are more closely repro-
duced by the “Mcy + CC” potential than by the MCY potential; note in particular
the intensity agreement in the first split peak ¢X-ray) and in the first peak (neu-
trons). The more recent neutron data by Dore [25] are compared in Figure 4
with both MCY and MCY + ©C; again, the latter.is an improvement on the former.
We recall that Stillinger and Rahman’s simulation [29] yielded a rather poor
agreement with Dore’s data (for details see Ref, 25). We recall, in addition, that
the electron diffraction data [26] seem to yield correlation functions more struc-
tured than those reported from the neutron beam data. Finally, simply by in-
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TaBLE . Intensity [ at the radial distance R of the maxima (M} and minima (m) of pair

correlation functions.

Eog
Source lat M lst m 2Znd M 2nd m
R R I R 1 R 1
Narrena 2.83 2.31 3.45 0.85 4.53 1.12 5.6 0.86
McYb 2,83 2.46 ] 3.53 0.94 | 4.25 1.08| 5.6 0.89
gT2¢ 2.85 3.09 3.53 0,72 4.70 1.13 5.8 0.89
spd 2,85 3.10 3.25 0.63 4.60 1.17 5.75 0.80
(MCY + CC)-b4e 2.80 2,68 3.40 0.70 4.50 1.22 5.65 0.80
(MCY + CC)-125%| 2.80 2.69 3.40 0.73 4.53 1.17 5.65 0.80
(MCY 4 CC)-343e| 2.8L 2.66 3.37 0.75 4.50 1.17 5.65 0,82
o)
Source lst M lst = 2nd M 2nd m
R R 1 B R T
Narcensa 1,90 0.804} 2.45 0,50 3,35 1.70 - -
MCYDb 1.%20 1.08 2.55 D.28 3.35 1.58 4,85 0.90
5T2¢€ 1.50 1.38 2.50 0.21 3.40 1.80 4,60 0.92
spd 1.83 1.47 2.42 0.13 3.13 1.50 3.96 0.98
(MCY + CC)-64¢€ 1.35 1.28 2.55 0.17 3.31 1.63 4.60 0.97
(MCY + CC)-125%{ 1.88 1.30 2.50 0.19 3.30 1.64 4,62 0.94
(MCY + CC)-343%) 1.87 1.28| 2.50 0.19| 3.28 1.62 | 4.65 0.94
BEH
Source - 1st M lst m 2nd M 2Znd m
R R I R 1 R 1
Narteni 2,35 1.04 3.00 0.47 4.00 1.08 - -
MCYE 2.50 1.40 3.10 0.86 3.90 1.20 5.50 0.93
ST2C 2,50 1,50 ] 3.10 0.78] 4.00 1,15 | 5.40 0.96
spd 2,17 1.81| 3.00 0.69 | 3.58 1.17] - -
(MCY + CC)-64e 2.40 1.49 3.00 0.75 3.78 1.27 - -
(MCY + CCY-125%| 2.41 1.49 2.97 © 0.76 3.8¢ 1.18 5.45 0.93
(MCY + CC)-343¢ ) 2.40 1.46 3.00 0.77 3.80 1.22 5.36 0.94
‘Ref. 24.
*Ref. 17.
“Ref. 27.
Ref. 29.

“This work with ¥ = 64, 125, and 343,

TaBbLE [I. Contributions to the internal energies and enthalpies for N = 64, 125, and 343.

N U(2-body) U(3-body) U2 + 3-body) | U - 3 kT
64 -9.10410.014 | -1.10920.012 | -10.30320.024 | -B.527
125 -8.748+0.021 | -0.891:0.010 -9.639x0,027 | -7.863
343 -8.620:0.012 | -0.858:0.002 -9.477:0.013 | -7.701
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spection of the simulated Bon(r) and guy(r) results, one can expect that additional
improvement will be gained by relaxing the rigidity constraint in the water
molecules (this topic will be discussed in a forthcoming report where vibrations
are allowed). The main corrections which need to be added to the MCY + cC
model are, therefore, (1) vibrational freedom and (2) higher-order corrections,
in particular the four-body correction which has been estimated to be nonnegli-
gible [32] and of the order of a few tenths of a kilocalorie per mole for water
tetramers near equilibrium.

The computed internal energy (see Table II) varies with N. For N = 64, 125,
and 343, the internal €nergy converges o a value of about —7.70 = 0.05 keal/
mol, which should be compared with —8.1 kcal/mol from experimental data
and with the value of —6.8 + 0.2 kcal/mol obtained from the MCY potential
for N = 343. From these data, it appears that the remaining corrections (ne-
glected in this work) will bring about a contribution of about 0.5 kcal/mol. Note
that one could use a small value for N and, by adding ad hoc corrections to the
potential, one can obtain an energy close to the one corresponding to a large

value of N. We have not used this avenue for the reason expressed in the previous
section.
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For some time now we have heen deriving intermolecular potentials from

ab initio computations and wusing these potentials in statistical
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computer experiments

-~ Paget

mechanical on pure solvents or solutions(26),

with the goal of deriving an ordered set of approximations leading to

an increasingly realistic description of the ab initio liquid. An

impartant step along this road is the recent work of Clementi and

Corongiu(27), which obtains a three-body interaction potential for

water from ab initio calculations and applies this in Metropolis-Monte

Carlo simulations of liquid water. In the last section of this paper

we shall consider this problem once more, this time using Molecular

dynamics.

Here we briefly review this potential, and its generalization to

include a four-body

intermolecular interaction potential as well,
{details are available in a recent paper by J. H. Detrich; et al(28)).

This lays the concrete groundwork for our main concern here, which is

the development of a practical computational scheme to meet the very

heavy demands made, for example, by our increasingly realistic

computer simulations of liquid water.

For an N body represent the

system we can total intermolecylar

interaction enerpy, U, in terms of a series of the form

. (2) 1)
U.iza Ziw Uy + & Zifizwi,i Ui,.i.n
- {4
+ Z" ZJ*F 2"#“13 Z‘” KJ";J“ U"Jlklt (1)

where the summations range from 1 to N, and the various U"Lre defined

so that they are necessarily zero in case N < k.
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Clementi and Corengiu base their expression for Ut” on a classical
bo:d'polnri:ibility model. The water molecules are taken to be rigid,
bu: polarizible, so that a dipole }i; is induced at the midpoint of

each OH bond according to the relation

- - JR—
Jroi® o E,. + bey (esa 'EM) (2)

here and are the polarizibility constants for the water OH bonds,

i is the index denoting the i-th water molecule, b is the index used
to distinguish the two bonds in a given molecule, ELL is the unit
vector in the direction of the bond bi, and E:; is the electric field
at the midpoint of the bond bi. The electrie field ii; originates
frem the assumed permanent electrostatic moments of the surroun&ing
water molecules, and is naturally expressed as a sum

- —p
B = 2, Ebss‘ (3)

-—p
where Ehij is the electric field component at the bond midpoint bi
'}

originating from the permanent electrostatic moments of the J-th water

molecule,

Te first order in the polarizibility, this model yields the energy

given by

. i —o. ’
Ve s -3 2, St B (4)

Lf ve substitute Eqs. (2)-and (3) in this expression, we obtain a
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triple sum which shows the three-body character of our interaction_

energy.

Continuing now te second order in the polarizibility, we find an
interaction energy which is conveniently expressed in terms of

dipole-dipole interactions, namely
~+ - 3
U-fz =2 ;Zu'j.‘sfi [/""i /5 /rh"'j *
- g . 5 (5)
a!(’_':;‘gs '/"Li)(rbl,ﬁj /‘LJ)/rl’Ir‘fJ:'

where ;bicj is the distance vector pointing from bond midpoint bi to
bond midpoint b'j. We can again substitute Eqs. (2) and (3) here.to
obiain an expression with a four-fold summation which clearly shows
the four-body‘ character of the interaction energy in Eq. (5). In
practice, the interaction terms are computed by first evaluating Eq.
(3) and then Eq. (2). Hence our four-body term requires a single loop
followed by a double loop, instead of a fqgr-fold loop; this econemy
is very important. Even so, liquid water simulations incorporating
the four-body term are far more demanding than those with only two-

anc three-body interactions.

The actual parameters used by Clementi and Corongiu in realiziﬁg their’
expression for the three-body interaction term are derived from.a fit
to ab- initio SCF calculations on the water trimer at 173 different
geonetries; to ensure accuracy, each of these calcuylations uses a

large basis set and corrects for superposit cn error by wmeans of the
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counterpoise technique(2%). We have seen that the

four-body term we

pPropose is already implicit in the model adopted by Clementi and

Corongiu, 50 we are bbliged to

carry over their parameters as well.

It remains to verify that our model dees in fact account for the

four-bedy interaction, and we have carried out several ab initio SCF

calculations

for the water tetramer at different peometries as a
check. These caleulations Support the use of our model], and also
indicate that the three-body terms found jin Eq. (5} are helpful in

giving a good description of the three-body interaction.

I

The production calculations described here have a unit cell containing

512 water molecules, and we find that, even.with the economies

permitted by our medel for the three- and four-body interaction terms,

our calculations require two orders of magnitude more run time than

analogous calculations with two-body interactions only.

Let us now briefly outline OuUT  programming solution for the migration

of our Monte Carle codes from sequential.to parallel {on the LCAP).

The practical implementation of this system requires that the main

program (which runs on the host) 'be able to

closely control the

subtasks running on the AP's, periodically transferring data to them,

sStarting them, and

subsequentlx gathering up each set of subtask

output.

OQur Metropolis-Monte Carlo 1liquid simulation Programs can all be

broken down according to the following scheme:
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(1} initial input and setup,

(2) generate tables for energy evaluation,

(3) evalvate initial energies,

(4) generate trial move coordinates,

{5) generate trial move energy arrays,

(6) accept or reject move,

{7) update coordinates,

(8) update energy arrays,

(9) final results and output.
Items {1),(2) and (9) occur only once for a particular run, but the
remaining steps take place inside loops over the desifed number of
moves. This includes item (3), should be

since the energies

recomputed from time to time in order to avoid the accumulatfon of

roundoff errer. The number of moves in a run is typically very large
(many thousands), so

(3-8).

virtually all the run time resides in items
For a single move, handling the trial move coordinates and the
calculation to accept or rejéct the move are not demanding; by far the )
heaviest computational demands come from the evaluation of the energy

differences associated with the move.

From this breakdown it is fairly, eclear which parts of the pProgram are
T .

The initial

(1) and (9),

run best on the host, while the evaluation of the move energies should

worthwhile to modify so they run in parallel on the AP's.
input and setup and the final results and output, items
be put on the AP's in parallel; this includes not only items (3) and
(5), but also the table Beneration, item (2).
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We thus arrive at a plan for the program where input and run setup is

handled on the host, after which a copy of the initial coordinates is

transmitted to each AP; each AP thereupon generates its own set of

tables for future use and then proceeds with the initial enerpy

evaluation. The enerpy parameters

required by ®Tthe lost are then

gathered from the AP's and the loops associated with move generation

are entered; these loops are under the control of the host. Within

them, the peneration of the trial move coordinates takes place on the

host, which then transmits

a copy of these ccordinates to each AP to

use in its portion of the generation of the trial move encrgy arrays.
The AP's then transmit back to be gathered up by the host the enerpies

associated with the move. On this basis, the host decides whether to

accept the move, and transmits this decision to each of the AP's, so

they may update their coordinate and energy arrays if necessary.

Control then passes back to the host, and the loops are recycled or

exited for final results and output,

We have added only a few refinements to this preogram plan, in order to
minimize the

(28).

time taken up with transmission between host and AP's

The AP's must retain the old trial move coordinates in memory when

control is passed back to the host. In addition te these coordinates,

we require retention of the tables that were set up at the beginning

7f the run, all the intermediate energy arrays, and the set of

zoordinates for all of the molecules. It is an enormous savings in

iransmission overhead to retain this data in AP memory throughout the
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run. Fortunately, this capability is standard with the APEX software

normally supplied with the FPS-164: provided a'new program image is

not loaded, material in the FPS-164 memory 1is undisturbed wunless

specifically altered by an APEX software call(390),

It is well worth the trouble to minimize host-AP transmission

overhead. With only a two-body interaction, evaluation of a single

move (on one AP) takes Place on the order of several hundredths of a

second, and host-AP move transmission time can be an appreciable

fractien of this if one is careless.

The remaining task in migrating our Monte Carlo programs to parallel

mode is the actual splitting of the move energy evaluation among the

various AP's. We shall not be too concerned with details here, since

these naturally vary according to the specifics of a particular

program; instead, we have presented elsewhere (28) organizational

features that tend to emerge in most of our programs.

We recall that many intermediate arrays are maintained for move energy

evaluation. An obvious recipe for migration to parazllel execution is

to divide the arrays among the various AP's, with each AP responsible

only for the evaluation of its particular portion of the array (28),

We note that the Strategies we have implemented for handling the

arrays not only support parallel use of the AP CPU's, but alsc the AP

memories: Since the arrays are distributed over the different AP's,

without much duplication, we have the sum of all the AP memories
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parallel strategy

i

Thus our allows

available to the run. not only

practical execution of runs requiring more CPU time, but alsc those

with larper memory requirements, or both.

VI. Liquid Water M.C. Simulation with up to Four-Body Interactions.

The previous sectien intended to give some idea of how we actually
accomplished migration of our pregrams to parallel execution mode. We

note that the idea of parallel execution actually has a rather long

history; we - area. - The

cannet claim much originality in this

distinerion we do claim is that we have put these ideas to practical

test in production calculations of genuine scientific interest. As a

test for our scheme in this section, we discuss the Metrepolis-Monte

Carle code we are using for liquid simulation, incorporating the

three- and four-body interactions described above. This calculation

is very heavy in its computational demands, and can hardly be handled

with any normal computer resources, so that it fulfills every

requirement as a good practical test of the LCAP system. Furthermore,

it is of considerable interest, since the most sophisticated

calculations performed heretofore(27) yield an enthalpy which is about

1.674 KJ/mole above the experimental value, 41.3 KJ/meole at room

temperature and one obvious explanation of this discrepancy 1is the

omission of four-bedy interactions.

The calculations we are pursuing to investigate this question are not

yet to the point where we can present conclusive results: Our current

runs  include about 1,000,000 moves, which is enough to achieve
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equilibriation, and nearly énough to support good statistics. On a

preliminary basis, however, we appear to be getting an enthalpy about

3.35 KJ/mole below the results incorporating enly the three-body

terms. This supgests that the four-body interactions are indeed

significant in getting a good liquid water simulation. One notices

that our results actually fall below experiment; presumably this is

due to our omission of the quantum correction, which is estimated to

be of cthe right sign and magnitude (3 to & KJ/mole) te bring our

results into better agreement with experiment (31), We shall return

to this point in the last section of the paper. Here we wish to

ab injtio

potentials, could in itself justify our efforts in assembling the LCAP

comment that this exceptional agreement obtainad by using

system,

In Figure 8 (tep) we report our simulated pair correlation function

g{0-0) obtained with two-body (left), two- and three-body (middle) and

twa-, three- and four-body interaction potentials (right). The full

line is for the experimental data. In the same figure we report the

simulated X-ray and neutron-beams scattering intensities. The

agreement with the experimental data and the "convergence” of the

many-body series are most gratifying. Notice, in particular, how the

many~body brings more and more structure inte the g(0-0) and into the

beaﬁ's:artering intensity. After about ten years of systematic work,

the intensity in the split first peak is finally correct. These

results point osut that now it is reasonable for wus to introduce

vibrations into our model (of course, ab-initio, and without any

empiricism),
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We nay conclude that LCAP, our experimental system, is in fact already
achieving one of its principal ‘goals even at this rather early stage.
It is providing us with a means of accomplishing scientific
cal:ulaﬁions that are essentially out of reach for a more conventional

corputer confipuration.

. . . —— p

VI1. _P_:_t;;grl_}‘qllsm in Moleeular Dynamics. 28 S MCY+CC+
21

As it is known, the Molecular Dynamicsa, MD, method was first developed 14

for rigid spheres fluids by Alder and Wainwright (32). This computer ”h

moceling method was later extended to more realistic Lennard-Jones on— Il A A N .. ek L . P
T PR VR W 80 90 120 30 60 90 120

potentials for simple liquids by Rahman (33}, Levesque and Verlet (34)

and ‘others. The MD method, as standarly wused, has two major

adlljexp
X B ——— MCY+CCeD
dravbacks, i) aecurate potential-energy functions for real Systems are § 3
-
not readily available, 1ii) it requires numerical solution of vast .?. L
nueter of coupled nonlinear differential equations which must be g )
4
solved many times, B i
o any tim s L7 s (A S{at
E = B ANV A
20 40 60 30 100 20 4.0 6.0 8.0 100
The first drawback is being confronted with increasingly accurate
potentials obtained from quantum mechanical computations as indicated 0.8 op - exp ' oxp
i [ —-McYcc | K MCY+ CC+D
in the previcus section and elsewhere (20). This section attempts to ; ' R y "

coniront the second drawback, by considering our own brand of

parallelism, as put forward in the first two sections of this paper.

H (5) of X-ray Scattaring

8{AY)
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¥e recall that melecular dynamics is wused to calculate the observed . *0 s

classical trajectory for an assembly of N (usualiy several hundreds to

thovsands) interacting molecules in a box of side L. The Hamiltonian







