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ABSTRACT

We shall start with very small systems like Hp and Hj, computed with
very accurate methods (Hylleraas-CI) or atomic systems up to Zn with accurate
methods (Cl), then move to more complex ones, like Ceo but now with some-
what less accurate methods, specifically Hartree-Fock with density functionals,
the latter for the correlation energy but not for the exchange energy. For even
more complex tasks like geometry optimization of Cgp, we have resorted to
even simpler and parametrized methods, like local density functionals. Then,
we could use quantum mechanics either to provide interaction potentials for
classical molecular dynamics or to directly solve dynamical systems, in a
quantum molecular dynamics approximation. Having demonstrated that we can
use the computational output from small systems as input to larger ones, we dis-
cuss in detail @ new model for liguid water, which is born out entirely from ab
initio methods, and nicely links spectroscopic, thermodynamics and other
physico-chemical data. Concerning time-scales, we use classical molecular
dynamics to determine friction coefficients, and with these we perform sto-
chastic dynamic simulations. The use of simulation results from smaller
systems to provide inputs for larger system simulations is the >’global simula-
tion’* approach, which today, with the easily available computers, is becoming
more and more feasible. Projections on simulations in the 1996-1998 period are
discussed, new computational areas are outlined and a N? complexity algorithm
is compared to density functional approaches.

+ On leave of absence from Universidade Federal Fluminense, Niteré1, Rio de Janeiro, Brasil.



1. Introduction

It takes a bit less than a picosecond for a water molecule to rotate on itself in
liquid water and at room temperature, but it might take microseconds for a target
molecule to enter the active site of a protein; thus, both size and time can be
vastly different when two or more molecules interact. Moreover, an interaction
can bring about either a chemical reaction, or simply change the relative position
of two or more molecules and eventually bring about some binding. As it is well
known, the maximum of the 1s orbital in the H atom is about 1/2 A, but when H (ZS)
reacts with an appropriate photon, it can be excited to higher states which are larger in
size, for example by some fraction of one A However, we can learn much about a pro-
tein even if we are limited to 3 - 5 A resolution. Again the “different’” space scales of
chemistry! It follows that it is not surprising that at one end of the space-time spectrum
(small and fast) we are interested in questions which might be rather meaningless
at the other end (large and slow). Thus, one would expect that different models are
available and that these specialize in yielding answers either at one or at the opposite
end of the spectrum. Somewhat paradoxically, ""small and short-lived’” events are not
“simpler”” than those ''large and slow’’, since generally for the former we require
many details and higher resolution. For example today’s quantum chemists are still
working at the energy surface of Hs, but the goal is a fraction of cm! accuracy in the
absolute total energy; on the other hand, an accurate absolute energy for a protein
would be a somewhat useless information. Therefore, in general, “’molecular recogni-
tion>® has a different meaning when we study the capture of an electron by Hy or the
docking of a drug onto the active site of a macromolecule. The task of this
paper is to recall some attempts in passing from small size to large, from short to
long-lived events. The emphasis is in rationalizing and suggesting pragmatic ways
to model the entire spectrum of events. Since there is no single theoretical equation
available today to model *'any’’ aspect of matter and since **equations which cannot be
solved’’ shall not be stressed in this paper, our task is *’how to pass from one working
equation (and model) to another working equation (and model)”’.

By and large there are two main avenues of computational methods in
chemistry, precisely computational quantum chemistry and computational statisti-
cal mechanics. The former includes ground state and excited state properties and
corresponding spectra for atoms, molecules and solids. The basic equation is either the
Schroedinger equation in its many approximations, or the Fock-Dirac equation and
corresponding *'corrections’”’. The main statistical mechanics approaches are either
time independent (Monte Carlo) or time dependent (Molecular Dynamics). The basic
equations are either Newton equations or Langevin equations; as it is known, the
latter can be considered as a modified form of the former, and it can be used when one
is interested in an average over a long time.
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A third direction is becoming more and more conspicuous, even if its origin 1s as
old as quantum chemistry: reaction rate determination, scattering processes (atom-
electron, atom-atom, atom-molecule, molecule-molecule) and especially computer
directed synthesis for organic systems. We expect that this avenue, which presently
makes use of *"quantum chemistry and statistical theory’’, will (in due time) overshadow
the two above mentioned, since it is here that one leaves **atomic and molecular phy-
sics’’ to enter into *’computational chemistry™”. Indeed, chemistry, as its main objective,
must explain and predict *’chemical reactions’’. However, in this third avenue, com-
puter simulations must compete with over one century of cumulated and organized
experience, which has developed a most accurate and powerful physico-chemical experi-
mentation, today routinely used by tens of thousands of chemists in the academic and
industrial world.

There are new approaches in today’s computational chemistry taking up their
place alengside the traditional ones. Indeed, the traditional techniques for stationary
state quantum chemistry and equilibrium molecular dynamics are being expanded
with Quantum Monte Carlo,! Quantum Molecular Dynarnics,2 Microdynamics3 but
also by research and computer programs on Data Base, Interactive Animation,
Artificial Intelligence and Chemical Knowledge Processing®. A special comment
could be added for graphics and animation, which permeate much of today’s computer
applications.

Presently, we have left the IVth computer generation, and we are in the VIth
generation where we are witnessing not only increased MIPS performance, but espe-
cially MFLOPS performance, either because of vector or parallel architectures. From
personal computers, to workstations, to mainframes and supercomputers, the advances
have been on a very broad front. More relevant: the computer cost has become
more reasonable since the introduction of the workstations.

The next computer generation will be the much heralded Vth generation
(which has been promised since early 1980!). In the VIst generation we have already
announcements of supercomputers with peak performance of about 20-30 GFLOPS;
thus, it is expected we shall grow between 100-500 GFLOPS, partly by decreasing the
clock speed, mainly because of multi-processing and parallelism. We already see
workstations with the same speed as the old CRAY XMP (single processor) and the
disk shortage is being addressed by channels working in parallel, with optical fibres and
one or more miles in interconnected distances. In this climate, the Vth computer gen-
eration is appearing, and artificial intelligence and expert systems are becoming
ubiquitous; all this will add pressure to the hardware manufacturers, and prices will
once more decrease, while performance will increase.

In this paper we shall consider today’s computational technigues, but we shall

already assume the availability of systems with up to 500 GFLOPS and capable of
retrieving from disk storage hundreds of Giga words at 100-500 Mbytes/sec
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transmission speeds. These predictions are *’reasonable’” in a technical view-point, and
also ""reachable to relatively few’’ in an economical context. Clearly, the main comput-
ing will trail behind these limits, even if everybody will experience much improve-
ment. We shall call ”’Nike*' our 500 Gigaflop dream machine (clearly with parallel
architecture) and we advise the reader, whenever we refer to Nike, to set his/her clock to
about 1996 or 1998. In other words, while reviewing past work, we shall pretend to be
five to six years into the future.

We shall start by considering one of the first techniques introduced in quantum
mechanics® and later adapted within the configuration interaction (Cl) framework:
Hylleraas CI. The examples will deal with the simplest chemical systems but at the
highest accuracy level.

Next, we shall move away from the goal of 0.1 cm™! (i.e. 0.000005 a.u.) accuracy
in absolute energy and move to the milli-hartree accuracy, again using CI, but with the
standard expansions of determinantal functions. The examples recall computations
on iso-electronic series for Hc( S), Lt (ZS) Be (!$), and Ne( S), and anticipate some
results on the Zinc atom (and some of its ions).

We shall not consider by now standard and popular methods like Moller Plesset,
MP, perturbations, already too well known. Notice that there is a tendency in today’s
literature to overclaim the accuracy one has obtained using the MPx techniques.
Indeed, we note that most authors are comparing, for example, binding energies in a
molecule with atomisation products, which are often far from the limit of the
adopted approximation. — For example, often a calculation proceeds to post-
Hartree-Fock corrections before reaching a near Hartree-Fock value (which is sel-
dom obtained in today’s literature). In addition, basis set superposition (BSS) correc-
tions are often neglected; indeed, basis sets with nearly zero BSS error are essen-
tially unknown. In this way, ab initio techniques are used "’semi empirically’’ with cali-
brated basis sets, which we are becoming accustomed to seeing discarded, because of
their unreliability, every four to five years! A differcnt situation occurs in the use
of MBPT, where the methodological rigor is supenor One of the merits of Nike
will be to make routinely feasible the use of truly large basis sets, with littie (less than
0.0001 a.u.) basis set superposition error (or with fully *controlled’” error) and very near
the Hartree-Fock limit, when post-Hartree-Fock techniques are selected” .

Next, we shall discuss a sufficiently large system where even a MP2 computation
would become computationally much too expensive. This is the area for ab initio
molecular dynamics and quantum molecular dynamics. We shall consider two sys-
tems, one composed of 1000 water molecules in a periodic system, i.e. liguid water, and
the second of 60 carbon atoms in the Cgp cluster.

The main idea of this paper is to show a "'new build-up” technique, from small

size to large, such that the input to a given model can be obtained from the output of
a model dealing with smaller scale systems. From atoms to molecules, from
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molecules to liquids and solutions, from these to microdynamic and eventually fluid
dynamic. We call this approach "Global Simulations’”; it is the equivalent of an
assembly line.

The examples we have mentioned above have been the subject of recent studies
from our department, thus we are in the ideal position to report and discuss the
corresponding computer time using the same hardware and system software, namely the
IBM-9000/720, which we set at about 1000 times slower than Nike (if the six proces-
sors are used in parallel). This will simplify our extrapolations and yield a reasonably
reliable forecast for about four to six years from now, namely at about the last stage
of the VIst computer generation. We should, however, recognize that a supercomputer
of the Nike class (when and if commercially available) will be an expensive tool avail-
able to a few in the developed countries only. Let us note that about thirty years after
Mulliken’s lamentation and plea for more money for computational chcmistry,8 here,
we are again on the same subject, essentially for the same reasons.

2. Very Few Electron Systems: H, and H3

The traditional approach to quantum mechanical descriptions of many-
electron systems in atoms, molecules, and solids is to optimize linear combi-
nations of one-electron functions, the familiar Hartree-Fock orbitals, namely functions
of one electron only (with space and spin components). This type of approach leads
then to describe correlation in an implicit way, and hence these techniques con-
verge rather slowly to the true solution of the many-electron time-independent Schroed-
inger equation.

Instead of the implicit approach, one can argue that the most powerful approach
should be one where inter-electronic coordinates are explicitly present into the
wavefunction, namely where the one-electron functions, are replaced or extended by
many-electron functions. Hylleraas was the first to develop this approach and he
used it to calculate the energy and wavefunction of the helium atom with great suc-
cess>. James and Coolidge’ extended this method to the hydrogen molecule and Kolos
and Wolniewicz!? have shown that, to date, this is the most efficient method avail-
able for calculating accurate potential energy curves in the hydrogen molecule. The
results of the latter authors even challenged the experimental spectroscopic data,
*a great triumph of ab initio calculations” (R.S. Mulliken)!!, However, due to the
numerical complications introduced by the inclusion of inter-electronic coordinates 1in
the wavefunction, Hylleraas approach was limited to simple cases such as the helium
atomn and later to the hydrogen molecule.

With the advent of supercomputers, a more general extension of the technique of

explicit inclusion of the inter-electronic separation into the wavefunction is possible.
This consists of multiplying standard many-electron configuration interaction
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wavefunctions by powers, v , of the inter-electronic distance 7;;. This approach is com-
pletely general, it can be applied to many-center, multi-electron systems of any type.
The only limitation, as is generally the case in computational chemistry, is
imposed by computational resources and limits in hardware design.

The effect of the r;; terms is to explicitly introduce correlation into the
wavefunction. This expansion in the inter-electronic distance is generally assumed to
be a power series fcxpamsion,12 thereby limiting v to non-negative integers. It has
been shown!? that of the possible non-zero v values, v=1 is the most important and our
discussion will be limited to the v=0 (normal CI) and v=1 (what we call Hylleraas ClI,
or HCD terms. It has also been shown repeatedly that inclusion of the HCI terms does
speed the convergence of configuration expansions and that the HCI method is a viable
alternative when high- accuracy calculations are needed.

A computer package with standard cartestan Gaussian basis sets has been
created to perform HCI calculations for many-center, two- and three-electron molec-
ular systems”’“’. Expansion to the most general four-electron integrals has been started.
This package is called HYCOIN (Hylleraas Configuration Interaction) and it
has been used successfully to calculate a number of molecular states'> 2% for H.

The natural place to begin our examination of correlation corrections in small
molecular systems is the ground state of Hy, a two electron systcm17'19'23. The
»accurate’’ variational limit for this state was established by Kolos et al.,*
-1.1744757 hartrees by using a specialized elliptical coordinate basis set with an
explicitly correlated wavefunction. The largest basis set of our calculation,
(15s,7p,2d,1f), produces a HCI energy that is less than 0.3 cm™! above this variational
limit. If spectroscopic accuracy is defined as having errors of less than ~ 1 em™!, our

computations show that it can be achieved with a gaussian basis set of size as small as
(13s,7p,2d).

The next obvious step towards more complicated molecules is to increase the
number of centres from two to three while keeping only two electrons, this means the
study of the non-linear H3} molecule, a problem that cannot be tackled with elliptical
coordinates. We have recently examined the equilibrium energy and calculated a
number of points on the potential energy surfaces of both the ground LA, state and first
excited >Z} state of H},L.m’?'2 The lowest energy obtained by us for the equilateral trian-
gle geometry of the ground state was -1.3438279 hartree at the internuclear distance
of 1.6500 bohrs with the use of a (13s,5p,3d) basis set on each site (a total of
138 basis functions). This energy is compared in Table I with other recent ab initio
calculations at the equilibrium energy. From Table I we can see that this energy is
significantly lower than the previous best published variational calculations of
_1.343500 hartree, !7 and is in excellent agreement with the results of the latest quan-
tum Monte Carlo calculations, -1.34387 £ .00005 hartrec®’ and -1.3433 #+ 0.005 har-
tree>2. The energy is also below the result of Alexander ef al.,® who used a

at
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Random-Tempered Optimization method with Gaussian-Type Geminals (also a varia-
tional calculation with an explicitly correlation wavefunction), and obtained
-1.3438220 hartree at an equilibrium separation of 1.6504 bohrs.

From here, the next molecule in complexity is H3. Now, with three electrons
the complexity of the integral calculations goes up dramatically and commen-
surately, so does the need for increased computational resources. In fact, at this
moment, only small basis set calculations for linear Hi with internuclear distances
of 1.75 bohrs are available!®. The SCF energy for this configuration was -1.5849093
a.u., the CI energy was -1.6217005 a.u., and the HCI energy was -1.6366379 a.u..
This result should be compared with the result of B. Liu3* who obtained an energy of
-1.658743 a.u. at the same saddle point with a CI calculation using a Slater-type
function basis set containing orbitals up to 5f. A good computation for H3 would
require the same type of basis set used above for H,. For example, using the MELD
program of Davidson>® with a (15s,5p,2d)/{11s,5p,2d] Gaussian basis set, we obtained
a saddle point energy of -1.658323 a.u., which is 0.000423 a.u. above the best results
of B. Liu. This basis would be a more than sufficient starting point for a HCI calcula-
tion on Hy to ensure a few cm™! accuracy in the total energy. The forecast computer
need is extrapolated below.

It should be noted that the following timings were found with a very recently
implemented HCI code that has not yet had extensive optimization, therefore, the tim-
ings and, more importantly the extrapolations, should be taken as indicative rather
than concrete predictions, as effort to-date has concentrated on “’correctness’’ rather
than "'performance’’. To begin, a trivial basis set of a single s-type orbital on each
centre takes 350 seconds on IBM ES/3090 VF to calculate the integrals. A basis set of
1s1p on each centre (12 orbitals) takes 191 hours on the same system and a basis set
of 3s,1p requires approximately 1000 hours; this forecast looks rather bad, but it
corresponds to only 1 hour on our Nike. Notice that the number of integrals grows as
where N is the number of basis functions. It is intriguing, and somewhat depressing,
to speculate what would be required to perform a Hj calculation that would be
accurate to within 10 cra™! of the “*exact’” value, which is not yet known as it is for
H2.24 If the lessons learned from H, are valid, then a full HCI calculation with a basis
set of (13s,7p)/[13s,1p] should provide approximately 10 cm! accuracy. Scaling
from 3s,1p to 13s,7p by N¢ would call for somewhere around 3500 years on a similar
system (but only about 10 months on our Nike), not counting the six-index transforma-
tion which scales as N7. This is clearly not yet approachable without fundamental
improvements in either, and probably all, theory, implementation, and hardware.
Assuming a significant improvement in the numerical analysis and its corresponding
code, at best we could reduce the task to 10-20 years on a IBM-9000/720 which further
reduces to a few days on Nike. This is not unfeasible especially if a more efficient
numerical integration will be found and if integrals smaller than a given threshold
are ignored and/or approximated. Indeed the latter task is regularly implemented in
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SCF computations where very large savings are well-known and documented.>® Thus in
the second half of this decade we shall finally see some very accurate surface for Hz! In
addition, the above computation for H; should gain, relatively to the past one, by a supe-
rior choice in the selection of the computational grid on the energy surfaces. Today, as in
the past, there are experts in obtaining energy surfaces and experts in using them in
order 1o obtain reaction rates and scattering data; hopefully, tomorrow there shall be a
few experts in both areas.

3. Few Electron Atoms

About thirty years ago, one of us (EC) undertook a systermatic study of atomic
functions’’? to determine the Hartree-Fock energy of atoms and the corresponding iso-
electronic series from 2 to 36 electrons and from Z=2 to Z=36 (including all excited
states of the ground state configuration). The main motivation was to be in position to
closely estimate the relativistic correction (by perturbation) and with such data and the
use of experimental ionization potentials, it was possible to estimate the atomic correla-
tion energy. It is well known that the knowledge of these quantities is essential in the
determination of molecular binding. In addition, the quantitative knowledge of the corre-
lation energy was nearly unexistent, since there were exceedingly few Hartree-Fock
energies and no systematic study. '

Only very recently Clementi’s old estimates have been re-examined, using modern
computers, at the IBM-Kingston laboratory®® and shortly after by E. Davidson et al. 9,

For our task we used a more traditional approach, namely a linear combination of
Slater determinantal functions, i.e., the Configuration Interaction approach.

We used ATOMCI, an Atomic Configuration Interaction program based upon the
powerful techniques developed in the early seventies by Sasaki,*® and used by Sasaki
and Yoshimine**? to compute correlation energies and electron affinities for the
first row atoms. ATOMCI has been recently revised and extensively docu-
mented?®#. In Davidson et al.>® the same code was used to obtain the correlation
energy.

In Table II we report the correlation energy obtained in these studies>®3. Table II
reports more figures than physically meaningful. These values are not too far
from old ones estimated by Clementi*#® for some members of each series.
Clementi’s estimates are close to the calculated values for the 2 and 3-electron
series but not for 10-electron isoelectronic series, especiaily for high Z, where they
differ by as much as 30%.

For the 2-electron series the correlation energy is accurate to about the fourth
decimal figure. As known, very accurate computations of the two electron series are
those by Pekeris,*”*? later often reproduced.
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For the 3-electron series the accuracy remains nearly the same as for the 2-
electron series, because, as long ago realized, the 1s-2s interpair correlation energy is
small*>49 and thus SDCI yields energies not much different from Full CL.

For the four electrons, the limitations of SDCI start to become apparent and the
old estimate of -0.094 20499 for the Be is nearer to the exact one than the value of
-0.0899 a.u. reported here. Bunge’s very accurate calculated value®! for the correla-
tion energy of Be is -0.0943 a.u.

The steep increase of the correlation energy along the isoelectronic series has
been analyzed in detail elsewhere. 4652 Here we observe that the effect is essentially
linear in Z and the 4-electron correlation energy becomes larger than 10-electron
correlation energy for Z around 28. As we have previously stressed, 34649 this
energy should not be considered as the true correlation energy for the four electrons in
the two pairs 1s% and 2s2, but rather an example of a strong multiconfigurational elec-
tronic structure which is very poorly described by the single determinant approx-
imation. In the limit of high values of Z the ns and np orbitals are energy degenerate.
Indeed, a two determinant MCSCF function was sufficient to bring about a constant
value for the 4-electron series®, ie. -0.052, -0.055, -0.055, -0.056, -0.058, -0.059,
.0.062, for Be, B*!,C*2, N3, 0" F*® Ne*9, respectively.

The computed correlation energy for the 10-electron isoelectric series is about
95% of the estimated total’®, -0.389 a.u. The previous value by Sasaki and Yoshim-
ine™ for Ne, -03697 a.u., compares nicely with our -0.3706 a.u. Adding a perturbative
selection for triple and quadruple excitations from the HF reference state to the lowest
two ANO’s of the s, p, and d symmetries obtained in the single reference SDCI
calculations, yielded a correlation energy of -0.3800 a.u. for Ne (almost 98% of
Veillard and Clementi estimate) and -0.941 a.u. for Art®, Very recently, Davidson
and co-workers tested our work with Slater functions and obtained the improve-
ments3® shown in Table II. In addition, their computation of the relativistic correction
made possible to detect irregularities which were traced to inaccurate values in the
"*experimental’’ jonization potentials.

Presently, we? are analyzing a thirty electron problem, the Zn atom (and a few of
its ions) this time with Slater basis sets. The computed non-relativistic total energy of
the two-electrons is somewhat better than the one given by Davidson et al.®® (our value
is -881.407256 a.u vs -881.407028 a.u.). To us, this brings about very clearly the painful
limitation of quantum chemistry's analytical basis set expansion: it is exceedingly
difficult to obtain a ’’limit”* value, even for very small problems. This drawback is not
limited only to Slater type or gaussian type basis sets. The very popular plain wave
expansions used in solid state computations are even more deficient; in present literature
this drawback is carefully swept under the rug and overclaims to the contrary are becom-
ing more and more "’accepted in literature’’. Of course, in time this point will be settled.
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The correlation energy for Zn presently computed is -1.32 a.u., a very preliminary
result obtained with a first guess’ basis set without much orbital exponent optimiza-
tion. The computation of the correlation energy with the Coulomb-hole algorithm yields
an estimated value of -1.7 a.u. with an error which can be up to 20%. The importance in
determining by C.I. computations the Zn correlation energy, is that we know quantita-
tively very little about total correlation effects in 3d atoms. This study is an example of
the importance of methods with very high complexity (N7) which are *’simply necessary
as bench-marks™". Notice also that, to our knowledge, the Zn computation is the largest
computation for accurate and direct determination of the total correlation energy in
atoms using ’"ab initio’” methods.

Let us now comment on the computation time, fast memory and auxiliary
storage needed for these computations in order to extrapolate, for example, to 30
(Zn) and 36 (Kr) electron systems. First let us note that a single computation
(15s,11p,9d,8f,5g,4h,3i,2k) for Zn requires about 7 to 8 hours on an IBM-9000/720.

We shall consider S states or even closed shell to make the estimate somewhat
simpler. Both the amount of memory required and the time depend strongly upon the
number of the two electron integrals computed and stored and upon the number of
configurations. While almost 80% of the time is consumed in computing and
transforming the integrals for He, approximately 90% of the time is taken by the
evaluation of the energy matrix and by the solution of the diagonalization problem
for Ne. Approximately the same percentages apply to the amounts of storage
needed to store the integrals and the energy expression. As the number of
configurations increases, so does the dimension of the CI matrix and the time to diago-
nalize it. A multi reference, very accurate CI calculations for Zinc or Krypton would
take approximately days or weeks, respectively, and noticeable amounts of fast and
disk memory; large timing on today’s computers, but from a few minutes to a few hours
for our Nike (parallel) computer.

To conclude this section concerning a few electron systems, it appears that we are
very near to obtaine Spectroscopic accuracy for Hy, and very high accuracy (over
99.0% of the total correlation energy) for the first half of the periodic table for atomic
systems, but it will require Nike type computers either to routinely perform these compu-
tations or to extend these limits.

4. On Quantum Chemistry Molecular Programs

The two examples dealing with very small systems have already pointed out that it
is not feasible to tackle a system of any size with the same approximations and with the
same computer application programs. This realization is at the base of much of the com-
putational work in the last thirty to forty years.
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In the last few years, faced with the existence of many approximations and even
more numerous codes, the computational chemistry commuunity has reacted by introduc-
ing *’interfaces’’ between two or more application codes aiming at easy and friendly use
of the entire spectrum of special features present in the application codes. A second and
-in principle- complementary approach is to provide " platforms’’ into which many and
different application codes can be implanted and then communicate among themselves
via interfaces and procedure routines which constitute the platform. This latter approach
is well liked and promulgated especially by hardware vendors, since control of the plat-
form (which in general remains a controlied property) brings about indirect control on
the application codes and this in turn of the application software market.

Yet, computational chemistry is still very young and, even if, clearly, it can not
avoid the laws of market economy, it still needs an open exchange of computer pro-
grams to test and compare methods, accuracy, robustness, applicability, reliability and
user friendliness and to expedite the transfer of know-how from the research world to the
industrial world and from the advanced Countries to the developing Countries.

In this respect, the Quantum Chemistry Program Exchange in USA (QCPE) and the
Computer Physics Communications in UK deserve the most sincere gratitude from the
entire scientific community. In this very spirit, one of us (EC) started the MOTECC ini-
tiative, which -in a way- formalizes the very liberal posture (in donating and exchanging
computer programs) characteristic of the IBM groups in San Jose, California and later in
Kingston, New York. Presently, the center of the MOTECC initiative is at CRS4, Italy;
the MOTECC-Club, Inc., the non-profit organization registered in the State of New York
and the newly founded non-profit organization Club-MOTECC-Europeen, registered in
Belgium are an integral part of the initiative.

Among the many codes distributed by MOTECC, we comment below on a new
molecular code, MOLECOLE, which attempts to include many aspects -connected via
interfaces- of quantum chemistry.

Let us consider point group symmetry. Since the early ab initio quantum chemistry
programs the use of symmetry has been recognized as an important tool in chemical cal-
culations. The advantages of this use are related to the improved theoretical interpreta-
tion of the molecular structure and the intensive speed-up obtained in many steps of an
ab initic calculation. As an example the use of symmetry in the one-electron integral cal-
culation might obtain savings proportional to the square number of basis functions (n2).
Diagonalizations (n3), integrals calculation, derivatives evaluations (n4) and integral
transformations (n°>) are some other steps where, when possible, the use of symmetry is
strongly recommended.

Presently, as part of the continuos development effort in MOLECOLE (previously
KGNMOL/IBMOL) one of us (E.H.) has been working to have this option available in
this new molecular quantum chemistry package. This implementation will provide a
friendly interface for users with no required background on group theory in such a way
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that the unique information actually needed is a set of atomic coordinates. This interface
will be able to identify and prepare most of the basic information required for the use of
symmetry in subsequent steps. Among the positive aspects of this implementation is
worthy to mention the wide range of point groups supported by MOLECOLE including
not just abelian groups, but also non-abelian groups with or without complex irreducible
representations, a feature rarely present in other quantum chemistry molecular pack-
ages. The use of subgroups with regular or special orientations is also fully supported.

In MOLECOLE the use of symmetry starts early by the creation of the symmetry
adapted linear combination of atornic orbitals (SALCAOQ) which allows the calculation
of orbitals belonging to one of the irreducible representations of the molecular point
group and have the property of blocking the representation matrices of any Symmetric
operator. This work is extended to the symmetry adapted displacements allowing the
characterization of normal modes through linear combination of primitive displacements
with proper behavior under the effects of symmetry. Use is made of the Rys-King algo-
rithm to generate this set of adapted functions>?. Among the interesting features present
in this step is the possibility of elimination of functions with undesired angular momen-
tum like those obtained with the d of s character, f’s of p character and g’s with s and d
character>®. In the two electron integral calculation and in the gradient evaluation it 1$
also possible to obtain great benefits from the use of symmetry since all the calculation
of symmetry redundant integrals may be done just once through the use of petit-list for-
malism® 8.

For the post-SCF calculations, work is in prog,ress59 exploring the use of symmetry
in the numerical integration step required for a regular post-SCF density functional cal-
culation. Other types of post-SCF calculations can be easily adapted to the use of sym-
metry by using the installed SALCAO’s algorithm and the projector technique described
in literature®’.

Along this implementation most of the remarkable features of old versions, like fast
calculation of integrals, open-ended programming, orientation towards macromolecular
and interaction energy calculations are kept unchanged and compatible with the use of
symmetry.

The use of symmetry adapted orbitals, the wide range of groups available and the
possibility of elimination of undesired functions place MOLECOLE among the most
general programs that can handle symmetry, which can be applied, for example to the
new family of compounds involving extended carbon clusters usually presenting high
symmetry like icosahedral geometries (Cgp), Dsp symmetries (Cyo), etc.

This work will be presented in MOTECC-93 in a chapter presenting a short review
of the present techniques for the use of symmetry in ab initio methods and a detailed dis-
cussion of the present implementation.

Another feature in the MOLECULE program is the possibility of evaluating the
energy gradient, necessary to perform geometry optimization. This aspect of the work,
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carried out by one of us (0.G.S.), will be also available to researchers as part of the
MOTECC-93 package.

The scaling behavior of standard ab initio techniques with system size makes very
expensive to perform quantum simulations . The computational effort for solving the
HF-SCF equations scales as n* (n being the size of the basis set), and all methods
including some treatment of the correlation energy scale at least as n>. Different
approaches with better scaling properties have been proposed, i.e. plane wave ¢xpan-
sions (nlog(n)), pseudospectral HF techniques (n?), and density functional methods
(n3). However, direct comparisons may be dangerous because of the very different pre-
factors multiplying the scaling term. Modem applications of Density Functional Theory
offer at a reasonable cost, the possibility of including correlation effects in the calcula-
tion from the start.

One of us (D.E.) has implemented a density functional based program, that uses an
auxiliary basis set for the electronic density expansion and treats the exchange correla-
tion term using a least-squares fit to a set of functions, so all necessary integrals are cal-
culated analytically. An implementation of the Car and Parrinelio combined Molecular
Dynamics - Simulated Annealing is also included. This allows to explore the Bom-
Oppenheimer surface of a system without the necessity of solving self-consistently the
Kohn-Sham equations at each nuclear geometry. In this way considerable savings in
computer time can be obtained, but at the cost of some loss in accuracy (small deviations
from the BO surface). An additional step is the incorporation of ’a solvent” using a
mixed classical-quantum approach. Effective core potentials for the representation of
solvent molecules in the solute hamiltonian should be developed and also a scheme for
the polarization of the solvent in the prcschcc of the solute field should be studied.
Among our goals are first principle simulations for chemical reactions and biological
processes for medium size systems in water.

5. Larger Systems with Quantum Molecular Dynamics

Let us now move to an example of a relatively large molecular system for which
we wish to determine the equilibrium geometry and the relative stability of positive
and negative ions and the relative energy of excited states. We shall assume no sym-
metry point group, since the unconstrained geometry determination is one of the main
goals.

The study of carbon clusters has attracted attention recently. Large carbon
molecules have, however, a long history and were found first not in a laboratory but by
quantum chemical computationsﬁl. In the past few years, both experimental and
theoretical methods have been employed to explain the unusual predominance of the
60-atom cluster in the mass spectra obtained with the laser vaporization cluster beam
te:chniques.62 Experimental evidence has shown that (i) the dominance of Cgp increases
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with longer clustering times, (ii) both Cgo and C¢ are dominant clusters, (iii) there
exists a special binding site for carbon-metal complexes, CgoX (X = La, Ca, Sr,
Ba), and (iv) the Cgp cluster is not reactive. These results have led researchers to
believe that a single structure is responsible for the experimental observations, with
the most probable candidate the truncated icosahedron, the so-called buckminsterful-
lerene. Having the structure of the soccer ball, this Cgo configuration has 12 pen-
tagonal and 20 hexagonal faces with each atom identically bonded to 3 atoms.

Previous theoretical investigations of the Cgg structure have been limited
to Hartree-Fock calculations with relatively small basis sets and semi-empirical
methods®®. Due to the large number of electrons, the quantum chemical approaches
have had difficulty to incorporate all degrees of freedom in the search for the low
energy structure. For this reason we have used the Car-Parrinello approximation, which
allows complete degrees of freedom while deriving the parametrized interaction
potential directly from the electronic ground state. The method, involving both
density functional theory and classical molecular dynamic simulation, has been
implemented in a study of the structure and dynamics of the Cgp buckminsterful-
Jerene. The method is presently limited to closed shell ground state functions and ener-
gies, namely, it suffers the standard limitations of today’s density functional theories.

Our calculation of Cgp, reported elsewhere in detail,® utilized the Bachelet,
Hamann, Schluter pseudopotcntial67 and plane waves for the wavefunction expansion
with an energy cutoff of 35 Ryd. The Perdew- Zunger®® form of the LDA was used
for the exchange-correlation energy. The simulation employed a supercell of
17.5A and FCC periodic boundary conditions. Approximately 32,000 plane
waves were required for each state. The *mass’’, m, was fixed at 500 a.u. and the
time step for integrating the equations of motion was 3 au. The simulation
required 256MB of memory and 90 seconds per iteration of the IBM-3090/600J. The
wall-clock time was reduced by a factor of 5 by running in parallel on 6 proces-
sors. To obtain the ground-state structure and achieve equilibration about 300 hours
CPU time were used on a dedicated IBM-3090/600J running in parallel.

The initial Cgy configuration had the structure of a soccer ball with all bonds with
the same length as in graphite. Once a self-consistent solution to the Kohn- Sham equa-
tions had been achieved, geometry optimization was performed by solving a set of
steepest descent equations. The final ground-state structure has two different bond
lengths, a short bond, 1.389 A, on the edge between two neighboring hexagons and a
longer bond, 1.448 A on the edge between an adjacent pentagon and hexagon. A pre-
vious quantum mechanical calculation found similar results with short and long bonds
of 1.369 A and 1.453 A, rcspcctively63. The radius of the ball from the present calcula-
tion, 3.53 A, agrees with the experimental estimate®? of 3.5 A.

The ground-state structure obtained from the above density functional calcula-
tion has been used as input into a Hartree-Fock calculation®® where (see Table III) the
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SCF energy and corresponding correlation corrections, obtained with density function-
als, are tabulated not only for ions and excited states, but also for complexes with
alkali ions or atoms placed at the centre of the carbon ball. These computations are
large on today’s standard and have been obtained using a double zeta plus polarization
functions. The total number of uncontracted gaussian functions is 1800 which reduces to
960 upon contraction. Since it was decided to test the geometry obtained with the Local
Density Functional approximation, the Hartree-Fock computation made no use of sym-
metry. Notice that the binding energies of Table III are the first literature data on binding
of atoms inside fullerene.

The dynamics of the Cg cluster was also investigated. The nucle: were
first heated by scaling their velocities to achieve the target temperature. Since heat-
ing the atoms this way causes the wavefunction to drift from the Bom-
Oppenheimer surface, periodic steepest descendent quenches for the wavefunction
were required to regain the self- consistent solution. Once the velocity scaling
ended and a final minimisation for the wavefunction was performed, the atoms
were allowed to evolve in time according to the equations of motions. A total of 1.4
ps (20,000 MD steps) were simulated following the velocity scaling. After a period
of equilibration the atomic trajectorics were analyzed and the phonon density of
states determined. The predicted high (1312 cm™!) and low (452 c¢m 1y frequency A,
modes are expected to be Raman active and should be experimentally observed’®.

Let us now move to large systems, for example, a sample of 1000 molecules of
water. Can we simulate this system using quantum mechanics at each time step for
energy and forces? Alternatively stated, can we make use of the Car-Parrinello tech-
nique for a very broad spectrum of physico-chemical properties? Scaling from 32000
plane waves needed for 60 carbon atoms to the 3000 atoms of the 1000 water
molecules, we estimate the need of about 1.5x10° plane waves. The corresponding
CPU time on an IBM 3090J is conservatively about 90 hours per time step with a
storage requirement of 20 Gbytes (this is contrasted to about 1.4 minutes per time step
using ab initio potentials of NCC type and a flexible water described below). But 90
hours on a IBM 3090 translates in about 1 minute on our Nike machine, thus totally
feasible, but not today! In addition, recent computations with the Car-Parrinello method
on the water dimer’® bring about questions on the present approach, since the computed
binding energy and geometry are rather poor on today’s standards, despite the parametri-
zation in the pseudo-potential and the density functional. Let us, however recall that
some physico-chemical properties can be obtained rather well even with notably poor
wavefunctions, and this partly offsets some of the above problems.
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6. Large Systems with Classical Molecular Dynamics and Ab Initio Potentials

Recently we have, once more, re—visited’> "> the task of formulating a new ab
initio potential for the gas, liquid and crystal phases of water, which improves the MCY
(Matsuoka, Clementi, Yoshimine) two-body potent:ial"'4 by including a polarizable
water model in place of the computationally expensive three” and four—body’®
corrections. The previous preliminary results’” (limited toa truncated expression of
the model) are now replaced with those from MD simulations - below summarized-
where the full polarization model”® with vibrational degrees of freedom is tested. The
new potential is designated as NCC, a short form for Niesar-Corongiu-Clementi. It
consists of a two-body part and of a polarization term. Previous computations,
where three™ 779 and four- body-"6 corrections were considered, have shown that the
many-body corrections are necessary for accurate quantitative predictions. How-
ever, the computational time increases dramatically when the two-body MCY
potential is extended with three- and four-body corrections, term by term. There-
fore we require a computationally less expensive algorithm which takes advantage
of the “’large memory’’ not available on previous computers.

In the NCC potential we chose an explicit representation of the polarization
effects®® by inducing dipole moments on every interacting molecule. The permanent
dipole moments of the water molecules are represented by three point charges per
molecule. The polarization on one molecule is hence primarily due to the global point
charge distribution of the surrounding matter. These induced dipole moments in turn
cause polarization on the other molecules and thus, this effect must also be
included in the polarization potential. The induced polarization is, as usual, taken
as a linear response to the electric field since the field is not very large.

In the spirit of deriving an ab initio potential to be used for liquid water simula-
tions, all parameters of the NCC potential have been fitted to ab initio calculated
data. We refer the interested reader to Ref. 72 where the ab initio calculations of
interaction energies for various geometries of 250 water trimer and 350 water dimer
configurations are discussed. We use the ab initio interaction energies of trimers of
water molecules to fit the many-body parameters, namely in the parameterization
of the locations of the induced dipole moments and the point charges, as well as the
polarizability and the value q of the point charge. This set of electrostatic parame-
ters was then used -unmodified- in the fit of the two-body potential to ab initio calcu-
lated interaction energies of water dimers.

One important characterization of the water dimer potential surface is its abso-
Jute minimum, i.e. the most stable water dimer configuration. This binding energy is
computed as 5.18 kcal/mole at an intermolecular O-O distance of 2.97A. The
potential around this configuration is very flat. In comparing this data with experimen-
tal values, care has to be taken since the available experimental results span a rather
broad range, particularly with respect to the binding energy.’! Recent results®>5?
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seem to settle around 5.4 £ 0.7 kcal/mole; possibly 4.8 + 0.4 kcal/mole is a more
accurate estimate.

The NCC potential is obtained by fitting ab initio quantum mechanical interaction
energies and makes no use of empirical parameters. The high quality of the NCC poten-
tial has been demonstrated® %> by the agreement with a large number of experiments.
We recall the excellent agreement for the pair correlation functions, X-ray and neutron
beam scattering, not only at room temperature, but for several temperatures, from hot
water (T=361 K) to supercooled water (T=242 K). The NCC potential also yields good
agreement with infrared, Raman and inelastic neutron scattering density of states for the
translational and rotational motions as well as for the bending and stretching bands in
the liquid,86 in the above temperature range. In addition, the reliability of the NCC
potential has been demonstrated not only for liquid water but also for deuterated liquid
waters®. Finally, the NCC potential yields an accurate second virial for the gas (from
T=395 K to T=1195 K) and a good density of states in the solid state (ice Ih)®" at several
temperatures. Since, however, the quantum mechanical computations did not include
fully the electron correlation corrections’?, some errors remain in the potential energy
surface (up to a few tenths of a Kcal/mole in the dimer binding energy) and this mani-
fests itself in a slightly too high binding energy with a consequent error in the simulated

pressure®,

In this work we make use of our very extensive data bank on MD computed trajec-
tories, attempting to answer the question ’"what is made liquid water of’. The trajec-
tories have been stored, after equilibration, for 12.4 ps for a sample of 512 water
molecules at T=242 K, T=268 K, T=284 K, T=328 K, T=361 K and for a sample of
1000 water molecules for T=305 K. All the MD simulations have been carried out with a
time step of 0.125 femtoseconds with a cutoff equal to half of the simulation box. The
reaction field method has been used to correct the error due to the truncation of the
interaction potential and a sixth order predictor corrector to integrate the Newton equa-
tion of motion. We refer to Ref. 85 for a more detailed description of the simulation pro-
cedure and the interaction potential.

At the quantum mechanical level, liquid water is clearly made of nuclei and elec-
trons, a decomposition which, while correct, is neverthenless not too useful till we
describe liquid water with quantum molecular dynamics rather than with classical
molecular dynamics. Thus, we could consider as "*objects’’ constituting liquid water the
hydrogen (or deuterium) and oxygen "'atoms’’, where the quotation marks are added to
stress that this description is accurate within the limits of classical molecular dynamics;
thus, tunneling and zero order energy correction are neglected. Notice that this decom-
position into *atoms’’ is the one adopted in our MD simulations and it yields the trajec-
tories stored in our data bank; unfortunately this description is still too complex to pro-
vide in itself a >’simple model’" for liquid water. Attempting a further simplified answer
to the question “what are the species of which liquid water is made of’’, we can
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consider a decomposition of the liquid into water molecules (either H;O or D,0), how-
ever not ’isolated”’ molecules of water, but *’solvated’’ molecules of water. The need
to consider for the liquid as **basic particles’’ not “isolated water molecules’ as it is in
the gas phase but ’solvated water molecules’ is a direct consequence of the MD
findings, as summarized below.

Let us now look at solvated water molecules as the building blocks of which liquid
water is made of. In the following, we shall extract from our trajectory data bank struc-
tural and dynamical information on the water molecules enclosed within a given
volume, the solvation shell volume. To do this, it will be advisable to fine-tune the
definition of >’solvation volume’’. We can define the hydration shells either with refer-
ence to the minima of the pair correlation functions or by focusing attention on the coor-
dination numbers; below we will analyze both alternatives. Later on we shall sharpen the
analysis and ask questions on molecular patterns (clusters within the liquid) which have
been defined by tracing the hydrogen bond networks.

As it is well known, the position of the first minimum of the oxygen-oxygen pair
correlation function, goo(r, T). can be used to define the value of the first solvation shell
radius; equivalently, the second (third) minimum defines the second (third) solvation
shell radius. In Fig. 1 (inset a) the goo(r,T) are reported. Notice that i) the first
minimum, I, (T), is temperature dependent (the higher the temperature, the larger the
radius) and ii) that for T= 361 K the radius is about 3.43 A. The second solvation shell
has a minimum at R=5.61 A, which is temperature independent. Notice also the
existence of isosbestic points, particularly the one at about 2.8 A and the one at about 3.8
A (we shall return on these feature below).

In inset b of Fig. 1, we report the OH pair correlation functions, gou (1, T). Notice
that the first peak, centered around 1 A, corresponds to the intra-molecular and the oth-
ers to the inter-molecular correlation functions. Details on the intra-molecular O-H pairs
are given elsewhere®. For gou(r,T), the position of the first minimum is almost tem-
perature independent and it occurs at R~ 2.45 A.

As known, the integral from O to r of the gqp(r,T) pair-correlation function defines
the coordination number, Ngg(r,T) for a sphere of radius r. By choosing an oxygen
atom as the sphere center, we can ask how many additional oxygen atoms can be found
within a sphere of a radius r; equivalently, selecting again an oxygen atom at the origin,
we can count the hydrogen atoms within the same sphere, this time integrating gou(r.T)-
In Fig. 1, we report the coordination numbers Noo (inset ¢) and Noy (inset d) of the OO
and OH pairs as a function of the temperature. We note that the same value of a coordi-
nation number is reached at very well defined values of R independent from the tempera-
ture (isosbestic point). Notice also that the isosbestic points for the coordination
numbers do not coincide with the isosbestic points found in the corresponding pair
correlation functions. From insert ¢ of Fig. 1 we learn that for Noo the first two isosbes-
tic points occur at R=3.24 A and R=4.50 A, respectively. The first isosbestic point falis
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in the neighborhood of the first minimum of goo(r,T); the second isosbestic point occurs
near the maximum of the second peak of goo(r,T).

At R=3.24 A and R=4.50 A the values of Noo(r) are ~ 4.15 and ~ 12.0. The growth
of the Noo functions is relatively linear for high temperature, but has step-function
behavior for low temperatures; this observation suggests the existence in the liquid of a
non-homogeneous ‘‘local’”’ density, which becomes, however, more and more homo-
geneous as the temperature increases.

By inspecting the growth of Nogy(r,T) we notice that the first isosbestic point
occurs at R=— 2.52 A with Nog=1.02x 4= 4.08 OH pairs. (We recall that the total
number of OH pairs, occurring within a sphere of radius R, is given by the Noy value
multiplied by four, since for any two water molecules, there are four intermolecular OH
pairs, which might or might not be hydrogen bonds).

In Fig. 2 (inset a) we report Noo(r) and Nog(r) as function of T, using as shell
radius the value of the first minimum of goo(r,T) and gop(r,T). From the figure we
learn that the N coordination number is a bit more than 4 in the range 240 - 305 K.
Above the latter temperature value, the coordination number increases sharply, pointing
to a structural reorganization in the liquid. It is interesting to notice that above room
temperature, the coordination number indicates sizable probability of five water
molecules coordinating a central one (rather than four). By integrating up to the first
minimum of goy(r,T), i.e. R=~2.45 A, we obtain, for the temperatures here considered,
the Noy values shown in the a inset of Fig. 2. We note that, as temperature increases,
the two curves do not grow in a parallel way. Indeed, at high temperature, one oxygen
atom is coordinated with 5 oxygen atoms and 3.80 hydrogen atoms, whereas at low tem-
perature one oxygen atom is coordinated with 4 oxygen and 4 hydrogen atoms.

If liquid water would have a regular structure, for example with water tetrahedrally
coordinated (via hydrogen bonds), then each oxygen would experience four oxygen and
four hydrogen atoms. Thus, the above Noo and Nog values suggest that we should look
for irregular structures or for other hydrogen-bonded aggregates, for example dimers, tri-
mers, tetramers, pentamers and higher complexes.

In the past decades, much attention has been given to the structure of liquid water
and on the role of the hydrogen bond (for recent literature, see for example Refs. 88-94).
These papers advance a number of ''non-unique’” definitions for the hydrogen bond.
According to some,®® geometric constraints are assumed, but arbitrariness is introduced
in the **h-bond”’ values of the distances and angles defining the mutual orientation
between water molecules. For others®®* the hydrogen bond should be defined in terms
of interaction energy between water molecules; but this definition too has its own
shortcomings, since arbitrary choices are introduced in the definition of the interaction
energy and in its cutoff. All those papers (Refs. 88-94), explicitly or implicitly, assume
that each water molecule is tetracoordinated (and deviation from this coordination is
considered an anomaly); in addition, the coordination 1s obtained with reference to
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oxygen atoms only, and this is assumed to constitute also a valid identification of hydro-
gen bonds.

However, from inset a of Fig. 2, we learn that we must distinguish between O-O
and O-H interactions. Indeed, as already pointed out, the two coordination numbers do
not grow in a parallel way upon temperature variation. In other words, we can not
assume that if a O-O pair satisfies some distance conditions there is necessarily a hydro-
gen atom in between, forming a hydrogen bond. To refine the above reasoning with a
more quantitative description, we first define a radius more suitable for our analysis and
then we look more closely at the number of oxygen and hydrogen atoms within the shell
volume.

Here, we now chose as shell radius the R value of the first Nog isosbestic point, R
= ~3.24 A, which is somewhat larger than the radius of the first goo minimum for low
temperatures and somewhat smaller for high temperatures. Being Noo (R=3.24) tem-
perature independent, it eliminates one variable from our analysis. We recall that at
R=- 3.24 A, the Npg coordination number is 4.15. This done, let us ask the question:
considering a water molecule, how does its solvation number vary within 12
picoseconds (the time length of our simulation). In other words, ~ow many oxygen atoms
can we detect within this solvation volume as function of time, i.e. from the beginning to
the end of our MD simulation. In inset b of Fig. 2 we consider a random molecule from
our sample (for the simulation at T=305K) and we follow the Noo coordination for a
few picoseconds: at the beginning (t=0) it is surrounded by four neighbors, then by 3, by
2, by 3 and again by 4, all this within the first picosecond; as the simulation time
proceeds, from a minimum of 1 to a maximum of 7 oxygen atoms surround that one
taken as the solvation sphere center. In general, the “lifetime’” (i.e. the time length with
the same coordination value) of these *"clusters’’ varies from a small fraction of ps to
about 1 ps. Equivalent histograms can be obtained not only considering the oxygen
atoms, but also the OH pairs. We recall that an ""OH pair’’ does not necessarily imply a
’hydrogen bond’’.

Let us now generalize and consider, for a given temperature, the total population of
the water molecules surrounded by 2, 3, 4, etc. oxygen atoms within the solvation radius
of 3.24 A, and let us repeat this analysis for all the temperatures we have simulated. The
resulting data (normalized) are reported in Fig. 3 (inset a). We can immediately notice
that, for all the temperatures, the water molecules tetra-coordinated are the most abun-
dant, but by increasing the temperature, this popvlation decreases with a concomitant
increase of water molecules with both lower and higher coordination numbers. This is
equivalent to say that upon heating, the liquid, because of increasing diffusion, becomes
more disordered with simultaneous presence of high density regions (coordination
higher than 4) and low density regions (coordination 2 and 3).

From the value, 4.15, of Ngg coordination number at R=3.24 A (for all the tem-
peratures), one could conclude that each water is tetra-coordinated and thus propose a
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continuous model for liquid water, valid for all temperatures; this conclusion, however,
would not be in agreement with the data of Fig. 3. The conclusion that the population of
the tetra-coordinated water molecules is the most abundant, couid be a consequence of
the value of R selected to define the hydration volume. By repeating the same kind of
analysis, but with a different radius for the shell, specifically the one of the first
minimum in the goo (1, T), one obtains the data reported in inset b of Fig. 3. In this figure
we notice that, except for T ~ 361 K, still the tetra-coordination is the most abundant.
However, passing from low to high temperature, the coordinations higher and lower than
four do no follow anymore the same patterns as in inset a of Fig. 3 for example, above
room temperature the penta- and hexa-coordinations start to be more and more abundant.

We now consider the time stability of the cluster distributions, defined as the aver-
age number of consecutive time steps the same water molecules belong to a given clus-
ter. This is reported in Fig. 4 for the various temperatures and coordination numbers for
the OH clusters. The tetra-coordinated waters not only are the most abundant, but also
the most long living. In addition, we learn that by increasing the temperature the lifetime
decreases as a consequence of the thermal motion. Notice also that for the tetrahedrally
coordinated molecules, as temperature approaches the supercooled values, the life time
is large but still much shorter than in ice. We have not reported the decay diagrams for
the QO clusters, since those present the same trends given in Fig. 4,

Each water molecule is both a *"solvent molecule’” and a *’solute molecule’’; at the
same time, each water molecule is part of a network. Indeed, we can view the solvation
shell as a time averaged representation, resulting by considering a given water molecule
as fixed in space with its neighboring molecules librating around it; the librations are,
however, motions which are transmitted through the network.

If we consider only a small solvation volume, for example the first hydration shell,
then all what we can see are “librations’” of the solvating water molecules, hydrogen-
bonded to the central water molecule. However, if we consider a larger volume,
corresponding to water molecules strongly hydrogen-bonded, then we would see that the
**libration’’ of one molecule is coupled to the libration of a nearest molecule, with the
coupling being stronger along the networked pathway. In this larger volume the network
representation becomes the characterizing feature, whereas in a small volume, the sol-
vation is the main aspect. Strongly coupled librations extend over a few water
molecules and appear as localized *’collective motions’’ over this limited pathway.
Clearly, there are many pathways, each one with its *’localized motions’’. The motions
are not in phase and thus have strong positive or negative interferences. These interfer-
ences build up (or destroy) micro-regions of ~"ordered material”’ and in so doing create
new patterns, which modify the network, some of the patterns can be interpreted in
terms of cyclic structures. In the following we shall attempt to show that this is the
model derived from our MD trajectories.
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We now focus our attention on specific pathways formed by hydrogen bridges, i.e.
"structures’’ which can be obtained by following a specific path once some pre-defined

rules and constraints are selected.

At each time step in our simulation, each water molecule belongs to a cyclic
structure’’, which is defined by the following rules: Starting with one of the two OH
bonds, one moves to the nearest hydrogen bridged water, then to the next one, satisfying
the condition that among different pathways one selects the one which will close the
pathway on the starting water molecule. Notice that >’by construction’’ we search for
>’cyclic structures’” purely on geometrical grounds, neglecting both energetics and life-
time conditions (for this reason, we have used the old notation "hydrogen bridge’’ rather
than "hydrogen bond’’). In the above selection rule, the operational definition for the
existence of a hydrogen bridge is that a hydrogen atom must exist between two oxygen
atoms, with a maximum intermolecular distance of 2.45 A, the distance of the first
minimum in the goy.

With the above definition, however, one might generate large polygons, which
often will contain small polygons as substructures. To our knowledge, two algorithms
have been proposed in literature to analyze the network topology in terms of polygon
statistics. One algorithm®? focus attention on *’non-short circuited”” polygons, and the
other’? on “primitive’’ polygons. For details between the two algorithms we refer to
Refs. 89 and 92.

In the search and count of the polygons, we adopted two definitions, the first one
counts all possible closed circuits, eliminating however those large polygons which con-
tain all the atoms of small ones. The second definition, coincides with the ’'primitive’’
polygon definition of Ref. 92. We call the two *’ways of counting’” N; and N (for
redundant, r, and primitive, p) polygons, respectively. Notice that, while, the N;
definition is somewhat redundant, the Ny is not unique. Notice in addition that, when we
apply both definitions to water molecules with configuration as in ice Ih, limiting our
analysis up to polygons with dimension 8 (octamers) we obtain hexagons and octagons
with the N, definition; whereas with the N, definition we find only hexagons.

In Figure 5 we report the number of cyclic structures (H,O), with n=3, 4, eic. rela-
tive to the number of water molecules, Ny, in the sample. The top inset of Fig. 5 refers
to the "'redundant” definition and the bottom inset to the *’primitive’” definition. By
construction, the number of trimers and tetramers coincide in the two definitions. In the
top inset of Fig. 5 one can notice that for n=3 and 4, the ratio of N;/Nw increases with
temperature, but from n=5 to n=8, the opposite holds; in addition, for n=8, at low tem-
perature, the ratio is larger than 1. Both observations are related to the fact that the water
molecules of a given (H,0), cyclic polymer can participate to more than one polygon.

We notice that the trimers have the largest O-O distances, followed by the tetra-
mers and then by the larger polygons. Whereas for the trimers the distance remains
almost constant for all the temperatures, the O-O distance of the larger polymers have a
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strong temperature dependence, which approaches the value of ice. Comparing these dis-
tances with those of the clusters in gas phasc95, we find for the trimers in the liquid an
average O-O distance of 2.90-2.92 A, whereas in the gas phase the distance is of 2.96 A
Larger differences are found for the other clusters: in the gas phase the distances are in
the range 2.95-2.97 A, in the liquid phase 2.77-2.87 A.

In conclusion, a molecule of water in the liquid can be considered as the node (site)
for one or more hydrogen bonds; our model yields about four (a bit less for high tem-
perature) hydrogen atoms in the first solvation shell surrounding a central oxygen atom.
However, our model predicts from five (high temperature) to four (low temperature)
oxygen atoms coordinating a central one in the first shell. These are average distribu-
tions; a closer analysis yields a distribution of two-, three-, etc., up to seven atoms COOI-
dinated to the central one. The most abundant are the tetra-coordinated and the penta-
coordinated structures: at low temperature the former are the most abundant, but at high
temperature, the latter become equally important or even somewhat predominant,
depending on the specific choice of the solvation shell radius. If, however, we focus
attention on the O-H pairs (rather than the O-O pairs), then the trimers appear to be as
important as the pentamers. From our trajectories we learn that the population of the
tetra-coordinated water molecules approaches the total population as the temperature
approaches the lowest supercooled temperature: this indicates that at the lowest super-
cooled temperature liquid water is a fully connected network. The significance of these
findings is enhanced by our finding that the above structures persist for time scales much
longer than water vibrational frequencies and vary from a few hundreds to a few tenths
of a picosecond, longer for the tetra-coordinated structures, shorter for the others. There
are also indications that the decay time requires 2 mechanism involving two processes, a
short (with high population) and a slow one (with low population).

The analysis of the hydrogen bonded networks brings about a search for closed cir-
cuit hydrogen bonded substructures (polygons). This analysis must contend with non
uniqueness in the polygon definition. In turn, different definitions bring about largely
different substructure population. From this work and also from previous findings avail-
able in literature®®%? we can identify triangular, quadrilateral, etc. polygons; the pentag-
onal structures are the most abundant. From our work we learn that, with exception of
the triangular structures, the O-O distance is temperature dependent and tends to the gas
phase values for high temperatures, whereas, at low temperatures it approaches values
found in ice. The computed lifetime values are very close for the different polygons and
are of the order of a few hundreds of a picosecond. Notice that in the lifetime analysis of
solvation complexes reported above each molecule of water contributes to the statistics;
however, for the polygons this is not the case and as a consequence our statistics can be
used only for preliminary predictions.

A second conclusion relates to the methodology. Starting with ab initio quantum
chemistry we have developed more and more refined interaction potentials’>~". These
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are our input for MD simulations, which accurately predict a vast number of data obtain-
able also from laboratory experiments. But our simulations yield also a vast library of
trajectories, experimentally not attainable: this library is the input needed to obtain "'a
model’’ -even if preliminary- of the most interesting liquid on earth.

7. The Time Scale Problem

Molecular dynamic computations are now extensively used to refine the experi-
mental X-ray or NMR structure and to calculate the free energy differences which are
essential to a correct evaluation of binding equilibria and the changes introduced
by site-specific mutagenesis. The success of MD simulations largely depends on
the accuracy of the interaction force fields, and the ab initio quantum mechani-
cal calculations have played a critical role in the determination of these interaction

force ﬁclds%’97.

In this section we shall concentrate on the effect of the solvent molecule on pro-
tein dynamics.%'99 Due to the complexity of the force field needed to describe the
interaction between the protein atoms, protein-water molecules and water-water
molecules and due to the fact that the time steps used in the MD simulations are of the
order of a few femtoseconds, in general, the total duration of the molecular simulation
lies in the range of 10-200 picoseconds. To describe the protein dynamics in the
nanoseconds and microsecond time domain and beyond, we have to seek new simula-
tion strategies which can transcend the limitations inherent in the molecular dynamic
approach. One possible alternative is the stochastic dynamic simulation (SDS
methods)'®1%¢ wherein the dynamic evolution of the biomolecule is studied in
hierarchy of Langevin equations, on a time scale which gets progressively coarser. In
SDS the effect of the dynamic modes not considered explicitly are taken into account
by suitably defining friction and random forces. Following Allen!® and van Gunsteren
and Berendsen, %’ the random force R, is presumed to have a white-noise character
and thus the frictional force depends on the instantaneous velocity of the particle
involved.

Below we shall discuss one particular application, a study of the dynamic motion
in a small protein, the bovine pancreatic trypsin inhibitor. In recent years several
experimental, theoretical and molecular dynamic studies on the structure and the
dynamics of the BPTI protein have been rcported%’l%'m. Three 25-ps molecular
dynamics studies by van Gunsteren and Karplus detailed the dynamics of the BPTI in
vacuo, in a nonpolar solvent, and in a crystalline environment!®. Smith et al.
analysed the incoherent neutron scattering in a BPTI molecule, !!® Levitt and Sharon
conducted a 300-ps molecular dynamic simulation and studied the way the BPTI pro-
tein changes the properties of the surrounding water molecules.}!! Cusak et al.
measured the time-of-flight spectra and the generalized density of states in the BPTI
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protein.|% 110112 Clementi et al. conducted two 52-ps molecular dynamic simula-
tions®® of the BPTI protein in vacuo and in solution and calculated the density of
states and time-of-flight spectra and compared them with the experimental and
theoretical results obtained in the framework of the normal mode analysis. In the fol-
lowing, we discuss a stochastic dynamic simulation of the BPTI protein. To calculate
the interaction force between protein atoms we use the potential force field by Weiner
et al., 113 where the hydrogen bond is represented by an explicit term.

The results of the stochastic simulations are compared with the molecular
dynamic simulation of BPTI in water®® where the dynamic evolution of 892 atoms of
BPTI and 2676 water molecules was studied for 52ps.

To initiate the stochastic dynamics simulation of the BPTI protein, first we have
to determine the friction coefficient y; of 892 atoms constituting the BPTI protein. In
our study, we used the molecular dynamic trajectories to estimate the friction
coefficients.  First we calculate the diffusion coefficient of each of the 58 residues
constituting the BPTI molecule and then define the friction coefficient of each atom,
assuming that the atomic diffusion coefficient is equal to the one of the correspond-
ing amino-acid residue.

The stochastic dynamics simulation was conducted in a cube of 120.0 x 120.0 x
120.0 A3. The temperature was set to 300 K and the time step of the simulation was
0.5 fs. The 8192 configurations were collected during a 32 ps simulation. On an
IBM-3090 computer, the CPU time per time step for the stochastic dynamic simu-
lation was approximately 2.95 sec. The molecular dynamic simulation of the BPTI
protein in 2676 water molecules took 48 sec. per time step, while for the molecular
dynamic simulation in vacuo the CPU time per time step was 2.69 sec. Thus, the sto-
chastic dynamic simulation was approximately 16 times faster than the molecular
simulation in solution. In the stochastic dynamic simulation the average RMS devia-
tion was around 0.8A which is considerably less than the one found in the molecular
dynamic simulation®® in vacuo (2.7 A) but close to the RMS deviation for the molecu-
lar dynamic simulation in solution®® (~ 1.2 A).

When we compared the MD and SDS trajectories by analyzing the incoherent neu-
tron scattering spectra and the generalized density of states, we found that our stochas-
tic dynamic simulation results are in reasonable agreement with the molecular
dynamics results. The shape of the curve is also consistent with the available
experimental scattering intensities from the power sample'®. In the stochastic
simulation the protein atoms experience the viscous damping due to the presence of
solvent atoms. This seems to enhance the low frequency modes in the density of states
spectra. This is in agreement with the results predicted by Smith et al.11? who
argue that small conformation modifications of protein due to changes in surface
interaction upon addition of water modifies the mode spectrum such that there 1s a net
shift form higher to lower frequencies.
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Our simulations indicate that aspects of the internal motions of the BPTI pro-
tein can be obtained by using the stochastic dynamic simulation techniques which are
one order of magnitude faster than the molecular dynamics method. Here, it
would be appropriate to remark that the methodology employed in the present SDS
simulation is a realization of the simulation strategy alluded in the *’global simula-
tion technique”!1*113. One of the characteristic features of the global simulation tech-
nique is the existence of an inherent connectivity in the different computation models
describing the natural processes at different time scales, and this is sketched in Fig. 6.
Thus in the case of protein dynamics, the determination of the potential force field
from the quantum mechanics methods constitutes the first step in the global simu-
lation strategy, the second step is performing the molecular dynamics simulation and
the determination of the friction coefficients from the molecular dynamical simulation,
marks the beginning of the third stage of the global simulation approach.

8. Global Simulation

Ideally we demand from computational chemistry the ability to realistically simu-
late “’any’’ problem at “*any’’ desired accuracy. Well, this sounds a bit like ""Alice in
Wonderland'’, but this - however hard and far - is exactly the goal of computational
chemistry. Today there are many methods and within each method several
approaches or techniques. Today the computer power is notable and easily available,
especially if compared with the past. Thus, it is finally possible to realistically
attempt to experiment with the *’global simulation approach’. The main idea is that
any problem, no matter how complex, can be subdivided into soluble subproblems
and the output of one subproblem is all we need (i.c. “'the full input™) to solve the
next subproblem and so on. Thus we could realize the equivalent of an *assembly
line”’, solve any problem and increase our productivity. Clearly, today we are only at
the beginning, a bit like where England was at the beginning of the first industrial revo-
jution. But knowledge processing, artificial intelligence, expert systems will help
computational chemistry in the same way as production lines, which nowadays are
equipped with robots or even *’intelligent robots’” and not only "’blue collar workers’’.
For this reason in this work, we have often referred to the 1996-1998 period and to
the Nike computer.

The road map of the assembly line for chemistry and material sciences is given in
Fig. 6. It is part of a more complex map, which one of us (E.C.) has described else-
where3”> 113 From ab initio (Hartree-Fock, HF, or many body, MB) or from semi-
empirical, SE, or density functional theories, DFT, we can compute interaction ener-
gies, fit the data to appropriate interaction potentials and use these in classical
molecular dynamics. Alternatively, we can use quantum mechanics at each time step of
the molecular dynamics simulation.
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The first attempt in this direction is the one undertaken by one of us (E.C.)
and co-workers in 1978 in a study of the papaine reaction. There, we realized the
need for two scale of motions “atomic’’ motion for the protein and reagent far
from the reaction site and ’’electronic’’ motions needed to describe bond breaking
and bond formation'!®. The former *’macro-motion’> was obtained with a 1978 molecu-
lar dynamics approach (for the study of proteins) the latter *’micro-motion’ was
obtained using a quantum chemisiry ab initio program. The computations was
however extremely heavy for the 1978 computers. A subsequent physically similar but
more refined approach is the one by Car and Parrinello® yielding what we call “’quan-
tum molecular dynamics’’. Presently, the Car-Parrinello is essentially a semi-empirical
method, since it is empirically parametrized both in the density functional and in the
pseudo-potential. Also the “fictitious mass’’ is an empirical parameter; hopefully, in
time, the method will become *’truly ab initio™’.

In Fig. 6 we have assumed an expansion and growth for the Fock-Dirac based
methods equivalent to the one we have already experienced for the Hartree-Fock based
methods. We think, that this new development will be basic for the understanding of
such fenomena as catalysis, materials with special optical, magnetic or electronic pro-
perties, new drugs, etc. The bottom third of the periodic table is an unacceptable limita-
tion! A very approximate rule of thumb, approximates to a factor of 16 the slow down of
a Fock-Dirac relative to a Hartree-Fock computation. This factor arises because of the
increase in the basis set due to the kinetic balance approximation, and partly because of
the overall heavier algorithm.

In Fig. 6 we have also explicitly indicated the third avenue mentioned in the mntro-
duction, i.e. progress in reaction rate computations. The new laws controlling the air
quality should be noted in this regard. An ab initio flame, the simplest one like O with
H,, is within the feasibility of today’s methods, software and hardware.

Finally, in Fig. 6 we have shown the links between the scientific methods and other
methodologies indicated as A.L (artificial intelligence), N.N. (neural nets), factor
analysis, etc. In Ref. 115, we have shown that a reasonable starting point for annealing
in protein folding can be provided by a N.N. search. Of course, there is a most notable
difference between *’starting point”> and "’solving the problem’’. Concerning the impact
of the Vth generation concept on chemistry, we suggest to look at Ref. 117.

We have discussed how to connect molecular dynamics to stochastic dynam-
ics: clearly much remains to be done, to truly deal with the different time scales
needed in chemistry. We recall that the connection to fluid dynamics is obtained
via microdynamics but also by using cellular automata techniques : MOTECC-91
contains chapters on these topics and MOTECC-Club, Inc. is distributing the
corresponding computer programs.
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9. Conclusions

In this work we have teported timings obtained on different areas of computa-
tional chemistry, all using computers with essentially the same speed, either an [BM-
3090/600J or an IBM-9000/720, both with vector features. Then, we have extrapolated
to more complex systems obtaining *horrifying forecast’’ which, however, were nicely
divided by 5000, the factor between the IBM-9000/720 and Nike our *’dream computer
of 1996-1998"". Perhaps we can look at computational chemistry in a more even-handed
way by focusing on the complexity of various methods and techniques.

Let us consider a system of N electrons described by M, contracted functions and
Mp primitive gaussian functions. A semi-empirical package, like AMPAC, grows as N 2,
thus one can perform medium size computations (for examples 3 Guanine-Cytosine base
pairs, GC, i.e. 87 atoms and 408 electrons) very confortably on today’s workstations.
Certainly here we do not need neither Nike nor an IBM-9000. However, a Hartree-Fock
type computation with its M?% complexity becomes a bit more demanding. Indeed, for a
(9,5/4,2) double zeta basis set, M,=630, and the value of Mp=1548 brings about 2x10'0
integrals over primitive functions. (Actually many integrals are vanishingly small and
only about 4x107 are above a small threshold; a M %08 rather than Mj‘a'o dependence. The
computer time is of the order of 10 hours on a dedicated IBM-9000/720 used in parallel
or about one hundreth of an hour on our Nike! :

In between the N2 and the N§ complexity, there is the ~ N3 complexity of the den-
sity functional approaches with gaussian basis sets. Naively, one might assume that the
3 GC base pair computation above mentioned should required about (10/1548) hours,
ie. a fraction of a second on the dedicated IBM-9000/720. Unfortunately this is not the
case: in the density functional computation there is a prefactor, S, much larger than
unity. Thus, the scaling is not from 1548% to 1548° but to (S><1548)3. It is for this reason
that density functionals are often used in connection with pseudopotentials to reduce N
and thus Mp.

This is only one of the limitations of the density functionals, a more fundamental
one is in the **incorrect’’ ratio between the exchange and the Coulomb energy and in the
inability to satisfy the virial theorem. We recall that all the vector coupling coefficient
theoretical development is simply ignored in today’s density functional approaches, par-
ticularly those where the exchange and the correlation energies (both the potential and
the kinetic contributions) are lumped together. This approximation, acceptable in the
1950’s (the beginning of the Xo approximation) somewhat less acceptable in the mid
1960’s (the beginning of Kohn-Sham applications), has little reasons to survive in the
1990°s. Tt seems abundantly clear that a much superior physical description is obtained
by solving the Hartree-Fock problem correctly and by adding to it the correlation energy
obtained by density functionals. There is a simple variant: one can start either with a

Hartree-Fock or with a very short multi-reference set which ensures a correct reference
StatellS—lZO.
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Alternatively, one can construct one-electron functions from an effective potential
which sums to the standard Hartree-Fock potential a correlation term; the latter can be
either one of the density functionals available in literature (with or without gradient
corrections) or some functional form related to the Coulomb hole, for example terms of
the type cxp[—f(p)r,-zjlrij]. Previously, f(p) has been parametrized in a rather cumber-
some way not explicitly as a function of the density. Notice also that the exponential
term brings about matrix elements for which the analytical solution is known. Such
Coulomb hole terms should correct each one of the Hartree-Fock Coulomb terms with a
weight given by the standard Hartree-Fock vector coupling coefficients. This technique
yields reliable values for the ground and the excited state3” 121122 yhile retaining a N*

complexity.
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TableI  Selected ab initio calculations for the ground state equilibrium energy of Hs .
Authors Method R (b) E(h)
Salmon, et al.? (1973) CI, 18 SP 1.6500 | -1.34335
Mentch, et al.? (1981) Random Walk | 1.6500 | -1.3439+0.0002
Preiskorn, et al.2 (1984) | SCC, 24 CGLO | 1.6504 | -1.343422
Burton, et al.Z® (1985) CI, 108 PNO 1.6525 | -1.34272
Meyer, et al.2? (1986) CL 104 CGTO | 1.6504 | -1.34340
Anderson®® (1986) Random Walk | 1.6500 | -1.34376 +0.00003
Traynor, et al.>! (1988) Random Walk | 1.6500 | -1.34387 +0.00005
Urdaneta, et al.!” (1988) | HCI, 48 CGTO | 1.6504 | -1.343500
Huang, et al.*2 (1990) Random Walk | 1.6500 | -1.3433+0.0005
Alexander, et a.33 (1990) | RTO, 700 GTG | 1.6504 | -1.3438220
Frye, et al.>* (1990) HCI, 138 GTO | 1.6499 | -1.3438279

Note:

SP = Singer Polynomial, CGLO = Contracted Gaussian Lobe Orbitals, PNO = Pseudo
Natural Orbitals, CGTO = Contracted Gaussian Type Orbitals, RTO = Random
Temperd Optimization, GTG = Gaussian Type Geminal, GTO = Gaussian Type
Orbitals.



Tablel  Selected ab initio calculations for the ground state equilibrium energy of Hy .

Authors Method R (b) E (h)
Salmon, et al.?> (1973) CL 18 SP 1.6500 | -1.34335

Mentch, et al.?® (1981) Random Walk 1.6500 | -1.3439 £ 0.0002
Preiskorn, et al.Z’ (1984) | SCC,24 CGLO | 1.6504 | -1.343422

Burton, et al.?% (1985) CI, 108 PNO 1.6525 | -1.34272

Meyer, et al.2 (1986) CL 104 OGTO | 1.6504 | -1.34340
Anderson®® (1986) Random Walk | 1.6500 | -1.34376 +0.00003
Traynor, et al.>! (1988) Random Walk | 1.6500 | -1.34387 +0.00005
Urdaneta, et al.!” (1988) | HCIL, 48 CGTO | 1.6504 | -1.343500

Huang, et al.% (1990) Random Walk | 1.6500 | -1.3433+0.0005
Alexander, et al.33 (1990) | RTO, 700 GTG | 1.6504 | -1.3438220

Frye, et al.>* (1990) HCIL 138 GTO | 1.6499 | -1.3438279

SP = Singer Polynomial, CGLO = Contracted Gaussian Lobe Orbitals, PNO = Pseudo
Natural Orbitals, CGTO = Contracted Gaussian Type Orbitals, RTO = Random
Temperd Optimization, GTG = Gaussian Type Geminal, GTO = Gaussian Type

Orbitals.

Note:



Table I Electronic Correlation Energies in a.u. for some of the terms of the 2, 3, 4, 10 and 30

electrons isoelectronic series.

Z 2 3 4 10 30

-0.04196
-0.04204

3 | -0.04339 | -0.0450
0.04350 | -

4 | -0.04415 -0.0472 | -0.0899
-0.04427 -0.0471 | -0.0939

10 | -0.04551 -0.0509 | -0.1758 | -0.3706
-0.04569 -0.0507 | -0.1791 | -0.3915

18 | -0.04594 -0.0519 | -0.2740 | -0.3925
-0.04612 -0.0519 | -0.2770 | -------

30 0.04622" | -0.0523 | -0.4168 | -0.4046 | -1.32
-0.04599 -0.0524 | -0.4197 | -0.404 | -—--

Note: Top values from Refs. 38 or 53 (for Zn); bottom values from Ref. 39
(*) old value: -0.04616



Table I Top: SCF and Total Energies (in a.u.), Cohesive Energies, C.E. (in Kcal/mole), for
the Cgo clusters using the [(9,5,1)/(4,2,1)] basis set. The notation (s), (d) and (t)
refers to singlet, doublet and triplet. Bottom: SCF and Total Energies (in au.),
Complex Binding Energies, AE (in Kcal/mole), for the Cgo—Li, Cgo—Na and Cgo—K
complexes, using for the lithium atom the [(6,1)/(4,1)] basis set, for the sodium atom
the [(14,8,1,)/(7.3,1)] basis set, for the potassium atom the [(14,9,1)/(8,5,1)] basis
set, and for the carbon atom the [{(9,5,1)/(4,2,1)], basis set.

E(SCF) CE. || E(SCF+CC) | CE. | E(SCF+B) | CE.
Ceo (5) 22717596 | 111.36 | -2284.8453 | 150.89 | -2285.0280 | 145.76
C% (s) 22717442 | 11120 || -2284.9176 | 151.65 || -2285.0981 | 146.49
o0 22717481 | 11124 || -2284.8775 | 151.23 | -2285.0995 | 146.51
Ceo (@) 2271.8093 | 111.88 [ -2284.9168 | 151.64 | -2285.1196 | 146.72
CE ) 22714518 | 108.14 | -2284.4715 | 146.98 || -2284.6799 | 142.12

E(SCF) AE E(SCF+B) | AE
Ceo—Li* (5) | -2278.9995 | -2.37 2292.3325 | -14.27
Ceo-Li(d) || -2279.1735 | 11.43 -2292.5470 | -20.00
Ceo—Na' (s) || -2433.4422 | -7.09 2447.1430 | -20.55
Ceo—Na (d) | -2433.6149 | -1.65 -2447.3570 | -18.30
Ceo-K* (5) | -2870.7555 0.22 -2884.8769 | -25.18
Ceo-K (d) | -2870.9295 | -16.80 -2885.0919 | -62.29




FIGURE CAPTION

Figure 1. Pair Correlation functions. a): goo(r, T)- b): gon(r,T). Coordination numbers.
¢): Noo(r,T). d): Nou(r,T).

Figure 2. a) Coordination numbers. Noo(T) and Ngy(T) at different temperatures for
R=R,;, of goo(r,T) and gon(r,T). b) Histogram of coordination numbers for one water

molecule during 12 ps, at T=305 K.

Figure 3. Distribution of water molecules with coordination number from 2 to 7. Top:
0-O coordination number within a sphere with R=3.24 A. Middle: O-O coordination

number within a sphere with R=Ryi, of goo-

Figure 4. Normalized life time decay for solvated complexes with three-, four-, five-
and six-coordination.

Figure 5. Distribution of polygons with 3 to 8 water molecules in the redundant descrip-
tion (top) and in the primitive description (bottomn).

Figure 6. The global simulation zipproach.
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