Designing molecules
and crystals by computer

An in-depth overview of computer-aided chemical de-
sign is presented through a discussion of three sys-
tems that we developed: the Molecular Design Support
System, MolWorld, and the Molecular Orbital Graphics
System. The first is considered as an example of the
kernel of a simulation system for industrial research
and development. The chemical formula interpreter
and three-dimensional molecular geometry generator
of MolWorld are discussed as a compact realization of
intelligence. Finally, the use of visualized molecular
electronic structures in relation to chemical reactions
is considered in the discussion of the Molecular Orbital
Graphics System.

he design of molecules by means of computer

grapl}izcs and simulation was started just ten
years ago ~ by a small number of researchers as a
new approach to developing drugs. Now, this ap-
proach attracts many industrial researchers as a very
promising method for accelerating the research on
and development of new chemicals and materials.”™®
The cost and time of the experimental trial-and-error
process will be reduced dramatically if it is possible
to construct new hypothetical molecules and crystals
easily at a graphics terminal, simulate their chemical
and physical properties reasonably accurately by
computer, and obtain information on how to syn-
thesize or process them.

Considering how important this reduction would be,
the 1BM Tokyo Scientific Center and other 1BM
divisions’"* have been researching and developing
such systems and their related technology since 1983.
In this paper, I describe the basic features of com-
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puter-aided chemical design, the technology we have
developed, and the future direction of research in
this area by referring to the following systems:

e Molecular Design Support System
* MolWorld
¢ Molecular Orbital Graphics System

Work done at the Tokyo Scientific Center on related
topics, namely techniques for rewriting simulation
programs for new computational environments such
as Expanded Storage and the Vector Facility, can be
found in a previously published paper.16

The Molecular Design Support System17 is an inte-
grated total system of chemical simulations, graph-
ics, and database on the 1BM 9370, 43XX, and 30XX
mainframe computers. The system was developed in
Japan as a country-implemented program by IBM
customers, 1BM’s industrial marketing group, and the
Tokyo Scientific Center. I will focus my discussion
on the general outline of the simulation system for
industrial research and development.

MolWorld'® is a program product developed by the
Tokyo Scientific Center on the 1BM Personal Sys-
tem/55, or PS/55 (a personal computer announced
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in May 1987 and marketed by 1BM Japan). Mol-
World offers a highly intelligent visual molecular
model-building environment. For example, a user
can build a molecular model by entering a chemical
formula such as

N(CH3)3CH2PO2CH2COOH
or n(ch3)3ch2po2ch2cooh

from the keyboard. The system analyzes and con-
verts this keyboard string into a chemical graph and
then estimates and displays its stable three-dimen-
sional molecular structure. This process is performed
in a fraction of a second. The user can then manip-
ulate the structure on the screen by using a mouse.

The Molecular Orbital Graphics System is an exper-
imental system designed to run on an 1BM mainframe
and the 1BM 5080 Graphics System, which offers a
highly interactive visualization environment for mo-
lecular electronic structures. I will discuss how the
interactive graphics helps in the simulation of chem-
ical reactions.

We are now developing systems similar to MolWorld
and the Molecular Orbital Graphics System for use
in the field of solids, and we will briefly discuss these
projects too.

Designing a molecular design support system

From the 1960s to the 1970s, computer systems in
industrial research were concerned mostly with the
retrieval of chemical literature and the statistical
analysis of experimental data. Today’s computer-
aided chemical design systems are quite different:
from simulations at the atomic and subatomic levels,
they help researchers to create their own working
hypotheses of how the desired chemical and physical
properties can be achieved from particular three-
dimensional atomic configurations.

This new approach has been accelerated by the ac-
cumulation and distribution of simulation programs
by university and industrial’ ™"* researchers and by
the accumulation of experimental knowledge at
atomic and semi-macro levels, as well as by the
growth of computer power and by lower costs. For
example, in the area of biology, the advance of the
electronic scanning microscope revealed that various
proteins are built into the cell membrane of lipid
molecules.'” Now, the researchers are studying the
mechanism by which these proteins selectively ex-
change chemical substances inside and outside the
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membrane at the atomic and subatomic level. This
research is very important for designing the drugs
that penetrate membranes well or that block pene-
tration and also for designing artificial membranes
that have effectively the same function as biological
ones. The invention of the scanning tunneling mi-
croscope will put material researchers in a similar
position.

Characterization of simulation system for industrial

research. A computer system for industrial research
is not a simple collection of simulation programs or

Our system visualizes all of the
available functions, commands,
and data as screen objects
in multiple windows.

three-dimensional molecular graphics. First, it
should allow a strategic combination of simulation
programs, For example, programs based on the mo-
lecular mechanics method run faster than those
based on the molecular orbital method, but the
former method is less informative about chemical
reactions. A researcher may use the former to esti-
mate stable molecular geometries and then the latter
to obtain information on the chemical reactivity
from these geometries. Generally, different simula-
tion programs approximate the real world in differ-
ent ways and calculate different levels of informa-
tion. The tradeoffs among the programs are the
computational time involved and the depth of the
resulting information. A strategic combination of
simulation programs is economical and sometimes
necessary in order to treat problems realistically.

Second, the system should present an easy-to-use or
easy-to-learn user interface and not be designed only
for a small number of specialists in computational
chemistry or physics. The real world is a complicated
interacting collection of molecules and crystal frag-
ments. Therefore, the system will be used mostly as
a guide and for screening and interpreting experi-
ments, and it should be assumed that some of the
users are experimental researchers.
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Third, the system should be flexible in allowing new
simulation programs, because the advancement of
science gives rise to new simulation programs every
year.

Finally, it should organize the input and output data
of simulation programs as a flexible database. The
data may be organized according to their chemical
meanings or research project units.

The kernel of the molecular design support system.
To meet the requirements above, we adapted an
object-oriented-like approach in designing the kernel
of the Molecular Design Support System. In princi-
ple, our system visualizes all of the available func-
tions, commands, and data as screen objects in mul-
tiple windows. The functions are the molecular struc-
ture editor, the molecular shape analyzer,20 various
simulation input generators, the batch machine, and
so on. They are symbolically represented by icons.
The data are chemical graphs, conformers,”’ amino
acid sequences, documents, numerical data sets, con-
trol command sheets, and so on, and are represented
symbolically by icons or in a straightforward man-
ner. For example, the numerical data set can be seen
in the editable table of numbers or in multidimen-
sional diagrams in the straightforward representa-
tion. A user can perform simulation research by
visually manipulating these screen objects wiih a
mouse.

The system organizes the data in a tree structure.
The top of the tree is called the “cabinet,” and other
nodes of the tree are called “holders.” Any holder
can be stored as an object of another holder unless
the link relation destroys the tree structure. The
cabinets and holders are visualized by icons. The
user can create and manipulate this tree structure by
copying or moving the icons and other screen objects
with a mouse. Since the cabinets and holders func-
tion as the chemical database, the user can directly
access his or her data by chemical semantics from
all of their descendants, That is to say, the user can
see a list of conformers or retrieve the chemical
graphs that contain the subgraphs specified.

The user can submit a job to execute a simulation
program by following the procedure below:

1. Open the icon of a chosen simulation input gen-
erator.

2. Copy or move the data there from the private
holder or public cabinets. The data can be chem-
ical graphs, conformers, or command sheets.
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3. Edit the individual copy or the default command
sheet if necessary.

4, Copy or move the icon of the simulation input
generator to the batch machine.

Now the user can begin another interactive job be-
cause the simulation starts in the external batch-
computing environment, which may be cMs-batch
or another real Mvs machine, according to the ma-
chine configuration. When the simulation finishes,
the system stores the result in the batch machine.
The user can display it and store it in his or her
holder. Thus, users can easily enjoy the combinato-
rial use of simulation programs by using “copy” or
“move” commands on the icons.

MolWorld, a highly intelligent molecular builder

MolWorld is intended to create an intelligent visual
environment where users can easily and rapidly build
meaningful three-dimensional molecular geometries
for further simulation study. Here, “easily” means
that

¢ Commands are unnecessary or easy to learn.
e Visualized data are directly manipulable.
e Required operations are very few.

“Rapidly” means that the program generates the
molecular geometries at the speed that makes users
feel as if they were in a molecular world. “Meaning-
ful” means that the three-dimensional molecular
geometry is energetically stable.

In a rigorous sense, it is difficult for any simulation
program to accurately compute a stable three-dimen-
sional molecular geometry at such a speed, even on
a supercomputer. However, since MolWorld as-
sumes further simulation study, it is sufficient if the
calculated geometries are so close to stable geome-
tries that they greatly reduce the cost of geometric
optimization in a succeeding simulation program.
Therefore, we chose the approach of programming
empirical chemical knowledge with the critical refor-
mulation from molecular orbital theory.

The problem of offering an “easy” environment is
that previous menu systems or direct-manipulation
systems, which were intended to be an environment
of unnecessary-to-learn or easy-to-learn commands,
frequently increased the number of required opera-
tions. A conventional approach22 to this problem is
for system designers to consider the user interfaces
separately for inexperienced and experienced users.
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~ Ability of the system to guess from situations and

Table 1 The conformation of the alanine molecule g .
common sense the user’s intentions, from a short

Atomic Atomic Atomic Coordinates input sequence
Identifiers Types X y z
) N 0.0000 10360 —1.0457 Our chemical formula input method and block ma-
2 H 0.8276 09344  —1.6220 nipulation method in MolWorld were developed
3 H ~0.8276 0.9344 —-1.6220 according to this design philosophy, as was the ability
4 C 0.0000 0.0000 0.0000 of MolWorld to selectively display as the screen
g g ?-22‘2)(7) “8'?22 "8-‘;221 objects the “available” commands from information
7 H 1.2427 —0.6111 16361 such as the preceding operations and the displayed
8 H 2.1286 0.0438 0.2485 subworld and objects. The user of MolWorld first
9 H 1.2427 1.1338 1.3285 selects atoms and then selects a command with the
}(1) 8 —}-3‘;%(7) g-;ggg ?-gggg mouse from the displayed commands to manipulate
- o 21182 11200 0.6072 displayed molecular structures.
1 H -2.8361 1.077 . . . .. .
3 8 0775 12389 To describe how we achieved this intelligence com-

pactly for the personal computer, I must ﬁrg‘g men-
tion our data model on molecular structures.” Then
Table2 The conventional connection table of the alanine I will dqscnbe our block .mampulatlon’ chemical
molecule formula interpreter, three-dimensional glolecular ge-
ometry generator, and bonding model.

Identifiers of Bonded Atoms

From To From To Data model of molecular structures in MolWorld.
1 4 6 7 Molecules and ions can be expressed for use on

1 2 6 8 computers by molecular charges, collections of the

1 3 6 9 atomic types and coordinates, and collections of

: 12 }8 ﬁ bonds. Each bond can be expressed by a pair of

4 5 12 13 atoms (atom-identifiers). A collection of atomic

types and coordinates is called a conformation. A

collection of bonds is called a connection table.
Tables 1 and 2 show, as examples, the conformation
and connection table of the alanine molecule
NH,CH(CH,)COOH. The connection table given in

identifiers Ordered Set of Identifiers of Atoms Table 2 is sometimes called the “from-to list.” Figure
of Entry Atom Bonded to the Entry Atom 1 shows the display image of this molecule in
MolWorld, where the atoms and bonds are visual-

Table 3 Our connection table of the alanine molecule

é ? 23 ized as colored spheres and cylinders, and the colors
3 1 denote their types. The user can change their radii
4 0 1 65 and colors, since this display is based simply on the
g 2 7 8 9 convention, not on physical fact.
; g A collection of atomic types and bonds is called a
9 6 chemical graph and plays a central role in our
10 12 4 11 MolWorld. When we consider the atoms as vertices
g ig . and the bonds as the edges, they form a graph in the
13 12 mathematical sense. The difference is that each ver-
tex of the chemical graph has an atomic type as
attribute. Since the bonds indicate the pairs of
strongly interacting atoms, we can consider the
More important to us in designing a specific appli- bonds as a user’s request to place the specified atoms
cation program were at a short distance. Therefore, we designed the system
so that the creation or manipulation of a chemical
» Careful and natural assignments of the functions graph requests MolWorld to generate a conforma-
to the keyboard, PF (program function) keys, and tion that satisfies this constraint. A user can put data
mouse operations, from a chemical viewpoint into the chemical graph in one of the following ways:
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Figure 1

The alanine molecule NH,CH(CH;)COOH, generated by MolWorld

. ‘ fond
V7B ;
Plesse piek sereen ob

¢ Chemical formula input
¢ Screen manipulation of displayed molecules
¢ File input of the connection table

For example, when the user types a chemical formula
and presses the ENTER key, MolWorld interprets it
as a chemical graph and issues a request to the
submodule for coordinate generation.

This design stance requires some extension of the
chemical graph, because the connection table in
Table 2 cannot distinguish optical isomers. In
MolWorld, the connection table is expressed as in
Table 3; internally it is expressed by the list
structure.’>?* In the connection table of Table 3,
each row is the ordered collection of the atom iden-
tifiers that are bonded to the entry atom. If we neglect
the order of the identifiers in the rows, this represen-
tation is equivalent to that of Table 2. In MolWorld,
the order is meaningful and its allowed permutations
are determined by the atomic type and orbital hy-
bridization type of the entry atom. For example, the
odd and even permutations are distinguished for the
carbon atom C with the identifier number 4 in Table
3. This treatment is important for generating the
optical isomers of amino acids and sugars contained
in bio-material.
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by mouse. |

Block manipulation of molecular structures. Atom-
by-atom manipulation of molecular structures is
neither efficient nor natural. Since the basic laws of
nature are invariant under the rotation and transla-
tion of the coordinate system, users want to manip-
ulate structures block by block, keeping the relative
geometry of the atomic coordinates of each block. A
block can be defined from the chemical semantics
and the syntax of the chemical graph. Here I describe
how MolWorld dynamically determines blocks from
the syntax according to the user’s mouse operation.

For this purpose, MolWorld uses a very simple idea:
connected components of chemical graphs. In this
case, a connected component is the maximum
subgraph where any two vertices can be connected
by traversing the edges. It is known that the Depth-
First-Search (DFs) algorithm25 rapidly decomposes
the graph into connected components, in proportion
to the number of vertices and edges, .if we use the
representation of Table 3 for the connection table.

When a user selects the same atom with the mouse
twice in succession, MolWorld defines the block for
manipulation by the connected component contain-
ing the selected atom. We call this block the molecule
in MolWorld. The user can file and erase it and
calculate its geometrical properties.
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Figure 2 External trees specified and exchanged by selecting two atoms with mouse; before-manipulation and after-

manipulation displayed for comparison

0.0 3.0A

Brrebereadenred)

Type chenical formula for repla

When a user selects only one atom once in the
operation sequence, MolWorld defines the “trees”
attached to this atom as follows. If it is temporarily
removed from the graph, its connected component
is decomposed into new connected components. We
call the resulting components trees. The user can
efficiently create isomers by selecting some atom and
the “change” command with the mouse; MolWorld
permutes the order of identifiers and rotates the
atomic coordinates, keeping the relative geometry of
each block.

When a user selects two distinct atoms of the same
molecule, MolWorld defines the “external trees” as
follows. Let us first denote two atoms as g and b. As
mentioned in the previous paragraph, atom g is the
one that defines the trees attached to it. We define
the external tree associated with atom a by the union
of it and the trees that do not contain atom b. In the
same manner, we can define the external tree asso-
ciated with atom b. Thus the user can efficiently
exchange the external trees by selecting two atoms
and the “change” command. Figure 2 shows an
example of this block manipulation. If two selected
distinct atoms are bonded, MolWorld rotates one of
the external trees around the bond in response to the
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same “change” command. In this case, the rotational
angle is determined by the atomic types and bond

type.

Chemical formula input method. A chemical formula
is a sequence of atomic symbols and numbers. By
using a chemical formula, chemists can frequently
communicate the same chemical graph to each
other. If a machine (i.e., computer) can convert a
chemical formula into the same chemical graph as
that imagined by the chemists, the chemical formula
can be used as the efficient method of entering the
chemical graph into the machine. From this reason-
ing, we developed the chemical formula interpreta-
tion method for MolWorld.

For example, a user can input a fragment of the
polymer Kevlar-49 by typing (-COC6H4NH-)20 at
the keyboard. MolWorld immediately generates the
280 atoms and 289 bonds of the chemical graph
from the 14 characters of this string and displays the
estimated stable geometry of the molecule. The
chemical formula can also be entered in lowercase
characters, i.e., (-coc6h4nh-)20. As this string is en-
tered, MolWorld converts it into a sequence of the
correct atomic symbols, using the preprogrammed
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statistical data on atomic symbol occurrence in
chemical formulae. The chemical formula input
method can also be used in substituting a block of
atoms for the selected atoms. The user selects with a
mouse the atoms to be replaced and types a chemical
formula at the keyboard.

Our chemical formula interpretation method is
based on the strategic rewriting of the input string to
go into the chemical graph by using rules and a word
dictionary. Let us consider the chemical formula

NH2CH(CH3)COOH .
When we divide this formula into the substrings
NH2/CH /(CH3)/CO /OH

we observe that the atoms are attached to the first
atom in each substring, and the substrings of the
atomic groups are connected to each other by the
first atoms of the substrings, as illustrated in Figure
3. This indicates that the proper subdivision of the
string simplifies the interpretation of chemical for-
mulae. By analyzing this example, we know the
string can be divided

¢ Before syntax symbols such as an opening paren-
thesis “(”

s Before specific types of atoms, such as “C” and
“N”, to which many other atoms can be attached

¢ Between repeated atomic symbols such as “00”

By collecting and analyzing chemical formulae
found in the literature, we derived various subdivi-
sion rules as well as other types of rules such as
skeleton-generation rules, rules for the selection of
atoms connecting substrings, and rules for the trans-
position of strings. In our previous example, the
chemical graph was essentially in the form of a chain,
but it is not generally true. The skeleton-generation
rules determine whether a substring forms a chain
or a ring structure by considering the valence model.
Here the valence model is the hypothesis that the
maximum number of bonds going out from an atom
is inherent in its atomic type.

Thus, our method is analogous to the machine trans-
lation of natural languages; the input data is inter-
preted by the rules and the word dictionary (a col-
lection of the stored substrings with their chemical
graphs). The difference is that the chemical formula
interpretation requires a smaller dictionary, which
can be completely loaded in the computer before
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Figure 3 Interpretation of the string NH,CH(CH,;)COOH by
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execution. Needing only a smaller dictionary comes
from the fact that actual molecules satisfy the valence
model relatively well, which makes the program
more compact and faster than the usual machine
translation.

Generation of three-dimensional molecular structure.
The previous methods for generating three-dimen-
sional molecular geometries from chemical graphs
can be classified into the following two approaches.
One approach optimizes the atomic coordinates by
some model potential from the two-dimensional co-
ordinates drawn by a user on the screen. The other
approach constructs three-dimensional geometries
by combining the prepared three-dimensional parts
that have chemical graphs identical to subgraphs of
the given chemical graph. The problem of the former
approach is that

* A two-dimensional chemical graph is always re-
quired as input.
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¢ The optimization process is time-consuming,.
¢ The geometry is sometimes optimized to a mean-
ingless local energy minimum.

The problem of the latter approach is that

+ Too many parts are required for handling all kinds
of possible input.

¢ The subdivision way of a chemical graph is am-
biguous.

The approach in MolWorld is different from both of
these approaches. It is closer to chemists’ reasoning

MolWorld decomposes the chemical
graphs into chain and ring parts.

process in molecular geometry and is therefore very
flexible. First, MolWorld qualitatively estimates elec-
tron configurations from chemical graphs, as de-
scribed in the next subsection. At this stage, the bond
types and formal atomic charges are determined.
Then, MolWorld estimates the local geometry
around each atom from the estimated electron con-
figuration. The estimated local geometries are bond
lengths and angles. Finally, MolWorld strategically
searches for the molecular geometry that satisfies the
local geometries.

In the last step, the construction of the global ge-
ometry, MolWorld decomposes the chemical graphs
into chain and ring parts. In the chain part, three-
dimensional atomic coordinates are generated in the
order of the DFs algorithm,”’ applying empirical rules
for the torsional angles. For example, the two bonded
atoms of sp’ prefer anti-gosh geometry for the tor-
sional angle, the two bonded atoms of sp® and sp?
prefer the staggered geometry, the double bond pre-
fers the planar shape for the delocalization, the ad-
Jacent double bonds transmit bond planes orthogo-
nally, and so on. MolWorld decomposes the ring
part into a collection of single cycles by the Breadth-
First-Search algorithm.” It then generates the atomic
coordinates to close each ring, respecting local geo-
metries in the order of the bond lengths, bond angles,
and torsional angles.
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Formulation of bonding model. Bond types can be
considered as a kind of qualitative description of the
electronic structures of molecules and ions. They are
classified by chemists into ionic bonds, single, dou-
ble, and triple covalent bonds, and coordinated
bonds. MolWorld currently handles covalent bonds
and coordinated bonds.

In the molecular orbital theory, the bonding of atoms
is explained as follows:

« Each electron occupies either an atomic orbital or
a molecular orbital. Each orbital can accommo-
date a maximum of two electrons.

e Molecular orbitals are formed by the linear com-
bination of atomic orbitals, so that the total elec-
tronic energy decreases. The electrons occupy the
lower-energy orbitals first.

« If the formation of molecular orbitals decreases
the energy, bonds are formed.

MolWorld largely simplifies the above interpretation
of bonding to formulate the problem as the optimi-
zation of integer variables. We assume that

o Molecular orbitals are formed by the overlap of
the atomic orbitals of the “two” atoms and are
localized around the bonds.

* Molecular orbitals are separated by their energies
into bonding orbitals and antibonding orbitals.

* The change in the total electronic energy can be
qualitatively given by the sum of the bond orders.

Here we define the bond order for each bond by
B=5(®N,~N) (1)

where N, and N, are the numbers of electrons in the
bonding orbitals and the antibonding orbitals, re-
spectively. From this definition, the bond orders are
integers or half-integers. If a bond order is greater
than zero, we say a bond is formed.

Since our model does not consider quantitatively the
energy gap between bonding and antibonding orbit-
als, we limit the atomic orbitals and electrons that
contribute the bonding and call them valence orbit-
als and electrons. Let 4, and N, be the numbers of
valence orbitals and electrons of the atom i. We
assume that the valence set (4,,V) is inherent to
atomic types of the atom i but is not unique. For
example, the nitrogen atom N has the single valence
set (4,5), whereas the phosphorus atom P has two
valence sets (4,5) and (5,5). For most heavy atoms,
we assigned two sets, which we distinguish by calling
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one set primary and the other secondary. This treat-
ment is based on the assumption that s- and p-
orbitals primarily make the main contribution to the
bonding, and in some cases the limited number of
d-orbitals additionally contribute to the bonding.

Our bonding model is now formulated as follows.
For a given chemical graph, we solve nonnegative
symmetric matrices 4; and N, which optimize the
sum of bond orders under the constraints

A, =3 A )
J

N=Y ¥ N, 3)
i

and

A;— |4, — N;| =0 4)

Here A4, and A, are the number of unused valence
orbitals of the atom i and the number of the used
valence orbitals for the bond between the atoms i
and j. N, and N; are the number of electrons accom-
modated in the atomic orbitals 4, and half the
number of the electrons accommodated in the mo-
lecular orbitals localized to the bond between the
atoms i and j. The effective total number of electrons
N in Equation 3 is given by

N=YN -1 (5)

where [ is the molecular charge. For different i and
J, the left side of Equation 4 is equal to the bond
order. They should be positive if the atoms i and j
are bonded in the given chemical graph; otherwise
they should be zero.

Now we can find out how to use primary and sec-
ondary valence sets. The secondary sets are used
only when the primary sets fail to give a solution
under the constraints from Equations 2 to 4, or when
some bond order takes the value 1/2. If even the
secondary sets fail to give a solution, MolWorid
estimates the molecule to be unstable. If even the
secondary sets yield the value as 1/2 of a bond order
on some bond, MolWorld estimates the molecule to
be weakly bonded.

In our actual system, more constraints are added to
our described bonding model so that the maximiza-
tion on the sum of bond orders may yield a unique
solution. Even so, MolWorld sometimes yields mul-
tiple solutions for a given chemical graph. In this
case, MolWorld considers that the molecular orbitals
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are delocalized; in other words, the bond types are
in resonance. The typical example is the molecule
Benzene. MolWorld uses information on this delo-
calization to determine bond lengths, bond angles,
and torsional angles.

Figure 4 shows the geometries of the ions IOz,
10,F3, and F; generated by MolWorld. MolWorld
estimates the local geometry of molecules by the
hybridization types, not by the number of outgoing
bonds. Figure 5 illustrates their electronic configu-
rations obtained by MolWorld. The dots denote
valence electrons, and the loops denote valence or-
bitals or bonding orbitals. The ions I0,F5 and IF;
require one d-orbital and two d-orbitals, respectively,
because of the extra valence electrons. Thus, our
bonding model provides a good explanation of the
geometries of molecules and ions containing heavy
atoms. A user of MolWorld can change the supplied
valence sets and bond lengths by editing his or her
profile.

Interactive molecular orbital graphics

The simulation programs for molecules can be clas-
sified into molecular orbital, molecular mechanics,
and molecular dynamics methods. The molecular
mechanics and molecular dynamics methods calcu-
late molecular geometries and properties by the use
of interatomic model potentials. The molecular or-
bital method can just calculate the interatomic po-
tentials and can give information on chemical reac-
tivity and optical processes by the quantum mechan-
ical treatment of electrons.”® However, since this
method is very expensive and since quantum me-
chanics is not very intuitive, an elaborate visual
simulation environment is required in order to uti-
lize it efficiently.

In this section, I first describe the method of visual-
izing electronic structures in our Molecular Orbital
Graphics System and then discuss how to use it in
the study of chemical reactions.

Metheod of visualizing electronic structures. The elec-
tronic structure of a molecule is theoretically defined
by the wavefunction which satisfies the Schroedinger
equation and whose arguments are the coordinates
and spins of all of the electrons in the molecule,
Most computational methods, such as SCE % MCSCF,28
the Mp-method,” and the MBPT-method, ? construct
approximate solutions of wavefunctions by the prod-
ucts or the sum of the products of the molecular
orbitals that are spatial functions of a single electron.
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Figure 4 Display of ions 103, 10,F;, and IF; from the left on the screen

ek seroen obliects by nouse, rotation

mirror

Figure 5 The electron configurations obtained by the bonding model of MolWorld

[ 00

For this reason they are frequently referred to collec-
tively as the molecular orbital method. surfaces. Here, the equivalued
by the set of points satisfying
Our Molecular Orbital Graphics System offers an

interactive environment for displaying the electron F(x,y,z)=C
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densities and molecular orbitals by using equivalued
surfaces are defined

IBM SYSTEMS JOURNAL, VOL 28, NO 4, 1989




Figure 6 Equal-electron-density surfaces of alpha-glucose (C¢H,,0¢) in a semitransparent display

for a given spatial function F(x,y,z) and user-speci-
fied surface constant C. Figure 6 shows the equival-
ued surfaces of the electron density of alpha-glucose
in a semitransparent display.31 The surface constants
are 0.0081, 0.03, and 0.09 from the outer surfaces.
Thus, equivalued surfaces can be considered as a
three-dimensional extension of ordinary contour
maps.

Our system first triangulates equivalued surfaces to
polyhedral data and then displays them on the
screen. The advantages of this approach are as fol-
lows:

e It is economical for interactive graphics, because
the re-evaluation of spatial functions is not re-
quired for rotation, shift, and zoom once the
polyhedral data have been generated.

e Many graphics software and hardware technolo-
gies are applicable for rapid image synthesis, be-
cause polyhedral data are very standard in com-
puter graphics.

We developed two methods for the triangulation of

equivalued surfaces: the propagation method® and
the modified tetrahedral cell method.” Both meth-
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ods yield the vertex and triangle tables. The vertex
table is a collection of the coordinates and surface
normals of the vertices. The triangle table is a collec-
tion of the ordered sets of three vertex identifiers.
The order of identifiers is used to distinguish between
the inside and outside of surfaces. The surface nor-
mals are used to create smoothly shaded images.34
Our observation is that the modified tetrahedral cell
method is slightly faster than the propagation
method and can treat more general types of equival-
ued surfaces. In contrast, the propagation method
generally produces better quality polyhedral data,
particularly when equivalued surfaces are near the
nuclei, because the modified tetrahedral method uses
essentially quadratic interpolation, whereas the de-
rivatives of electron density are generally discontin-
uous at the nuclei.

Our system visualizes the equivalued surfaces by a
polymarker display and a smoothly shaded image
display. Figure 7 shows the polymarker display of
molecular orbitals. By using the dials for the display,
a user can move and rotate each molecule with
orbitals continuously. This function is useful in
guessing the reaction geometry. The following types
of manipulation are supported:
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Figure 7 Frontier orbitals, HOMO of C(H, and the LUMO of SO,, are shown in polymarker display; surface constant of the
orbitals is + 0.09, equivalent to 0.0081 as the probability density

¢ Selection of molecular orbitals or molecules

Setting of the display types and colors

e Movement and rotation of molecules

* Reading atomic coordinates of displayed geome-
tries

Currently the continuous movement and rotation of
molecules with orbitals is supported only for the
polymarker display.

Use of molecular orbital graphics for chemical re-
action. Chemical reaction is the reorganization of
atomic configurations caused by interatomic poten-
tials. The interatomic potentials and their derivatives
can be computed by the molecular orbital method
when specific atomic configurations are given. Effi-
ciency in research on chemical reactions is largely
dependent on the selection of atomic configurations
at which the interatomic potential and derivative are
calculated, because the potential is a function of all
of the atomic coordinates.

The typical steps for researching reaction mechanics
are as follows:

1. Find the locally stable molecular geometries.
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2. Find the minimum energy of the paths connect-
ing any two of them.

MolWorld is effective for generating the initial trial
geometry for the energy minimization process of
step 1. The problem is step 2, since we must find the
saddle points of multidimensional potential surfaces.
Chemists frequently call the saddle point the transi-
tion state, which means the boundary between the
reactants and products of the reaction. In any com-
putational method, the convergency to the saddle
points is slower than the convergency to local mini-
mum points. Thus, the better initial trial gecometries
are required to compute the saddle points. This is
why the computational study of chemical reactions
is time-consuming. Once the saddle point is com-
puted, the minimum energy of the reaction path can
be computed relatively easily by solving the Intrin-
sic Reaction Coordinate® by the Runge-Kutta
method.* Knowing the saddlé points is also impor-
tant for computing reaction rates by the Eyring
method.”

Our Molecular Orbital Graphics System is a very

effective way of searching for saddle pointss.sThe basic
idea is to use the frontier orbital theory™ visually.
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For two closed shells of molecules, overlapping the
electron densities of two molecules increases the
energy because of the Pauli exclusion law. But, over-
lapping an occupied orbital and an unoccupied or-
bital decreases the energy in the second-order per-
turbation correction. The smaller the energy gap
between the two orbitals and the larger their overlap
integral, the more the energy decreases.

Thus, we propose a visual method of searching for
reacting configurations as follows:

1. We display a higher occupied molecular orbital
for one molecule and a lower unoccupied molec-
ular orbital for the other molecule.

2. We overlap these by moving and rotating the
second molecule.

3. We display the electron densities of the two mol-
ecules and check that the electron densities are
not overlapped too much.

4. We read the atomic coordinates of this reacting
configuration and submit it to the program,
searching for saddle points by relaxing the forces.

Figures 8 and 9 show the geometry of the saddle
points in the ring-closing reaction of C,H, + C,H,.
This geometry was easily found by visually overlap-
ping the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO),
and then by relaxing the force in an external pro-
gram. The total electron density is shown in the color
gray with the surface constant 0.09. The receptor, a
dominant orbital receiving electrons, is shown in the
colors blue and green. The donor, a dominant orbital
offering electrons, is shown in the colors brown and
orange. The surface constant of the orbitals is £0.09.
The sign is distinguished by colors. The activation
energy (energy gap between the transition state and
reactants) was computed as 35 Kcal/mole and the
product was computed as 37 Kcal/mole lower than
the reactants in the SCF calculation with a 4-21G
basis set. Figures 8 and 9 also show the interacting
frontier orbitals computed by Fujimoto’s method.*
This analysis indicates that the frontier orbital theory
is effective in this reaction.

Current projects in solids

For use in the field of solids, Crystal World and the
Band Energy Visualization System are currently un-
der development at the Tokyo Scientific Center.

Crystal World is intended to allow the user to build
meaningful crystal structures rapidly and easily on a
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Figure 8 Display of the chemical reaction C,H, + C,H, with
the charge transfer analysis at the transition state;
receptor and donor were found close to LUMO of
C,H,; and HOMO of C,4Hg, respectively

Figure 9 Another donor and receptor shown in the same
convention as those in Figure 8; receptor
and donor were found close to LUMO of C,H,
and HOMO of C,H,, respectively

PS/55. For generating crystal structures, metallic and
ionic bonds must be considered in addition to co-
valent bonding. Thus the bonding model of Mol-
World should be extended by the use of the chemical
concept of electronegativity. As a new type of input
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method, the use of crystal symmetry is very prom-
ising; the system generates atomic coordinates under
the constraint of a user-given crystal symmetry. Con-
versely, it can rapidly recognize the crystal symmetry
from given atomic coordinates and lattice con-
stants.*0

The Band Energy Visualization System is intended
to allow users to create their own working hypotheses
on electronic conductivity and optical processes by
displaying the energy bands, electron densities, and
other related physical quantities of crystals three-
dimensionally in reciprocal space. A modulator and
polarized glasses are used with the 18M 5080 and an
1BM mainframe for a direct stereoscopic view. Since
the band energies are computed at only a finite
number of sampling points in reciprocal space by a
simulation program, the system first constructs the
interpolating function from these values under the
periodic condition, and then creates their stereo-
scopic images. The volume-rendering method is cur-
rently used for the image synthesis.

Concluding remarks

By describing systems and technologies that we have
developed, I discussed what a computer-aided chem-
ical design system should do for making simulation
programs more accessible, more valuable, and more
economical for industrial research. It can be sum-
marized as follows:

* The system offers users an interactive data com-
munication function among simulation programs
for their strategically combined use.

¢ The system offers users an intelligent and visual
environment for rapid creation of meaningful in-
put data and for easy extraction of working hy-
potheses from simulated data.

A tight coupling of computer graphics, artificial in-
telligence, and numerically intensive simulation wiil
become more and more important in future systems,
because the design of molecules and crystals is essen-
tially a strategic search for a particular atomic con-
figuration having certain desired properties from
among an infinity of possible atomic configurations.
For this purpose, it is not important whether artificial
intelligence is written in artificial languages or not.
It is more important to formulate empirical concepts
clearly in the frame of mathematics. It is done not
only because of the compactness and execution
speed of programmed intelligence, but also because
it helps to enrich empirical concepts.
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I believe that our efforts in computer-aided chemical
design systems will open a new era in which com-
puter systems will become a valuable medium for
transmitting dynamic knowledge to the scientific and
engineering community in the same way that book
publishing has contributed to society by popularizing
scientific and engineering knowledge.
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