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MolArch® - Molecular Architecture Modelling Program

S. Immel, http://caramel.oc.chemie.tu-darmstadt.de/immel/.

Many of the experimental and molecular modelling studies described in the
preceding Chapters of this work required highly specific, computer-assisted tools for
processing and visualizing molecular data. For this purpose, the preliminary
Molecular Architecture Modelling Program MolArch'™ has been developed for
analyzing geometries of molecular structures and generating high-quality color
graphics and animations. Main emphasis has been put on the possibility to
automatically process large numbers of structure files and molecular configurations
without the need to manually intervene at each step. The basic idea was to provide
tools for the efficient and fast visualization, particularly including the animation of
molecular ensembles from pre-computed data for the purpose of scientific and
educational presentations.

Besides basic graphical representations, MolArch® was designed to visualize at
low-cost advanced objects such as atomic ellipsoids, non-protein ribbon models,
molecular surfaces, and 3D-grid based properties with modes that are not available
with other programs, or which have only become available latter with expensive
commercial applications. In an effort to not copy computational procedures such as
molecular mechanics (MM) and molecular dynamics (MD), MolArch® provides
interfaces or shared file formats for data exchange with numerous applications used
for molecular modelling (structure generation and optimization) and crystallography.
Although numerous programs for the computation of molecular properties are
available for UNIX and LINUX operating systems, there is still a need for visualization
software on these computers. Of particular importance was the use of highest-quality
color graphics provided by external ray-tracing programs without restrictions on the
resolution of the final graphics. All display parameters and settings used by MolArch®
had to be user-definable in order to provide a highly versatile visualization tool.

This Chapter briefly describes the options offered by MolArch® software package
(current version v7.50 24.Nov.2003), and provides some examples of various types
of molecular graphics that can be generated.["

Technical Notes

The MolArch® program is written almost completely in FORTRAN with some minor
parts in C, containing about 125,000 lines of source code. The program was
designed for LINUX computer systems and was tested on RedHat and SuSe
distributions of this operating system (releases 7.x or latter), but may also be used
with other LINUX distributions; it has also been exported to SG/ (IRIX) and IBM (AIX)
machines. MolArch® only features a very simple graphics display based on the
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VOGLE (“Very Ordinary Graphics Library”) interface without graphical menus, but a
powerful command line. All commands and options may be entered in abbreviated
form via this command line, or may be specified directly on the controlling shell
console. The advantages of this design are full batch processing capabilities and the
possibility to automatically carry out recurring tasks on large ensembles of molecular
structure files.

Supported File Types and External Modules

Molecular structures, and related objects may be imported or exported by
MolArch™ through a large variety of different file formats. The following list provides
an overview on the most important file types supported (file name extensions in
parenthesis):

e Protein Data Bank” (PDB) files as the most commonly used file type for molecular structures.

e Files used by the force-field programs PIMM® (EIN, OPT), MacroModel! (OUT, MAC),
CHARMm™ (RST, DCD), and HyperChem™ (HIN).

e Crystallographic Information Files™ (CIF) and ShellX® (INS) data files of solid-state structures
of organic and inorganic compounds.

e Crystal structure data files exported from the data base maintained by the Cambridge
Crystallographic Data Centre®® (CCDF, FDAT file type); file type used by the crystallographic

programs Conquest'” and Mercury.™"

e Spartan''® and Gaussian" output files (including atomic charges); for Gaussian 3D-grid and

density properties (electron densities, molecular orbitals, potential data, etc.) can be imported
from the cube grid files (CUB).

e Various MolArch® specific file formats for molecular structures, surfaces, related objects, and
script (batch) processing files.

MolArch+ also includes interfaces to the following external programs and modules:

e |Interface to the force-field program PIMM® for the energy optimization of geometries of organic
structures.

e MolCont™ program for 2D- and 3D-contouring for orthogonal and polar coordinate data sets.

o MolSurf" script for the generation of Hirshfeld- (crystal packing)'® and Connolly-type (contact

and solvent-accessible)[”] molecular surfaces and surface mapped properties; molecular
surfaces can be triangulated by modified procedures based on algorithms described by
Brickmann et al.['®

e MolGrid™® program for the generation adiabatic energy potential surfaces by the method of
“prudent ascent” using the force-field program PIMM.

e MolSymm™" program and external module® for the analysis of molecular symmetry, symmetry
elements, and point groups.

o XFarbe®® program for the visualization of 2D-data sets; external module for finding maxima,
minima, and saddle points on energy potential surfaces; external modules used by MolArch® for
generating molecular geometries along reaction coordinates.

e GnuPlot?** program for scientific plotting of data sets.

The programs MolCont™ and MolSymm™ are directly interfaced to MolArch™; the
other programs mentioned may be used separately to process data.
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Geometry Analysis Options

The MolArch™ program may be used for the analysis of a wide range of geometry
parameters of molecular structures which are listed below:

e Standard interatomic distances and bond lengths, angles, torsion angles, as well as virtual
angles and torsions between vectors.

o Puckering amplitudes of rings relative to least-squares (LSQ) best-fit mean ring planes and out-
of-plane deviations.

o Tilt angles[25] between rings and LSQ-planes; flip angles[%] for out-of-plane deviations.

e Cremer-Pople parametersm] for five-?® and six-membered®” rings (including the automatic

detection of cyclopentane, cyclohexane, furanoid, and pyranoid ring conformations).

[30]

. J3H_C_C_H and JSC_O_C_HB” NMR coupling constants.

e Automatic detection of Cahn-Ingold-Prelog (R/S) stereo descriptors for tetrahedral centers,
bond-orders (single, double, triple, and quadruple bonds), aromaticity (for rings), and of
hydrogen-bonds and their geometry parameters (including symmetry descriptors for crystal
structures).

e Molecular shape parameters such as mean-radius of rings, radius of gyration, circularity and
asphericity!"® (for both molecular structures and surfaces).
e Molecular connectivity indices®® () of various order.

e Least-squares 3D-fitting[33] and superimposition of series of molecules or molecular fragments

(sub-structures) with different weighting schemes.

Most geometry parameters can be manipulated and reset to user defined values
(distances, angles, torsions, tilt and flip angles, puckering, etc.) in the structure
editing section of MolArch™; atom types and names can be changed. All methods
related to molecular geometries (analysis and manipulation) can be applied to single
molecules or series of molecular configurations with the option of automated
averaging of data sets. Most notably, MolArch™ offers the possibility to simultaneously
manipulate or analyze and average geometry parameters of similar or identical
(symmetry related) molecular fragments in automated procedures.

Visualization and Molecular Graphics

All molecular graphics contained within this work have been generated using
MolArch®. Although MolArch™ features a simple graphics display only, the program is
fully interfaced to produce highest-quality color models with the POVRAY
(“Persistence of Vision”)*¥ ray-tracing program or any VRML (“Virtual Reality
Modelling Language” for 3D molecular models)®® viewing program. The latter option
is of particular use in the process of presenting 3D-structures on the internet with the
possibility of rotating and modifying these options on the client side. A large number
of different viewing modes is available, and almost all display parameters may be
modified via user specific settings. Figure 1 provides a overview on the various
modes of visualization that are available with MolArch™; many more examples can be
found in the original publications in the preceding Chapters of this work.
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(d)

Figure 1 (continued on the next pages). Various examples for original molecular graphics generated using
MolArch®; all models were finally rendered using the POVRAY ray-tracing program. — (a) Basic modes for the
representation of structures (wire, capped-stick, ball-and-stick, and CPK-type models of pyridine); — (b) Labeling
of selected geometry parameters in molecular structures (distances, angles, and virtual torsion angles of a
B-turn mimeticum); — (c) Symmetry elements (center of inversion i, mirror planes, C, rotary and S, rotary
reflection axes) for molecular geometries ([Fe(Pyr)e)]z", point group T,); — (d) Transition state modelling with
semi-transparent bonds (Diels-Alder reaction of cyclopentadiene with acetylene dicarboxylic acid dimethyl ester);
— (e) Molecular geometry and coordination polyhedra of organometallic structures (trigonal-bipyramids and
pentagonal-pyramids in the structure of PtRh4(CO),(Cp*)4); — (f) Inorganic solid-state structures and coordination
polyhedra (tetrahedrons and octahedrons for CulnOPQ,); — (g) Anisotropic thermal ellipsoids of crystal
structures (X-ray structure of per-2,3-anhydro-a-cyclomannin methanol hydrate); — (h) Crystal structures
including transparent Hirshfeld surfaces visualizing the mode of molecular packing (two unit cells for the low-
temperature solid-state structure of acetylene); — (i) Molecular surfaces with color-coded mapped properties
(molecular electrostatic potential of benzene); — (j) Clipped surfaces (benzene, surface clipped at iso-contour
values of the electrostatic potential); — (k) Solid iso-electron-density models of molecular orbitals (HOMO of
salicylic acid computed using Gaussian); — (I) Transparent models of molecular orbitals (LUMO of salicylic acid,
the transparency was adjusted according to the computed electron density); — (m+n) Ribbon models (structure
of T3R3 human insulin and bacterial ribonuclease P RNA with solid-ring representation of the base pairs); — (o)
Visualization of 3D-grid based densities and properties of molecules using transparent iso-density contours
(molecular dynamics derived relative water densities around a-cyclodextrin providing a view on the hydration
shell of this compound in aqueous solution); — (p) Display of grid properties and potentials with excluded
volumes defined by molecular surfaces (electrostatic potential of salicylic acid); — For additional examples see all
Figures in the preceding Chapters of this work or the MolArch® website.["!
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(i) )

Figure 1 (continued from previous page). (continued on next page)
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Figure 1 (continued from previous page).
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Among the possibilities offered by MolArch®™ are the following modes of
visualization:

e Organic and inorganic molecular structures with different modes of display (wire-, capped-,
ball-and-stick-, and CPK-type molecular models), including the visualization of bond orders
(single to quadruple bonds) and aromaticity (ring type visualization instead of successions of
double bonds; Fig. 1a).

e Selected bond distances, angles, torsions, planes, and other geometry descriptors (Fig. 1b).

o Symmetry elements of molecules (center of inversion i, mirror planes o, C, rotary and S, rotary
reflection axes; Fig. 1c).

e Transition state geometries with transparent bonds (Fig. 1d).

e Coordination polyhedra including tetrahedrons, octahedrons, cubes, dodecahedrons,
icosahedrons, truncated icosahedrons, prisms, pyramids (square, pentagonal, and hexagonal),
and trigonal bi-pyramids (Fig. 1e-f).

o Atom types (labels) and names, as well as atom mapped (color-coded) properties.
e ORTEP® style thermal isotropic and anisotropic ellipsoids (Fig. 1g).
o Crystal structures including unit cells (Fig. 1h).

e Molecular surfaces (Connolly-, solvent-accessible-, and Hirshfeld-type surfaces) in dotted and
solid form with various modes of color-coded display of surface related (mapped) properties,
surfaces can be colored, sliced, and clipped independently, including the possibility to display
transparent or opaque surface models (Fig. 1h-j).

e Molecular and atomic (schematic) orbitals (Molden®"

style display; Fig. 1k-I).
¢ Ribbon models of arbitrary (including non-protein) structures (Fig. 1m-n).

o 3D-grid and density data (Fig. 10-p).

Options are included to generate series of molecular images for large sets of
molecular configurations along reaction coordinates or molecular dynamics
simulations, offering the possibility to generate animations on chemical reactions,
molecular dynamics, and molecular recognition processes.

The command line interface and the batch-processing capabilities make MolArch®
a highly versatile tool for the visualization, animation, and automated geometry
analysis of a wide range of molecular scenarios. The MolArch® website includes
additional archives of molecular graphics generated in the course of the studies
described in this work. In addition, a variety of educational courses with MolArch®
generated graphics and animations on this site are aimed at basic and advanced
students of organic chemistry. Examples include the structure, symmetry, and
chirality of organic molecules; animations on various basic reaction mechanisms of
organic chemistry are provided (Cope and Claisen-rearrangement and degenerate
versions thereof, Diels-Alder reactions, sigmatropic ring-opening and ring-closure
mechanisms, Sy1 and Sn2 reaction, bromination of alkenes, and various
conformational rearrangements; see also Fig. 2).

In total, MolArch™ is a highly useful program for the analysis and visualization of
molecular structures for scientific and educational purposes.!"
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Figure 2. Examples for MolArch® generated graphics on the MolArch® website.!"! The top entry presents
supporting graphics and information on current research projects (molecular geometries of cyclodextrin-derived
crown acetals, for details see Chapter 6 of this work); on the bottom a webpage providing additional information
on lectures for students is shown (MolArch” animations for the mechanism of the racemization of [8]helicene).
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