
"The underlying physical laws necessary for the mathematical theory of a large part of physics and the
whole of chemistry are thus completely known, and the difficulty is only that the exact application of
these laws leads to equations much too complicated to be soluble. It therefore becomes desirable that
approximate practical methods of applying quantum mechanics should be developed, which can lead
to an explanation of the main features of complex atomic systems without too much computation."

-- P.A.M. Dirac, 1929

At its core, computational chemistry is based on the principles of classical, quantum and statistical
mechanics. Advances in these theories as applied to chemical systems, combined with
developments in computational science, have made the latter half of Dirac's statement a reality.
Today, scientists can gain valuable insight from digital models and calculations for multi-atom
systems. These techniques have gained increasing prominence in the chemical profession and
computational chemistry is now considered a separate branch alongside observational,
experimental, and theoretical chemistry. It is thus important for chemistry students to become
acquainted with the technologies, techniques, and tools of computational chemistry, just as they
learn the corresponding aspects of "wet" chemistry. Irene is a web server that has been established
as part of departmental efforts to increase the representation of computational chemistry in
Oneonta's chemistry and biochemistry curricula. This server makes a variety of software widely
accessible to students and faculty. No specialized software is required on the user's computer other
than a java-enabled web browser and an Internet connection. Irene is configured as a Linux-based
web server running WebMO Enterprise, a web-based interface to computational chemistry
packages. WebMO allows a user to log on to a server housing computational chemistry programs
via a web browser and set up sophisticated calculations using simple pull-down menus or dialog
boxes. The WebMO server at SUNY Oneonta is currently linked to the programs MOPAC2009 (semi-
empirical), GAMESS (ab initio and semi-empirical), Gaussian09 (ab initio and semi-empirical), and
TINKER (molecular mechanics).
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The Server

•Hardware:

Dell Precision 490n, Quad Core Xeon processor E5355 2.0GHz, 2x4MB 
L2 Cache 1333MHz, 4GB DDR2 ECC SDRAM 667 MHz, 2x2GB

•Operating System/Web Server:

openSuSE Linux, version 11.2
Apache 2 server configuration

•Software

WebMO Enterprise, version 10.1.002e
MOPAC2009 (semi-empirical)
GAMESS (ab initio, density functional and semi-empirical)
Gaussian09 (ab initio, density functional and semi-empirical)
TINKER (molecular mechanics)

•Computational Chemistry Terms

Molecular mechanics: Empirical parameters used to simplify 
calculations, which are based on classical mechanics.

Ab initio: Calculations are based on solutions to Schrödinger’s
equations and the wavefunctions used. No empirical data is used.

Density functional theory: Simplifies calculation using electron density 
as a substitute for the wavefunction.

Semi-empirical: Parameters derived from experimental data used to 
simplify calculations.

The WebMO Interface

• From a web browser, users can draw structures in a 3D java editor, run 
calculations, and view results (no software to install on client)

•Administrative tasks (user accounts, program configuration, job time limits, 
etc) are  performed through a web browser interface

•Interface is basic enough for those new to computational chemistry, as 
reasonable default values and results are presented on web pages

•Flexible enough for advanced users to conduct computational chemistry 
research because there is full access to input and output files for all 
computational chemistry programs

Example: Determine the Proton Affinity for Pyridine

•Calculation Setup:

Build pyridine molecule in both protonated and deprotonated forms, do 
geometry optimizations for each; build H atom and optimize geometry

The calculations simulate the process of adding a proton to the pyridine 
molecule: 

The proton affinity is determined from the difference in enthalpies (which are 
given as a result of the geometry optimizations):

•Results

Example: Analysis of Vibrational Modes in Formaldehyde 

•Calculation Setup:

Build formaldehyde, optimize geometry, and calculate vibrational modes 
using density functional theory and the B3LYP functional.

•Results:

All calculated spectra require scaling (via a constant) to give agreement with 
experimental values. The scaled and experimental values for the vibrational
frequencies of formaldehyde are provided in the table and the experimental 
(left) and calculated (right) spectra are shown below. The calculated spectrum 
also shows a model that indicates the type of motion for the 2917 cm-1 mode. 
The software reports this information for all modes, which can also be 
animated in the WebMO interface.
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Example: Electrophilic Aromatic Substitution 

•Calculation Setup:
Build methoxybenzene and thiophene, optimize the geometry, and calculate 
the molecular orbitals. View the electrophilic (HOMO) frontier density (a 
representation of where the highest energy, or most reactive, electrons are in 
the molecule) to determine the most reactive regions of the molecule.

•Results:
Calculations were done using two levels of theory-PM3, a semi-empirical 
(lower level) method and B3LYP, a density functional (high level) method. The 
HOMO densitites are mapped onto the molecular surface. Electrophillic
attack will occur in regions that are more yellow/green/blue. Both theories 
give similar results for methoxybenzene, but differ greatly in their predictions 
for thiophene. In this case, the higher level theory yields more accurate 
results.

Methoxybenzen
e

Thiophene

Semi-empirical (PM3)

Density  Functional

Theory (B3LYP)

Motion
Calculated (scaled) 

cm-1

Experimental
cm-1

CH2 asymmetric stretch 2850.53 2843

CH2 symmetric stretch 2801.72 2782

C=O stretch 1778.53 1746

CH2 scissor 1503.60 1500

CH2 rock 1229.41 1249

CH2 wag 1151.86 1167


