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Program (lectures 1 and 2)!

Definitions

(chemistry, photochemistry and photophysics)!

The Born-Oppenheimer approximation!
potential energy surfaces (PES)!
Methods for excited states in quantum chemistry!

Lecture 1!

- HF, TDHF!
- Configuration interaction, CI!
- Coupled Cluster, CC!
- MCSCF!
TDDFT: Why TDDFT in chemistry and biology?!
TDDFT: properties and applications in chemistry!
TDDFT failures!
- Accuracy and functionals!
- charge transfer excitations!
- topology of the PES !

Lecture 2!

Why TDDFT in chemistry?!
All MR ab-initio methods are still computationally too expensive for large systems (they are limited to
few tenths of atoms) and for mixed-quantum classical dynamics.!
Among the SR (plus perturbation) methods:!

CIS ! is practically no longer used in the calculation of excitation energies in molecules.!
The error in the correlation energy is usually very large and give qualitatively wrong results.!
STILL good to gain insight on CT state energies!!
Largely replaced by TDDFT!

CC2 ! Is a quite recent development and therefore not widely available!
Accurate and fast, is the best alternative to TDDFT!
Good energies also for CT states!
Among the MR methods, CASSCF is still widely used but is computationally very expensive and the
quality of the excited state energies and properties are not necessarily better than the ones obtained
from a TDDFT calculation.!
In addition, all SCF based methods need what is called “chemical intuition” in the construction of the
active space.!

Why TDDFT in chemistry?!
Quantum chemists are developing interesting solutions for the efficient calculations of excited
states properties!
CC2 is the most promising candidate for the calculation of accurate molecular potential energy
surfaces for medium size molecules.!

Wiggins P. et al., J. Chem. Phys., 31, 2009, 091101!

Why TDDFT in chemistry?!
Quantum chemists are developing interesting solutions for the efficient calculations of excited
states properties!
CC2 is the most promising candidate for the calculation of accurate molecular potential energy
surfaces for medium size molecules.!

Nevertheless!
TDDFT is formally exact and improvements of the xc-functionals is still possible. !
Improvement of wavefunction based methods can only be done at huge costs
in computational time.!
TDDFT is still computationally more efficient and scales better than ab-initio methods. !
O(N) DFT and ~ O(N2) TDDFT scaling is possible [D. Foerster, PRB, 72, 073106 (2005)]!
TDDFT can be used for large systems (up to thousand atoms)!
TDDFT can be easily combined with MD (mixed quantum classical MD)!

Why TDDFT in chemistry?!
The desired electronic structure method to perform MQC Molecular Dynamics should offer the
best possible compromise between accuracy and computational efficiency.!
- We need accuracy in determining the PESs, which need to be at least qualitatively !
correct (obviously, the level of accuracy depends on the nature problem investigated)!
- We need efficiency to!
> perform a reasonable scan of the PESs (statistics)!
> perform on-the-fly Molecular Dynamics!

Sometimes, high level quantum calculations are performed with too small basis sets, while in
other cases they are restricted to limited portions of the phase space (using constrains along
reaction coordinates or enforcing the symmetry).!

Why TDDFT in chemistry?!
Hydrogen or proton transfer?!

Experimental and theoretical evidences for an
hydrogen transfer mechanism.!
(C.Tanner, C Manca, S. Leutwyler, Science, 302, 1736 (2003))!

CIS/CASSCF for the in-plane geometry.!
Potential energy surfaces for GS, S1 and S2 along a
reaction coordinate (fix Cs symmetry).!
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Why TDDFT in chemistry?!
Hydrogen or proton transfer?!
TDDFT/PBE/TDA combined with nonadiabatic molecular dynamics.!
Move to a reaction coordinate free description of the
mechanism. (PW basis set)!

We observe:!
- Symmetry breaking !
(strong out of plane displacement) !
- No crossing with the πσ* state!
- Proton transfer instead of hydrogen !
transfer!
Experimental and theoretical evidences for an
hydrogen transfer mechanism.!
(C.Tanner, C Manca, S. Leutwyler, Science, 302, 1736 (2003))!
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Why TDDFT in chemistry?!

- Forcing in-plane (Cs) symmetry gives a qualitatively !
similar energy profile like in the CIS study.!
Hydrogen transfer can occur.!
-“Unconstrained” geometry optimization produces a !
completely different picture:!
! The ammonia move out of plane and the πσ*
remains high in energy and never gets populated.!
!

Proton transfer is observed.!
With CASSCF: high barriers along the πσ* path.!

A. Fernandez-Ramos et al., J. Chem. Phys. A, 111, 5907
(2007)!

At CASSCF/CASPT2 level of theory the proton !
transfer occurs almost barrierless.!

Time dependent density functional theory!
TDDFT equations in practice: the Casidaʼs equations. (See Dmitrijʼs lecture)!

with!

στ
Aiaσ,jbτ (ω) = δστ δij δab (�aσ − �iσ ) + (ia|fH + fxc
|jb)
στ
Biaσ,jbτ (ω) = (ia|fH + fxc
|bj)

and!

In the adiabatic approximation the TDDFT kernel is time-independent (and its Fourier transform is
independent from

) and therefore the number of solutions of Casidaʼs equations is equal to the

dimensionality of the matrices.!

Time dependent density functional theory!
The exact exchange formulation!
Using a fraction of exact exchange in the functionals leads to !

where now!
στ
Aiaσ,jbτ (ω) = δστ δij δab (�aσ − �iσ ) + (ia|jb) − cx (ij|ab) + (1 − cx )(ia|fxc
|jb)
στ
Biaσ,jbτ (ω) = (ia|bj) − cx (ib|aj) + (1 − cx )(ia|fxc
|bj)

controls the degree of exact exchange in the TDDFT kernel.!
Comments:!

1. Due to the approximation of the TDDFT kernel and to failure of the ground state DFT !
2
2
triplet instabilities, ωT < 0 , for
and singlet instabilities, ωS < 0 , for !
are possible.!
F. Cordova et al, JCP, 127, 164111 (2007)!

2. Better kernels are needed OR use of the Tamm-Dancoff approximation (TDA) !

Time dependent density functional theory!
The Tamm-Dancoff approximation (TDA)!
Note that the LR-TDDFT equations in the Tamm-Dancoff approximation (
) are CISlike, the only (but important) difference being the correlation effects brought in by the TDDFT kernel.!

A. Dreuw, ChemPhysChem, 6, 2259 (2006)!

Time dependent density functional theory!
TDDFT properties!
> is size consistent!
> can produce pure spin states!
> for valence excited states well below the ionization potential (
): !
error between 0.2 and 0.6 eV.!
Good ordering and relative energies of the excited states (except for CT states)!
> properties are also in general good, but they have to be derived from the excited state density. !
> good also for transition metals (difficult for wavefunction based methods)!
> analytic energy gradients are available (for optimization of structures and MD)!
> scales ~ like O(n2) with n the number of electrons. !
Can deal with very large systems up to many hundreds of atoms (essential for biosystems) !
> typical failures (depending on the xc-functional used): !
- Topology of the excited surfaces is questioned: singlet and triplet instabilities and conical intersections.!
- problems to describe “double excitations” , Rydberg excited states, ionic states of !
systems with large π systems.!
- standard adiabatic TDDFT fails for charge transfer (CT) states. !
Errors in the ordering of the excited PESs is deleterious for excited states MD.!
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Many different benchmarks of xc-functionals
for organic molecules!

J. Chem. Theor. Comput., 5, 2420(2009)!

TDDFT for chemical properties!
Chem.Phys., 292, 11, (2003)!

Lb!

La (ionic character)!

TDDFT underestimates the excitation energies for states with dominant ionic character (La), while for covalent
states 1Lb errors are significantly smaller.!

TDDFT for chemical properties!

Structure and Bonding, 112, 49 (2004)!

A comprehensive guide to the hazardous
properties of chemical substances, Pradyot
Patnaik, Wiley 2007.!

- In general TDDFT performs less well for transition metal complexes (errors ~ 0.2-0.4 eV)!
- B3LYP for metals doesnʼt perform necessary better than GGA functionals!
- CASPT2 & TDDFT: all predict the same number of 1T2 excited states. Assignment (in terms of orbital !
transitions) can however be different.!
- None of the three methods put the highest intensity peak (larger oscillator strength) at the right energy !
(at ~ 6 eV).!
- Theory is here safer… !

Use of TDDFT for non-adiabatic ab
initio molecular dynamics :!
Tully’s surface hopping as an example!

Ab initio Molecular Dynamics!
Born-Oppenheimer Molecular Dynamics on one slide…!
Consider the nuclei as classical point charges, evolving according to classical laws on potential energy
surfaces given by the electrons (calculated on the fly).!
Main scheme of interest : Born-Oppenheimer Molecular Dynamics (BOMD)!
Total wavefunction ansatz:!
Added to the time-dependent Schrödinger equation, Born-Oppenheimer approximation, polar form for
the nuclei wavefunction and classical limit for them give finally:!

In pseudo-code, using DFT:!
(www.cpmd.org)!

V(:) := V(:) + dt/(2*M(:))*F(:) !
R(:) := R(:) + dt*V(:)
!
Optimize Kohn-Sham Orbitals (EKS)
Calculate forces F(:) = dEKS/dR(:)
V(:) := V(:) + dt/(2*M(:))*F(:)!

Note: BOMD doesnʼt take into account coupling between electronic surfaces. !

!
!

Non-adiabatic processes!
Photochemistry and Photophysics!
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Non-adiabatic processes!
Photochemistry and Photophysics!

How to look at this
type of dynamics
using classical
trajectories?!

?!

Mixed quantum-classical dynamics!
Tullyʼs surface hopping !
We replace nuclear
wavefunctions with an
ensemble of classical
trajectories.!

x!
x!
x!
x! x!x!x!
x!x!

Mixed quantum-classical dynamics!
Tullyʼs surface hopping – Basic ideas !

Initial sampling!
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Set of initial conditions!

Mixed quantum-classical dynamics!
Tullyʼs surface hopping – Basic ideas !

Non-adiabatic molecular dynamics!
Independent trajectory approximation!
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Non-adiabatic molecular dynamics!
Independent trajectory approximation!

Mixed quantum-classical dynamics!
Tullyʼs surface hopping – Basic ideas !

DFT/TDDFT based TSH!
Possible TDDFT based SH schemes:!
1. ROKS based surface hopping methods!

(N.Doltsinis, D. Marx, Phys. Rev. Lett., 88, 166402, 2002)!

ω:

Excited state energies from a single determinant representation of the singlet !

FI:

excited state wavefunction (spin eigenstate)!
Ionic forces computed using Hellmann-Feynman theorem!

NAC: Non-adiabatic couplings (NACs) derived from the fictitious CP electronic kinetic term !
2. Craig-Duncan-Prezhdo scheme (Phys. Rev. Lett, 95, 163001, 2005) !
ω:

Excited state energies from a single determinant representation of the excited state !
wavefunction (not a spin eigenstate)!

FI:

Ionic forces computed using Hellmann-Feynman theorem!

NAC: computed !
3. Tapavicza-Tavernelli-Roethlisberger (Phys. Rev. Lett., 98, 023001, 2007) !
ω:

LR-TDDFT excited state energies!

FI:

LR-TDDFT ionic forces!

NAC: NACs computed from a reconstruction of a many body wavefunction (from LR-TDDFT!
quantities)!
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3. Tapavicza-Tavernelli-Roethlisberger (Phys. Rev. Lett., 98, 023001, 2007) !
ω:

LR-TDDFT excited state energies!

FI:

LR-TDDFT ionic forces. (See Dmitrijʼs lecture).!

NAC: NACs computed from a reconstruction of a many body wavefunction (from LR-TDDFT!
quantities)!

DFT/TDDFT based TSH!
Nonadiabatic coupling vectors
Outline of the derivation!
Dynamic dipole polarizability:!
- in many-body theory:!

- in TDDFT:!

1/2
ω0I �Ψ0 |Ô|ΨI �

d0I,µ

Ω(ω)eI = ω 2 eI

eI

h†µ S−1/2 eI
�Ψ0 |∇µ Ĥee |ΨI �
=
=−
3/2
ω0I
ω

Obtained using an auxiliary wavefunction:!
where

=O S

† −1/2

|Ψ̃I � =

�
iaσ

I

cIiaσ â†aσ âiσ |Ψ̃0 � �

|Ψ̃0 � is a Slater determinant made of occupied KS states and

−1
Siaσ
eIiaσ ≡ cIiaσ
ω0I

M. Casida, “Recent developments and applications of modern density Functional Theory, ed J.M. Seminario, Vol.4, 1996
E. Tapavicza, I. Tavernelli,U. Roethlisberger, Phys. Rev. Lett., 98, 023001, (2007) ! I.Tavernelli, B.F.E Curchod, U. Rothlisberger, J.Chem.Phys., 131, 196101, (2009) !

DFT/TDDFT based TSH!
A summary!
LR-TDDFT equations

Ansatz for excited many-electrons state vectors:

In the ITA we obtained the TD equation for the occupation amplitudes

and the switching probability

E. Tapavicza, I. Tavernelli,U. Roethlisberger, Phys. Rev. Lett., 98, 023001, (2007) !

DFT/TDDFT based TSH - Implementation!
Preparation of the initial conditions
of classical system
according to the classical ensemble. Quantum system prepared in
a pure state or in a coherent mixed state.!

Calculation of the adiabatic eigenstates using LR-TDDFT.!
Evolution of the classical variables through a timestep Δt!

Evolution of the quantum expansion coefficients
timestep dt (<< Δt) in the classical time interval Δt

with a

Reconstruction of the TDDFT excited wavefunctions and !
calculation of the hopping probabilities

no!

Monte Carlo step!

yes!
Change of the driving surface for the classical nuclei.!
Redistribution of the excess energy
among the classical DoF.!

DFT/TDDFT based TSH - Applications!
Isomerization of protonated formaldimine!

The protonated formaldimine is a model
compound for the study of isomerization in
rhodopsin chromophore retinal.!

S1: σ→π* transition (low oscillator strength)!
S2: π→π* transition (high oscillator strength)!
Photo-excitation promotes the system mainly into
S2 and therefore the relaxation occurring in the
excited states involves at least 3 states:!

S0 (GS), S1 and S2!
Method!
- Isolated system!
- LR-TDDFT/PBE/TDA!
- SH-AIMD!
Simulation of an ensemble of 50 trajectories (NVT)
each of ~100 fs.!
Statistical interpretation of the branching ratio.!
E. Tapavicza, I. Tavernelli,U. Roethlisberger, Phys. Rev. Lett., 98, 023001, (2007) !

CH2NH2+!

DFT/TDDFT based TSH - Applications!
Isomerization of protonated formaldimine!
Typical trajectory
and corresponding
configurations !

Results!
- Structures and life times are in good agreement with
reference calculations performed using high level
wavefunction based methods (MCSCF).!
- In addition to the isomerization channel, we also
observed intra-molecular proton transfer reactions
with the formation of !
CH2NH2+!

→

CH3NH+!

! followed by proton back-transfer and isomerization
after relaxation in S0.!
- H2 abstraction is also observed in some cases!
! (suppressed when heat dissipation is enhanced)!
The different reaction channels have been
experimentally observed.!

E. Tapavicza, I. Tavernelli,U. Roethlisberger, Phys. Rev. Lett., 98, 023001, (2007) !

State coefficients for
the same trajectory
above !
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TDDFT: Topology of the excited state PESs!
Photochemistry/photophysics require a correct description of the topological properties!
of the most relevant potential energy surfaces involved. !
Conical intersections are now recognized to play a critical role in the reaction dynamics of
electronic excited states.!

energy!

Sy!
Molecular geometries where two electronic
states are exactly degenerate!

Sx!
hij!
gIJ!

At a conical intersection two coordinates (over 3N): !
- difference gradient,!
- non-adiabatic coupling vectors!
define the direction that lift the degeneracy between the PESs.!

TDDFT: Topology of the excited state PESs!
What about the topology of the TDDFT PESs close to a conical intersection? !

Formally, TDDFT equations in the TammDancoff approximation (TDA) are similar to the
CIS equations for the excited state energies.!
From dimensional analysis (or alternatively by
applying Brillouinʼs theorem) one can show that
restricted CIS (for closed shell systems) has the
wrong dimensionality for the intersection with
the S0 PES:

(a seam of intersections

instead of a conical intersection). !

Dimensionallity: !
Is this also the case in TDDFT?!

Seam of intersections instead of a
conical intersection). !

TDDFT: Topology of the excited state PESs!
S0/S1 intersection in “linear” water!

TDDFT-B3LYP/6-31G!
CIS/6-31G!
In CI there is one constraint less at the
CI, because H01 is zero by construction
(Brillouinʼs theorem). Therefore, at CI
there is only one constraint left.!

B.G. Levine, C Ko, J. Quenneville, T. J. Martinez, Mol. Phys., 104, 1039 (2006)!

SA3-CAS(6/4)/6-31G!

TDDFT: Topology of the excited state PESs!
S0/S1 intersection in H2 + H!

TDDFT reproduces the correct splitting of the surfaces. These is because of the open-shell character
of this system. (See E. Tapavicza et al, JCP, 130, 124107(2009)).!

TDDFT: Topology of the excited state PESs!
Conclusions:!

TDDFT is able to produce qualitatively correct potential energy surfaces…!

… but a careful preliminary study has to be performed for each case and a
correct choice of the xc-functional is needed for specific excited states
(charge transfer problem for example)!!
Wavefunction-based methods (CC2,…) can (or should) be used to validate
initial TDDFT results. !

TDDFT: Topology of the excited state PESs!
Conclusions:!

TDDFT is able to produce qualitatively correct potential energy surfaces…!

… but a careful preliminary study has to be performed for each case and a
correct choice of the xc-functional is needed for specific excited states
(charge transfer problem for example)!!
Wavefunction-based methods (CC2,…) can (or should) be used to validate
initial TDDFT results. !

Thank you for your attention!!

Quantum Chemistry Packages!
Adapted from http://zephyr.meteo.mcgill.ca/andrew/vm3/viewmol3d_qchemprogs.htm!
Gaussian 03 is the most popular and widely-used computational chemistry packages, originally developed by Nobel prize winner John Pople.!
CPMD The CPMD code is a parallelized plane wave/pseudopotential implementation of Density Functional Theory, particularly designed for
ab-initio molecular dynamics.!
Cp2k CP2K is a freely available (GPL) program, written in Fortran 95, to perform atomistic and molecular simulations of solid state, liquid,
molecular and biological systems. It provides a general framework for different methods such as e.g. density functional theory (DFT) using a
mixed Gaussian and plane waves approach (GPW), and classical pair and many-body potentials.!
Octopus is a scientific program aimed at the ab initio virtual experimentation on a hopefully ever increasing range of systems types. Electrons
are described quantum-mechanically within the Density-Functional Theory (DFT), in its time-dependent form (TDDFT) when doing
simulations in time. Nuclei are described classically as point particles. Electron-nucleus interaction is described within the Pseudopotential
approximation. !
GAMESS - The General Atomic and Molecular Electronic Structure System is a general ab initio quantum chemistry package, free alternative
to the Gaussian!
GAMESS UK is an ab initio molecular electronic structure program for performing SCF- , DFT-, and MCSCF-gradient calculations, together
with a variety of techniques for post Hartree Fock calculations!
Molpro is a complete system of ab initio programs for molecular electronic structure calculations. As distinct from other commonly used
quantum chemistry packages, the emphasis is on highly accurate computations, with extensive treatment of the electron correlation problem
through the multiconfiguration-reference CI, coupled cluster and associated methods.!
The Massively Parallel Quantum Chemistry Program (MPQCC) computes properties of atoms and molecules from first principles using the
time independent Schrodinger equation. It runs on a wide range of architectures ranging from individual workstations to symmetric
multiprocessors to massively parallel computers. Its design is object oriented, using the C++ programming language.!
NWChem is a computational chemistry package that is designed to run on high-performance parallel supercomputers as well as conventional
workstation clusters. It aims to be scalable both in its ability to treat large problems efficiently, and in its usage of available parallel computing
resources!
Q-Chem program exploits the latest developments in computer science, having adopted an Object Oriented approach to program design,
which has been made possible by constructing a completely new program from the ground up. This decision is already proving invaluable in
allowing developers to rapidly implement new methodologies with ease and reduce program code redundancy. The result is a highly efficient
program with a flexible development base, making Q-Chem, Inc. the company of choice for quantum chemistry software.!
ACES II implements the Coupled Cluster and Many Body Perturbation Theory methods!

Quantum Chemistry Packages!
COLUMBUS is a collection of programs for high-level ab initio molecular electronic structure calculations. The programs are designed primarily
for extended multi-reference (MR) calculations on electronic ground and excited states of atoms and molecules!
Molcas SCF/DFT, RASSCF, CASPT2, CC methods, Solvent models, QM/MM interface, Fast, accurate, and robust code, Free support and
updates, Source code and tools for development!
Dalton is a powerful molecular electronic structure program, with an extensive functional for the calculation of molecular properties at the HF,
DFT, MCSCF, and CC levels of theory!
Psi 2.0 is a quantum chemistry program package developed by the Schaefer group. It is capable of evaluating SCF, MCSCF, CI, CCSD, and
CCSD(T) energies and analytical gradients using expansions over Gaussian type basis functions!
deMon program allows to perform DFT calculations on large systems including transition metals with precision in a relatively short time!
HyperChem - Computational methods include molecular mechanics, molecular dynamics, and semi-empirical and ab-initio molecular orbital
methods. HyperChem Data and HyperNMR have been migrated into HyperChem, and new features have been added. The new features
include Open GL Rendering, DFT, TNDO, Charmm Protein Simulations, Molecules in Magnetic Fields, and much more.!
Jaguar is a high-performance ab initio package for both gas and solution phase simulations, with particular strength in treating metal containing
systems, making it the most practical quantum mechanical tool for solving real-world problems.!
Spartan is a potent software tool that applies the power of molecular mechanics and quantum chemical calculations on your chemistry
research. With state-of-the-art visualization and sophisticated computational algorithms, Spartan provides pharmaceutical and biotechnology
organizations with key data supporting target identification and validation, lead selection and optimization, and process development.!
ArgusLab - a freely licensed molecular modeling, graphics, and drug design program. Gaussian 98 & Gaussian 03 interfaces: easily set up and
run Gaussian calculations on your local Windows PC. Outputs, surfaces plots, etc. are automatically added to the Calculation results in the
Molecule Treeview. ArgusLab wraps the Gaussian calculation so effectively, you'll think it's a part of ArgusLab itself. You can also save
ArgusLab-generated input files to run Gaussian offline or on another machine. !
CASTEP is a software package which uses density functional theory to provide a good atomic-level description of all manner of materials and
molecules. CASTEP can give information about total energies, forces and stresses on an atomic system, as well as calculating optimum
geometries, band structures, optical spectra, phonon spectra and much more. It can also perform molecular dynamics simulations.!
Insight II is a sophisticated molecular modeling environment that provides a powerful graphical interface to best-of-breed algorithms for
molecular dynamics, homology modeling, de novo design, and electrostatics-making it the perfect solution for protein modelers, computational
chemists, and structural biologists.!

Quantum Chemistry Packages!
MOE is a comprehensive software system addressing the needs of today's research disciplines including Bioinformatics, Cheminformatics, Protein
Modeling, Structure-Based Design, High Throughput Discovery and Molecular Modeling and Simulations.!
SYBYLR is a suite of computational informatics software designed to enhance the drug discovery workflows and decision-making of today's
computational chemists and molecular modelers. An industry standard for over 20 years and the basis for Tripos' expert molecular modeling
environment, SYBYL provides the fundamental components for understanding molecular structure and properties with an emphasis on the
discovery of lead candidates!
Priroda 04 is a quantum-chemical program suite created by by D. N. Laikov designed for the study of complex molecular systems by the density
functional theory, at the MP2, MP3, and MP4 levels of multiparticle perturbation theory, and by the coupled-cluster single and double excitations
method (CCSD) with the application of parallel computing.!
DMol3 is a unique, accurate, and reliable density functional theory (DFT) quantum mechanical code for research in the chemicals and
pharmaceutical industries.!
Siesta (Spanish Initiative for Electronic Simulations with Thousands of Atoms) is both a method and its computer program implementation, to
perform electronic structure calculations and ab initio molecular dynamics simulations of molecules and solids.!
DGauss is a high-accuracy, high-performance computational chemistry package that uses density functional theory to predict molecular structures,
properties and energetics.!
PyQuante - Python Quantum Chemistry is an open-source suite of programs for developing quantum chemistry methods. The program is written in
the Python programming language, but has many "rate-determining" modules also written in C for speed. The resulting code is not nearly as fast
as Jaguar, Gaussian, or GAMESS, but the resulting code is much easier to understand and modify. The goal of this software is not necessarily to
provide a working quantum chemistry program (although it will hopefully do that), but rather to provide a well-engineered set of tools so that
scientists can construct their own quantum chemistry programs without going through the tedium of having to write every low-level routine.!
Mopac 6 is the most widely distributed semiempirical quantum mechanics program in use throughout the world created by James JP Stewart!
WinMopac is based on MOPAC, with addirional features and new methods, i.e. MNDO-d and PM5.!
AMPAC Semi-empirical Computational Program. It includes SAM1, AM1, MNDO, PM3, MNDO/C, MINDO/3 and MNDO/d semiempirical methods.!
MSINDO is a semiempirical molecular orbital program for the calculation of molecular properties of systems with first-, second- and third-row
elements. It is a modification of the original SINDO1 method. The current version of MSINDO includes parameters for the following elements: H, LiF, Na-Cl, K-Br.!

Quantum Chemistry Packages!
PyMOL is an open-source, user-sponsored, molecular visualization system created by Warren Lyford DeLano. It is well suited to producing high
quality 3D images of small molecules and biological macromolecules such as proteins. Almost a quarter of all published images of 3D protein
structures in the scientific literature were made using PyMOL. !
QC++ is a Linear Scaling Quantum Chemistry software based on the Divide and conquer method. The current version of QC++ supports the
semi-empirical quantum models MNDO, AM1 and PM3. It allows to calculate the energy of a molecular configuration and its numerical gradient
by some Self Consistent Field (SCF) algorithms: fixed point, optimal damping and level shifting.!
Ascalaph is a Molecular Modelling Suite. Ascalaph Quantum is an interface for the quantum mechanics program PC GAMESS. Ascalaph
Designer provides the generation and editing of molecular models. Ascalaph Graphics provides the window interface and 3D graphics.!
PMViewMol - the program for fast viewing of molecules in OS/2 Warp. Based on the ViewMol3D.!

