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What are Quantum Mechanics?

Quantum mechanics is a branch of physics dealing with the behavior of matter and 
energy on the minute scale of atoms and subatomic particles. 

Quantum mechanics is the foundation of several branches of physics, including 
electromagnetism, particle physics, condensed matter physics, and even parts of 
cosmology. Quantum mechanics is also essential to the theory of chemical bonding, cos o ogy Qua u ec a cs s a so esse a o e eo y o c e ca bo d g,
structural biology, and technologies such as electronics, information technology, and 
nanotechnology. A century of experiments and of work in applied science has 
proved quantum mechanics successful and practical.

Quantum mechanics began in the early 20th century, with the groundbreaking work 
of Max Planck and Niels Bohr. Max Born coined the term "quantum mechanics" in 
1924. A major early success of quantum mechanics was its explanation of wave-j y q p
particle duality, namely how on the sub-atomic level what humans had come to 
conceptualize as particles have wave-like properties and how what humans have 
learned to call waves can have particle-like properties. 
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What is the Schrödinger Equation?

In physics, especially quantum mechanics, the Schrödinger equation is an equation 
that describes how the quantum state of a physical system changes in time. It is as 

t l t t h i N t ' l t l i l h icentral to quantum mechanics as Newton's laws are to classical mechanics.
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What is the time‐independent Schrödinger Equation?

The time-independent Schrödinger equation is an eigenvalue problem. 

   rr  EĤ

Th H ilt i i t d ibi th h i f th tThe Hamiltonian is an operator describing the mechanics of the system.
E is the energy of the system.
(r) is the wave function of the electron.

The only system for which an analytical solution has been found is the hydrogen 
atom:  1 proton and 1 electron.  All other systems require numerical solution.

The numerical solution of the time independent Schrödinger equation requires bothThe numerical solution of the time-independent Schrödinger equation requires both 
theoretical approximations and numerical approximations.
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Solution of the Schrödinger Equation for hydrogen

The hydrogen atom has an analytical solution. 

Probability densities for the electron at 
different quantum numbers (l, across top, 
and n, down side)
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What is density functional theory?

Density functional theory (DFT) is a quantum mechanical theory used in physics 
and chemistry to investigate the electronic structure (principally the ground state) of 
many-body systems, in particular atoms, molecules, and the condensed phases.many body systems, in particular atoms, molecules, and the condensed phases. 
With this theory, the properties of a many-electron system can be determined by 
using functionals, i.e. functions of another function, which in this case is the spatially 
dependent electron density, (r) . Hence the name density functional theory comes 
from the se of f nctionals of the electron densit DFT is among the most pop larfrom the use of functionals of the electron density. DFT is among the most popular 
and versatile methods available in condensed-matter physics, computational 
physics, and computational chemistry.

The major problem with DFT is that the exact functionals for exchange and 
correlation are not known except for the free electron gas. However, approximations 
exist which permit the calculation of certain physical quantities quite accurately. In 
physics the most widely used approximation is the local density approximationphysics the most widely used approximation is the local-density approximation 
(LDA), where the functional depends only on the density at the coordinate where 
the functional is evaluated.
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What are basis sets?

A basis set is a mathematical representation of the molecular orbitals within a 
molecule.  The basis set can be interpreted as restricting each electron to a 
particular region of space. Large basis sets impose fewer constraints, but requireparticular region of space.  Large basis sets impose fewer constraints, but require 
more computational resources.

Choice of basis sets change 
the results.  The best basis 
set to use is not always 
clear.  The biggest is not 
always the bestalways the best.
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What are quantum mechanical calculations?

For the purposes of this discussion, QM calculations allow you to solve the time-
independent Schrödinger equation for the spatial distribution of electrons, using an 
approximation of the physics (such as Density Functional Theory with a Local 
D it A i ti ) d i l i ti f th l ti (b i t)Density Approximation) and a numerical approximation of the solution (basis set).

From this solution, many useful properties can be obtained as shown in the 
following applications.g pp
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Optimized Molecular Structures

QM calculations can be used to generate the equilibrium or ground state structures 
of moleculesof molecules.

The solution of this problem is a set of (x,y,z) coordinates for all atoms in a 
molecule.  The solution is obtained by minimizing the QM energy of the system with 

t t th t i di t A h thi i lti i t lirespect to the atomic coordinates.  As such this is a multivariate nonlinear 
optimization problem in 3N-6 dimensions, where N is the number of atoms in the 
calculation.

For example, the NIST Chemistry WebBook at http://webbook.nist.gov/chemistry/
has ground state structures for thousands of molecules, calculated from QM.  
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Optimized Molecular Structures

The solution of the molecular structure problem is a set of atomic coordinates.

Ethanol ground state from QM

C 1 0303 0 8847 0 9763

Ethanol ground state from QM.
legend:
red = oxygen
gray = carbon
white = hydrogen

C  1.0303    0.8847    0.9763 
C  1.8847    1.9889    1.5717 
O  3.1883    1.4807    1.7425
H  0.0000    1.2330    0.8324 
H  0.9949    0.0000    1.6255 
H  1.4097    0.5558    0.0000 
H  1.9050    2.8742    0.9059 
H 1 4753 2 3225 2 5456H  1.4753    2.3225    2.5456 
H  3.7056    2.1820    2.1139 
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This is the structure one would expect to find if one ethanol molecule were sitting in 
a vacuum at 0 K. (NIST Chemistry WebBook, http://webbook.nist.gov/chemistry/ )



Optimized Molecular Structures

It is now becoming possible to do fully quantum calculations of small molecules in the 
solvated state, i.e. in solution, where the structure may be different that in vacuum.

Density functional theory calculations on 
the canonical (keto) and rare (enol) 
tautomeric forms of uracil and 5-
bromouracil in a cluster consisting of 50 

t l l t d Th k twater molecules are presented. The keto
form of uracil is favored over the enol
tautomer in both the gas phase and 
solution. However, the presence of the 
water cluster reverses the tautomeric
preference of 5-bromouracil, rendering the 
rare tautomeric form to be preferred over 
the canonical form in aqueous solution. 
This effect is, to a large extent, due to the 
more favorable water water interactions inmore favorable water−water interactions in 
the cluster around 5-bromouracil and can 
therefore only be obtained by including 
explicit water−water interactions in the 
calculations.
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Optimized Molecular Structures

Quantum mechanics can be used to optimize geometries of biological 
macromolecules as well, including protein-ligand interactions..
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Electronic Structure Calculations

Band-Gap Calculations Band-Gap for Silica quantum dots as a 
function of size

The band gap is the energy 
difference between the valence 
orbitals bound to a given atom 
and the conducting orbitals in 
solids
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Wang, L.W., Zunger, A., J. Phys. Chem., 1994.
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Spectroscopic Properties

Here we show a comparison between experimental and calculated vibrational frequencies of 
benzene as a function of both method and basis set for benzene.
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Quantum Mechanics Still Requires Experiment

The state of the art of quantum mechanical calculations today is such that one requires an 
empirical scaling factor to correct vibrational frequencies computed from first principles.  Tables 
of the frequencies have been generated as a function of basis set and method.  They are 
averaged over many compounds.
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Thermodynamic Properties

Quantum Mechanics can be combined  with Statistical Mechanics to provide 
thermodynamic properties like internal energy, enthalpy, entropy and free energy.

One requires a statistical mechanical model that provides a theoretical framework 
for expressing thermodynamic properties such as the entropy in terms of molecular 
level properties, such as the molecular symmetry number, the moment of inertia, the 
spectrum of normal frequencies activation barriers to rotation etc One mustspectrum of normal frequencies, activation barriers to rotation, etc.  One must 
understand that this mapping from QM to SM is in essence a coarse-graining 
procedure that reduces the number of degrees of freedom in the system.  Like any 
other coarse-graining procedure, the mapping is approximate.  

In large part, the most difficult thermodynamic property to determine experimentally 
or via computation is the entropy.  For a polyatomic ideal gas in its ground electronic 
and nuclear states, the statistical mechanical model splits the entropy into fourand nuclear states, the statistical mechanical model splits the entropy into four 
terms. 

SSSSS 

Fundamentals of Sustainable Technology 

rotationalinternallvibrationarotationalnaltranslatiototal SSSSS 



Thermodynamic Properties

The complete set of inputs for a statistical mechanical model used in the 
determination of these thermodynamic properties is given below.  The properties in 
red come from QM calculations.

● molecular weight (for translation)
● molecular moments of inertia (for rotation)
● symmetry number of molecule (for rotation)● symmetry number of molecule (for rotation)
● number of vibrational modes (for vibration)
● spectra of normal frequencies (for vibration)
● number of internal rotors (for internal rotation)

f i i (f i l i )● rotor moments of inertia (for internal rotation)
● rotor activation energies (for internal rotation)
● enthalpy of formation (for energy reference)
● molecular formula (for energy reference)molecular formula (for energy reference)
● reference temperature (for energy reference)
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Thermodynamic Properties:  Benzene

Here we show a comparison between experimental and calculated entropies as a 
function of both method and basis set for benzene.
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Source:  Kassaee, M.H., Keffer, D.J., Steele, W.V., J. Molecular Structure:  
THEOCHEM, 800(1-3) 2007 p. 23-34.



Thermodynamic Properties:  Isomer distributions

For a molecule that has two isomers or conformers, the ratio of the number of 
isomers of type one to the number of isomers of type two is related to the Gibbs free 
energy. 
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One can generate the enthalpy, H, and entropy, S, of each isomer and use it to 
compute the relative abundance of each isomer at thermodynamic equilibrium.
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Thermodynamic Properties:  JP-10

This procedure has been used to compute the relative configuration of the “up” and 
“down” configurations of the jet fuel, JP-10, as a function of temperature.  The Gibbs 
free energy is calculated at each temperature for each compound.  Based on the 
free energy difference, the relative distribution of configurations is readily 
determined.  In this case, the “down configuration is much more stable and is 
predominant at low temperatures.
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Thermodynamic Properties:  dimethylnapthalene

There are 10 dimethylnapthalene isomers.  In order to compute the
dimethylnapthalene equilibrium distribution, one requires free energies.

2,7 isomer – most stable

1,8 isomer – least stable
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1,8 isomer  least stable

Kassaee, M.H., Keffer, D.J., Steele, W.V., J. Chem. Eng. Data,  52(5) 2007 p. 1843‐1850. 



Reaction Pathways and Kinetics

Quantum Mechanics can be combined  with Transition State Theory to provide 
pathways for reactions and chemical kinetics.
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Reaction Pathways and Kinetics
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Reaction Pathways and Kinetics

Example:  catalytic decomposition of perfluorinated ethers

324333 AlFOCFCFAlFOCFCF 

reactants productsreactants products

Fundamentals of Sustainable Technology 



Reaction Pathways and Kinetics

CF3OCF3•AlF3 old transition state                new transition state

red: O; 
blue: F; 
dark grey: C; 
light grey: Al

Two fundamentally different transition structures identified
In TS1, AlF3 strictly stabilizes O 
In TS2, AlF3 acts as a carrier of F from one C to another C light grey:  Al 2, 3

The new transition state lowers the activation energy from 228 to 199 kJ/mole,
making the reaction 100 000 times faster at room temperature

Fundamentals of Sustainable Technology 
Jiang, B., Keffer, D.J., Edwards, B.J., J. Phys. Chem. A 112(12) 2008 pp. 2604-2609.

making the reaction 100,000 times faster at room temperature.



Parameterization of Classical Potentials

Quantum Mechanical calculations can provide data to parameterize classical 
potentials.  
Example:  Bond Stretching.
Q t M h i S l S h di t l f tiQuantum Mechanics:  Solve Schrodinger eqn at many values of separation.
Classical Potential:  Fit data to Hookean spring (parabola).

Quantum mechanical [MP2/6-31 + G(d,p)] and OPLS-AA/L stretching energy along the CR  C(  O) bond. The molecular 
Å Å
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mechanics parameters were fitted from two different intervals (from 1.38 to 1.52 Å (A) and from 1.448 to 1.462 Å (B) 
around the quantum mechanics equilibrium value. l0, QM minimum; r0, OPLS-AA/L reference bond length.
István Komáromi, Michael C. Owen, Richard F. Murphy , Sándor Lovas , Journal of Comp. Chem. 2008.
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Strengths & Weaknesses

Quantum Mechanical calculations provide the means for computing electron 
distributions.

Limitations
Quantum Mechanical calculations are not exact.
Results vary from one choice of method and basis set to the nextResults vary from one choice of method and basis set to the next.
It is not always clear which method and basis set to use.
QM calculations still require empirical fudge factors for some properties, such as 
vibrational frequencies.q
There are many problems for which QM calculations are known to perform poorly, 
such as the description of atoms with electrons in the f shell.
QM calculations are computationally expensive and scale poorly with the number 
of electronsof electrons.
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