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The Purpose of Quantum Chemistry

Solving the (time-independent) Schrödinger Equation (or its
relativistic extension) to predict molecular properties at chemical
accuracy

characterization of the potential energy surface:
minima ! equilibrium structures
critical points ! transition states
conical intersections ! non-radiative energy transfer

minimum energy paths (reaction paths)

reaction and atomization energies

optical properties (UV-VIS, IR spectra)

NMR chemical shifts and coupling constants

Born-Oppenheimer and non-adiabatic dynamics

¢ G: PMF integration (umbrella sampling) ...
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The Form of the Hamilton Operator

non-relatvistic Hamilton Operator
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Are Relativistic Effects Important?

scalar relativistic effects need to be included for transition metals
(4d,5d,4f,5f), main group (from 5th row)

a posteriori perturbative correction insuf�cient
¡! pseudo-potentials (ECPs,AIMPs) or DKH approx.

spin-orbit coupling is frequently quenched in low-symmetry
open-shell systems with multiple closely spaced states can be
massively affected
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Wavefunction Expansion

wavefunction depends on 3n spatial and n spin coordinates

ª = ª( r1; ¾1; r2; ¾2; : : : rn; ¾n)

N-particle basis (con�guration space):
Slater determinants (¢ ) or spin-adapted linear combinations
thereof (con�guration state functions, CSFs)

¢ =
1

p
n!

A
nY

j

©i (¿j )

1-particle basis: atom-centered Gaussian type orbitals;
N2 coef�cients are fully optimized (Hartree-Fock or MCSCF)
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The Full CI Problem

size of con�guration space N CSF
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Size of the con�guration space

S ne N NCSF N¢

0 12 12 23 £ 104 85 £ 104

0 16 16 35 £ 106 17 £ 107

0 20 20 59 £ 108 34 £ 109

0 20 100 3 £ 1025 3 £ 1026

1 20 100 7 £ 1025 3 £ 1026

2 20 100 8 £ 1025 2 £ 1026
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Single-Reference Methods

Hartree-Fock: single Slater determinant

DFT: mapping the full electron correlation problem to an
independent particle problem with modi�ed Hamiltonian: si ngle
Slater determinant

Møller-Plesset Perturbation Theory H 0 = Fock operator ; MP2,
MP3 involve all single and double excitations ;

Coupled Cluster - non-linear expansion with underlying FCI
space (non-variational,size-extensive, single-reference)

ª CC = e1+ T1+ T2::: ª HF
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Multi-Reference Methods

MCSCF - full optimization of MO and CI coef�cients
(variational,size-extensive,multi-reference)

ª MCSCF =
X

i2 P

cP
i ª P

i

MR-CISD - linear expansion truncated at double excitation level
(variational,not size-extensive,multi-reference)

ª MRCISD =
X

i2 P

cP
i ª P

i

| {z }
ref :space

+
X

i2 Q

cQ
i ª Q

i

| {z }
single exc:

+
X

i2 R

cR
i ª R

i

| {z }
double exc:

Multi-reference perturbation theory CASPT2, CASPT3: H 0 =
effective Fock operator derived from CASSCF calculation
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Electron correlation: Water

all-electron correlation energies (a.u.) for water at exp. equilibrium geometry
correlation energy

basis set N HF MP2 CCSD CCSD(T)

cc-pVDZ 28 -76.0272 -0.2413 -0.2517 -0.2550

cc-pVTZ 71 -76.0574 -0.3175 -0.3242 -0.3324

cc-pVQZ 144 -76.0649 -0.3426 -0.3465 -0.3560

cc-pV5Z 255 -76.0671 -0.3516 -0.3534 -0.3634

cc-pV6Z 412 -76.0673 -0.3563 -0.3568 -0.3670

large r12 320 -76.0674 -0.3615 -0.3600 -0.3700

slow convergence with basis set size (X ¡ 3 ¼ N ¡ 1)
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Accuracy in Quantum Chemistry
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QM/MM coupling

Partitioning of system S into inner (I) and outer (O) subsystem
(possibly multiple (interlocked) subsystems)

For non-bonding interactions between I and O straightforward
cutting bonds requires link atoms in the boundary region

Individual energy and gradient contributions are additive

EMM=QM (S) = Eb+ vdW
MM (O) + EvdW

MM (I; O) + Eel
MM (O) + Eel (I; O) + EQM (I)

Two major �avours:

mechanical QM/MM embedding:
Eel (I; O) = Eel

MM (I; O)

electrostatic QM/MM embedding:
Eel (I; O) = Eel

QM (I; O)
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Mechanical Embedding

Eel (I; O) = Eel
MM (I; O)

subtractive scheme:
E tot

MM (S) ¡ E tot
MM (I) + E tot

QM (I)

the evaluation of Eel (I; O) at MM level must match the QM
treatment

most simple scheme easily extensible to multi-layered treatment

applicable to a hierarchie of QM treatment of increasing accuracy
(morokuma)

inherently assumes error cancelation
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Electrostatic Embedding

The interaction with the environment is taken into account
through a modi�ed Hamilton operator

Eel (I; O) = Eel
QM (I; O)

H el
IO =
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The gradients evaluated in standard procedures with the
modi�ed Hamiltionian require an additional term

E (x)
I;O = Tr(DV 0(x)

ne ) + V 0(x)
nn
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Scaling/Length and Time Scales

Nakano,

JPC B110 (2006)
Nakano,

Fut. Gen. Comp. Sys. 17 (2000) 279
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Linear Scaling DFT

·
¡
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r 2 + Vion(r) +
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½(r0)
jr ¡ r0j
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Coulomb (Hartree) potential (term 3) is most expensive;
presenting ½(r) = 2

P occ
i jª i (r)j2 on a real space grid

solve Poisson equation r 2VHartree(r) = ¡ 4¼½(r) in O(Nlog(N))
problems arise from the core electrons which would require a
higher spatial resolution of the grid, thus greatly increasing the
pre-factor ¡! replace core electrons by pseudo potentials.
iterative self-consistent solution repeatedly solving an eigenvalue
problem, extrapolating an improved density and repeating the
process until convergence.
Divide-and-Conquer DFT: since ½(r) is only in�uenced by
features within a small neighbourhood, we can devise a scheme
relying on a partitioning of the density replacing a large
eigenvalue problem by multiple smaller ones.
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Multi-Resolution Classical MD

reduced cell multipole method (RCMM):
replace well-separated images by small number of particles
Ewald summation to incorporate in�nite number of images

fast multipole method (FMM) within each supercell

multiple time step method (MTS) (near �eld)
the longer the distance the slower the time variation of interparticle
interaction ¡! different timesteps, interpolation with Taylor series
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Multi-Resolution Multi-Timestep Scheme
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Linear Scaling DFT/QM (Nakano 2002)

mechanical embedding scheme
E(S) = EQM (I + link) + EMM (S) ¡ EMM (I + link)

�xed partitioning into subsystems

MM long-range Coulomb interaction via FMM ; multi-time-step
procedure (distance-dependent evaluation of forces, with Taylor
extrapolation procedure in between;) three-body forces
separated into products of pairwise forces; adaptive domain
decomposition;

real-space DFT with wavefunctions represented numerically on
an equal spaced grid; numerical differentiation (for kinetic
energy); Coulomb portion: Poisson equation via multi-grid solver;
correlation-exchange functional: generalized gradient approx;
pseudo potentials.
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Coupling Finite Elements/Classical MD

Nakano,

Comp. Phys. Comm. 138 (2001)

143

linking via a weight function ! which
varies from 1 (MD) to 0 (FE) within
the interface layer

each FE node is assigned a mass m
computed from the mass density of
the material (¡! kinetic energy of
FE)

potential energy for FE portion
evaluation from linear elasticity theory
for continua.
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Learn-on-the-Fly Embedding (M.C. Payne)

large QM regions are undesirable and expensive

classical force �eld are not universally applicable

treatment of the boundary region is tricky

replace universal (complex) force �elds by a simpler one but
choose site-dependent parameters instead

identify spatially located critical regions, generate a cluster with
termination, evaluate forces by some QM method (everything
beyond FF) and reparametrize the site-dependent force �eld
parameters to reproduce the QM forces.

both mechanical and electrostatic embedding can be used

FF parameters are merely considered as �tting parameters
without physical meaning - there is no guarantee that the
individual contributions to the forces are correct or physically
consistent.
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Reactive Force Field Method (Goddard)

introduce FF with chemically realistic bond dissociation

bond-order dependent terms

extensive calibration for certain classes of reactions

good representation of reference PES cuts may require a
considerable number of additional terms and parameters
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COLUMBUS - Characteristics

general-purpose multi-reference techniques (MCSCF, MRCI, MRAQCC)

analytical gradients: structures for ground and excited states

non-perturbative spin-orbit coupling

”double-direct” CI

continuum solvent model, electrostatic embedding

non-adiabatic coupling terms, crossing seam optimization

surface-hopping ab-initio MD
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COLUMBUS - Characteristics

general-purpose multi-reference techniques (MCSCF, MRCI, MRAQCC)

analytical gradients: structures for ground and excited states

non-perturbative spin-orbit coupling

”double-direct” CI

continuum solvent model, electrostatic embedding

non-adiabatic coupling terms, crossing seam optimization

surface-hopping ab-initio MD

method of choice for the description of arbitrary PES sections

accurate description of ground & excited states for states with
large non-dynamical correlation, e.g. transition metal compounds
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TURBOMOLE - Overview

structure optimization at HF, DFT, CC2 and MP2 level of theory

available properties:

harmonic vibrational frequencies (DFT, HF)
NMR chemical shifts (MP2, DFT)
circular dichroism (DFT)
excited states (energies, structures) (DFT, CC2)
continuum solvent model (HF, DFT, CC2, MP2)
two-component relativistic DFT (experimental)

ef�cient implementation, fast and numerically robust
O(N1:5) scaling with molecular size for DFT
parallelization:

structure optimization (DFT, HF) supports almost all current
features (Jülich version)
parallel CC2/MP2 implementation I/O intense (Bochum)
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MOLPRO - Overview

multi-reference methods
(IC-MRCI, CASPT2, CASPT3, MCSCF)

single-reference methods
(HF, DFT, MP2, CCSD, CCSD(T))

local correlation methods
(local MP2, local CCSD, CCSD(T))
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