“It is nice to know that the
computer understands the
problem. But I would like
to understand it too.”
Eugene Wigner

Lecture 8: standard
property calculations, part II
UV/Vis spectra, continuum solvation effects, solvent models,
hydrogen bonds, non-covalent interactions

Dr Ilya Kuprov, University of Southampton, 2012
(for all lecture notes and video records see http://spindynamics.org)

Multipole moments
Multipole moments are charge distribution (including nuclear charges) coefficients
in the spherical harmonic expansion of the electrostatic potential:
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After using the Laplace expansion on the Coulomb operator, we get:
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For all points outside the charge distribution cloud we therefore get:
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multipole moments

Multipole moments are a ground state property, but they are sometimes (famously
for carbon monoxide) difficult to compute.
F. Jensen, Introduction to Computational Chemistry, Wiley, 2007.

Multipole moments

It is essential that the geometry is
optimized – nuclear charges make
a very significant contribution.
Multipole moments also depend
on the vibrational state of the
molecule; computing the thermal
average value over all molecular
vibrations can be a very expensive
procedure.
L.O. Paulson et al., http://dx.doi.org/10.1021/ct900608t

Solvation models: overview

Many calculations, particularly with charged and polar
molecules, essentially require
a correct treatment of solvent
electrostatics...
J. Tomasi, M. Persico, http://dx.doi.org/10.1021/cr00031a013

Explicit water models: molecular dynamics
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These models reproduce structural and
thermodynamic properties of water.

SPC = Simple Point Charge
TIP = Transferable Intermolecular Potential

J. Zielkiewicz, http://dx.doi.org/10.1063/1.2018637

Explicit water models: molecular dynamics

Note excellent agreement with the experiment on
the distance correlation function and considerable
deviations from the experimental values for the
electrostatic properties, particularly dipole moment.
M.W. Mahoney, W.L. Jorgensen, http://dx.doi.org/10.1063/1.481505

Explicit water models: semi-empirics and HF
Semi-empirical methods fail to reproduce the
structural properties of liquid water – even the
first coordination shell is incorrect.

Hartree-Fock method is considerably better, on
both the structural and the dielectric properties, but on the scale of solvated molecules it is
very expensive.
G. Monard et al., http://dx.doi.org/10.1021/jp0459099

Continuum solvation effects
We will assume that the molecule sits in a cavity made in a polarisable material.
The energy of the molecule has two contributions:

E   Hˆ    Gˆ 
energy of the molecule (incl.
electrostatic interactions
with the cavity)

energy of cavity
formation

Cavity models:
1.

Kirkwood-Onsager: assumes spherical cavity polarized by the dipole moment of
the molecule. Completely wrong for all practical purposes.

2.

Polarisable continuum model (PCM): assumes the cavity to be a union of
spheres centred on individual atoms. Quite good, but can exhibit numerical
issues with tessellation, integration and geometry convergence.

3.

Isodensity PCM (IPCM): uses the SCF isodensity surface as the cavity. Repeats
the SCF calculation until the cavity no longer changes.

4.

Self-consistent isodensity PCM (SCIPCM): updates the cavity within the SCF
loop, achieving convergence for SCF and cavity at the same time.

F. Jensen, Introduction to Computational Chemistry, Wiley, 2007.

Obsolete solvent cavity models
Born model refers to a spherical cavity with a charge placed inside:
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Bell model refers to a spherical cavity with a dipole placed inside:
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Onsager model refers to a spherical cavity with a polarizable dipole:
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Kirkwood model refers to a general multipole expansion of the electrostatic potential
of the molecule in a spherical and elliptical (Kirkwood-Westheimer) cavities.
Common feature of all four models: they are completely
inaccurate for all practical purposes.
F. Jensen, Introduction to Computational Chemistry, Wiley, 2007.

Current solvent cavity models
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Van der Waals surface

Gelectrostatic

Lee-Richards surface

Van der Waals surface is the surface of the union
over VdW spheres of individual atoms. It is easier to
generate and differentiate, and it is often preferred in
quantum chemical calculations.

Solvent accessible surface
(Lee-Richards surface) is
obtained by rolling a probe
sphere on a collection of
atoms (represented by their
Van der Waals radius) and
tracing the surface containing its centre. Solvent
excluded surface (Connolly
surface) is obtained by
tracing the closest point
instead of the centre.

J. Tomasi, B. Mennucci, R. Cammi, http://dx.doi.org/10.1021/cr9904009

Polarizable continuum model
The apparent surface charge is computed as the
component of the potential gradient in the internal
side of the surface, perpendicular to the surface.



 r   

 1 


r

     in
4 n

The resulting charges are fed into the quantum
mechanical model (the details are very complicated, see the 2005 review by Tomasi, Mennucci
and Cammi for details).
Variations:
1.

Integral equation formalism (IEF) PCM: (the default method in Gaussian03) uses
Green’s functions for the Poisson’s equation to solve the electrostatic problem.

2.

Isodensity PCM (IPCM): uses the SCF isodensity surface as the cavity. Repeats
the SCF calculation until the cavity no longer changes.

3.

Self-consistent isodensity PCM (SCIPCM): updates the cavity within the SCF loop,
achieving convergence for SCF and cavity at the same time.

J. Tomasi, B. Mennucci, R. Cammi, http://dx.doi.org/10.1021/cr9904009

Polarizable continuum model
The PCM model results depend on the choice of atomic radii used to generate the
surface (Pauling radii are obtained from crystallographic data, Bondi radii also
include other factors, Orozco-Luque radii have an exception for acidic hydrogens):

M. Cossi, V. Barone, R. Cammi, J. Tomasi, http://dx.doi.org/10.1016/0009-2614(96)00349-1

Polarizable continuum model
Although the SCIPCM method is undoubtedly the best, it tends to be expensive.
The basis set effect is completely unpredictable – the solvation energy does not
converge to the experimental value.

Convergence difficulties sometimes exhibited by Gaussian09 implementation of
SCIPCM can be resolved by supplying a converged vacuum SCF orbitals as the
initial guess for the solvated calculation.
M. Cossi, V. Barone, R. Cammi, J. Tomasi, http://dx.doi.org/10.1016/0009-2614(96)00349-1

Explicit + PCM solvation
Accurate treatment of solvation is essential for the calculation of hyperfine
couplings and g-factors in polar molecules.

It is often necessary to
introduce the first level of
solvation (such as hydrogen bonds) manually, by
adding explicit solvent
molecules – the effects of
hydrogen bonding are not
reproduced by continuum
solvation models.
S. Sinnecker et al., http://dx.doi.org/10.1021/jp056016z

Poisson-Boltzmann model
The energy of an electrical charge is proportional to the
local electrostatic potential:
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Therefore, from Boltzmann distribution:
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The local charge density is the difference between the concentrations of positive and
negative charges:
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But the local charge density is, in its turn, related to the local electrostatic potential:
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D.J. Shaw, Colloid and Surface Chemistry, Butterworth Heinemann, 2003.

Poisson-Boltzmann model
If we combine the two equations, we get:
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This is known as the Poisson-Boltzmann equation. Because it assumes the presence
of independent point charges in the liquid, it is not applicable to dielectric liquids.
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Cross-eyed stereo plot of water (blue), sodium (red) and chloride (green) ion
distribution around a DNA molecule.

The equation is solved numerically
on a 3D grid. The resulting reaction
potential (the difference between the
solvated and the vacuum potential)
determines the electrostatic part of
the Gibbs free energy of solvation.

D.J. Shaw, Colloid and Surface Chemistry, Butterworth Heinemann, 2003.

Hydrogen bonds
Hydrogen bonds are primarily electrostatic and are described adequately by good
DFT exchange-correlation functionals as well as post-HF methods:
Strong (partially covalent) hydrogen bonds,
such as the ones listed
below, require highlevel post-HF methods.

W. Koch, M.C. Holthausen, A Chemist’s Guide to Density Functional Theory, Wiley, 2001.

Non-covalent interactions
Van der Waals interaction and aromatic stacking are due to the two molecules
polarizing each other on approach:
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requires the knowledge of
all excited determinants

Unless the excited determinants are introduced accurately in a particular method, it
is unlikely to yield accurate Van der Waals interactions.
F. Jensen, Introduction to Computational Chemistry, Wiley, 2007.

Non-covalent interactions
HF, DFT and other single-determinant methods
completely fail to describe Van der Waals interactions
and aromatic stacking – these interactions are almost
entirely electron correlation effects.

MP2/TZ generally gives good results, but BSSE
correction is essential for quantitative interpretation.
M.O. Sinnokrot, C.D. Sherrill, http://dx.doi.org/10.1021/jp0469517

UV/Vis spectra
Accurate vertical excitation energies are usually obtained from configuration interaction calculations (excited determinants are expensive):
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and the transition probabilities are calculated using perturbation theory:
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The energy minima for the ground and the excited states do not necessarily match:
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F. Jensen, Introduction to Computational Chemistry, Wiley, 2007.
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UV/Vis spectra
Notes on accuracy:
1.

The energy accuracy is determined by the method used – CISD, CCSD and
higher in a large basis are strongly preferred.

2.

The line widths are determined by electronic structure dynamics and cannot,
at present, be computed.

3.

The transition moments are only qualitatively correct.

4.

All the standard warnings about the lack of vibrational averaging, solvent
effects, etc. apply.

Note the significant contributions from double excitations in many cases.

