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Hello students! Welcome to this lecture. In the last lecture we discussed about the functional forms
of different basis functions and their strengths and weaknesses. We discussed the Slater type
orbitals, the Gaussian type functions and the concept of contracted Gaussian type functions, where

more than one Gaussian type functions are combined to reproduce a Slater type orbital.
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Let us discuss the STO-3G basis set for carbon atom. The electron configuration of C is 1s22s22p2.
For each of these 5 orbitals (note, 2p has three degenerate orbitals) we require one STO. In total,
we need 5 STOs of which 2 are s-type (1s and 2s) and 1 is p-type (with three different forms for X,
y, and z direction). Together, this is represented by [2s,1p] notation. Now, each of these STOs are
going to be represented by 3 GTFs within STO-3G basis. Hence, the number GTFs (3 for 1s, 3 for
2s and 3 for 2p) becomes (6s,3p). Again, each p-type function has three components. This makes
15 number of functions in the basis set (6 from 6s and 3 from each of the 3p). The contraction
scheme for this basis becomes: (6s,3p) = [2s,1p]. Note the use of the round brackets for the GTFs
and the square brackets for the STOs. Even if we are using 15 GTFs instead of 5 STOs, the

computational cost is still less in the former due to the nature of the Gaussian functions.



Now let us look at the functional forms of the STO-3G basis. From the basis set library, we obtain

the numbers for the orbital exponents and the coefficients.
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The first block is for 1s orbital, where the first column represents the orbital exponents and the
second column represents the coefficients. Using the above numbers, we can write that the STO

for 1s orbital is given by,
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The second block is for 2s and 2p orbitals (denoted by SP), where the 1% column represents the
orbital exponents, while the 2" and 3" columns represent the coefficients for the 2s and 2p orbitals,
respectively. Using the numbers in the basis set, we can write the corresponding STOs for 2s and

2p orbitals as,
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If you compare the values of the orbital exponents for 1s to those in 2s/2p, you would see large
numbers for 1s orbital exponents. This describes the small size of the 1s orbital. On the other hand,

smaller orbital exponents in 2s/2p allow these orbitals to participate in chemical bonding.

In the above discussion, we considered one STO for each orbital (which was then fitted by 3 GTFs).
Since the STO itself is an approximate form of the atomic orbitals, it is often practiced to take
more than 1 STOs to describe an orbital. Since STOs are characterized by their orbital exponents
(zeta), we call those basis sets that take one STO for each orbital as single-zeta functions. Instead
if we take 2 or 3 STOs for each orbitals, such basis set will be called as double-zeta or triple-zeta

basis.



Since the core orbitals do not particiapate actively in chemical bonding, it is a common practice to
express the core orbitals as a single-zeta function, while the valence orbitals are described by more
number of STOs. Such a treatment, where core and valence are split, is known as split-valence
basis.
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There are different approaches of obtaining the split-valence basis. We will discuss Pople’s

approach here. A general definition of split-valence basis K-ImnG is given below
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The ‘dash’ represents the core-valence separation with core to the left and valence to the right of
the ‘dash’. K represents the number of GTOs to describe one STO. The number of digits after the
‘dash’ indicates the number of STOs to describe an orbitals (double-zeta if there are 2 digits and
triple-zeta if there are 3 digits, and so on). The digits themselves (i.e., | or m or n) indicate the
number of GTOs for that STO.



For example a basis set 3-21G suggests that the core orbital is described by 3 GTFs, the valence
orbitals are described by two STOs, of which the 1% STO is described by 2 and the 2"¢ STO is
described by 1 GTFs.
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The first block (of three rows) correspond to the core 1s orbital represented by one STO (fitted to
3 GTFs), the second block (of two rows) is for 2s and 2p orbitals, where one STO is fitted to 2
GTFs and the third block (of one row) represents the second STO of the 2s and 2p orbitals,
represented by a single GTF.
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Next, let us consider 6-31G basis for C atom. This is a split-valence double-zeta basis. Number of
STOs for core orbital 1s is one, and the number of STOs for each valence orbital (2s and 2pyy2) is

two. This makes total 3 s-type STOs and 2 p-type STOs which can be represented as [3s,2p], with



total number of basis functions K = 9. The core STO is described by 6 GTFs and the two STOs for
the valence orbitals are described by 3 and 1 GTFs. Taken together, we have 6+3+1=10 s-type
GTFsand 3+1=4 p-type GTFs. This can be represented as (10s,4p). The overall contraction scheme
IS (10s,4p)—>[3s,2p]. The values of the orbital exponents and the coefficients (obtained from basis

set library) are given in the slide above.
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Q Polarization functions
+ Basis function with angular momentum [ is mixed with basis function of angular

momentum [+] .

Q Diffuse functions
+ Small zeta exponent of same |
+ Necessary for anions, electronegative atoms, Rydberg states, weakly bound complexes

Q Correlation Consistent
+ Basis sefs are optimized using comrelated wavefunctions (not HF wavefunctions)

Q Effective Core Potentials (ECP)
+ For heavy elements core electrons are freated as ECP with relatfivistic corrections

Q Plane wave basis
+ For periodic materials - valence electrons are modelled as free electrons

What we discussed so far, is only the basic form of the basis set. Over the years, several
improvements have been made on these basis sets. While we can not discuss all of them in detail,
we will try to highlight some of the essential features of improved basis sets that are commonly

used.

Upon chemical bond formation, the valence orbitals often get polarized, for example, the
bonding orbital of H, develops a p; character to the spherically symmetric 1s orbitals of H-atom.
To allow this effect, the basis sets of angular momentum | are augmented with I+1 functions. In
Pople’s basis set notation, ‘*” at the end of K-ImnG indicates the polarized split-valence basis

set.

Anions, electronegative atoms, and Rydberg states are often found to have electron density

diffused over large space. For accurate treatment of such systems, basis sets include a function



with very small orbital exponent (thus allowing diffused nature of the orbital). Such basis sets are

called diffused basis set and the ‘+’ sign indicates diffused basis set in Pople’s notation (K-Imn+G).

All the basis functions we have discussed so far have been obtained from atomic Hartree-Fock
calculations. There exists an alternate class of basis sets that add additional energy-optimized
functions that make these basis sets suitable for correlated calculations. This class of functions,
proposed by Dunning, are called correlation consistent (cc) basis set. There exists different variants
of cc basis, for example: cc-pVDZ indicates a correlation consistent basis set of double-zeta quality

with polarization functions added.

For heavy elements (e.g., transition metals, lanthanides and actinides) there are more number core
electrons that do not take part in chemical bonding, but contribute to screening and relativistic
effects. Explicit treatment of these core electrons increases computational cost. Hence, effective
core potentials are used for these atoms, where the core electrons are treated as an effective
potential while the valence electrons are treated explicitly. An example of the ECP is the
LANL2DZ which indicate the ECP for the core electrons (along the line of Los Alamos National

Laboratory class of ECPs) and double zeta basis for the valence electrons.

Plane wave basis functions are used for periodic systems. These are popular in calculations for

solid-state periodic systems.

Thank you for your attention.



