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Basis Sets

Generically a basisset is a collection of vectors which
spans(de nes) a spacein which a problem is solved

? 1K de"ne a Cartesian, 3D linear vector space

In quantum chemistry, the \basis set" usually refersto the
set of (nonorthogonal) one-particle functions usedto build
molecular orbitals

Sometimes,theorists might also refer to N -electron basis
sets, which I1s something elseertirely | setsof Slater
determinarts



Basis Sets in Quantum Chemistry

LCAO-MO appraximation: MQO's built from AQO's
An \orbital" Is a one-electronfunction

AQO's represeted by atom-certered Gaussiansin most
guantum chemistry programs| why Gaussians?GTO's)

Someolder programsused\Slater functions" (STO's)

Physicists like plane wave basissets



Slater-T ype Orbitals (STO's)
ASC (% y;2) = Nx2yPzoel *r
N Is a normalization constan
a, b;c cortrol angular momenium, L = a+ b+ c

3 (zeta) cortrols the width of the orbital (large 3 gives
tight function, small 3 givesdi®usefunction)

Theseare H-atom-like, at least for 1s; howewer, they lack
radial nodesand are not pure sphericalharmonics(how to
get 2sor 2p, then?)

Correct short-rangeand long-rangebehavior



Gaussian-T yp e Orbitals (GTQO's)
AGLC (X y;2) = Nx@yPzee "
Again, a;b;c cortrol angular momenium, L = a+ b+ C
Again, 3 cortrols width of orbital
No longer H-atom-like, even for 1s
Much easierto compute (Gaussianproduct theorem)

Almost universally usedby gquantum chemists



Contracted Gaussian-T ype Orbitals (CGTO's)

2 Problem: STO's are more accurate, but it takeslongerto
compute integrals using them

2 Solution: Usea linear combination of enoughGTO's to
mimic an STO

2 Unfortunate: A conbination of n Gaussiansto mimic an
STO is often calledan \STO-nG" basis,even though it is
madeof CGTO's...

- X . 3.
ASCTO(xy;2) = N~ Gx3yPzte ™" (1)
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Figure 3.3 Comparison of the quality of the least-squares fit of a 1s Slater function ({ = 1.0)
obtained at the STO-1G, STO-2G, and STO-3G levels.

Figure from Szabo and Ostlund, Mo dern Quan tum Chemistry .



Typ es of Basis Sets

Minimal : Onebasisfunction (STO, GTO, or CGTO) for eath
atomic orbital in the atom

Double-zeta : Two basisfunctions for eadh AO

Triple-zeta : Three basisfunctions for eath AO

and etc. for quadruple-zeta(QZ), 5Z, 6Z, ... Having
di®erert-sized functions allows the orbital to get bigger or
smaller when other atoms approad it

A split-valencebasisusesonly one basisfunction for eat core
AQ, and a larger basisfor the valenceAQO's



Examples

H atom, minimal basis: One 1s AQO, one (STO, GTO, or
CGTO) basisfunction

C atom, minimal basis: 1s,2s,2px, 2py, 2p; AO's (5), s05
basisfunctions

C atom, double-zeta basis: Two basisfunctions per AO, so
10 basisfunctions

C atom, split-v alence double-zeta basis: 9 basis func-
tions (why?)



Polarization Functions

As other atoms approad, an atom's orbitals might want
to shift to onesideor the other (polarization). An s orbital
can polarize in onedirection if it's mixed with a p orbital.

p orbitals can polarize if mixed with d orbitals

In general, to polarize a basis function with angular
momenrtum |, mix it with basis functions of angular
momerium | + 1

This gives\p olarized double-zeta", or \double-zeta plus
polarization" basissets,etc



Counting Polarization Functions

We know there should be 5 d functions (usually chosen
as dyz; y2, dy2, dyy, dy,, and dy;); theseare called \pure
angular momertum" functions (even though they aren't,
really)

Computers would prefer to work with 6 d functions (d,z,

dy2, d,2, dyy, dyx,, and dy,); theseare called\6 Cartesiand
functions"

dy2 + dy2 + d,2 lookslike an s orbital
Similar answers are obtained using 5 or 6 d functions

For f functions, it's 7 versusl10 f functions



2 Common reasonfor disagreemen between calculated
results and literature values| di®eren number of polar-
Ization functions

2 Somebasissetsweredeweloped using 5d's (cc-pVXZ, newer
Pople basissets), someusing 6 d's (older Pople basissets);
results don't changemuch, but it is more consisten to use
the samenumber of polarization functions asthe basisset
designer

2 Di®eren programshave di®eren default valuesfor number
of polarization functions



Di®use Functions

Di®usefunctions have small 3 exponerts; this meansthe
electronis held far away from the nucleus

Necessaryfor anions, Rydberg states, very electronegatie
atoms (°uorine) with a lot of electrondensity

Necessaryfor accurate polarizabilities or binding energies
of van der Waals complexes(bound by dispersion)

It Is very bad to do computations on anionswithout using
di®usefunctions; your results could changecompletely!



Anatom y of a Basis Set: H atom, STO-3G

A basisset of Contracted Gaussian-Type Orbitals (CGTQ's)
needsto specify the exponerts (3;'s) and the cortraction
coexcients (¢'s). Theseare given below in the format usedby
the Gaussianprogram (exponens rst)

H O

S 3 1.00
3.42525091 0.154328970
0.623913730 0.535328140

0.168855400 0.444634540

*kk*k



Anatom y of a Basis Set: C atom, STO-3G

C O

S 3 1.00
71.6168370 0.154328970
13.0450960 0.535328140
3.53051220 0.444634540

SP 3 1.00
2.94124940 -0.999672300E-01 0.155916270
0.683483100 0.399512830 0.60/683720
0.222289900 0.700115470 0.391957390

*kkk

STO-3G and other basissetsby John Pople use\SP" shells,
which shareexponerts for s and p functions



Pople Basis Sets

2 Deweloped by the late Nobel Laureate, John Pople, and
popularized by the Gaussianset of programs

2 STO-3G is a minimal basis set in which ead AO is
represemed by 3 Gaussians(3G), chosento mimic the
behavior of a STO

2 Pople's split-valencedouble-zetabasisset is called 6-31G;
the coreorbital is a CGTO madeof 6 Gaussians,and the
valenceis descrilked by two orbitals | oneCGTO made of
3 Gaussiansand one single Gaussian




Anatom y of a Basis Set: C atom, 6-31G

C O
S 6 1.00
3047.52490 0.183470000E-02
457.369510 0.140373000E-01
103.948690 0.688426000E-01
29.2101550 0.232184400
9.28666300 0.467941300
3.16392700 0.362312000
SP 3 1.00
7.86827240 -0.119332400 0.689991000E-01
1.88128850 -0.160854200 0.316424000
0.544249300 1.14345640 0.744308300
SP 1 1.00

0.168714400 1.00000000 1.00000000



More on Pople Basis Sets

2 6-31G* [or 6-31G(d)] is 6-31G with addedd polarization
functions on non-hydrogenatoms; 6-31G** [or 6-31G(d,p)]
IS 6-31G* plus p polarization functions for hydrogen

2 6-311Gis a split-valencetriple-zeta basis;it addsoneGTO
to 6-31G

2 6-31+G Is 6-31G plus di®uses and p functions for non-
hydrogenatoms; 6-31++G hasdi®usefunctions for hydro-
genalso



Designations of Basis Set Size

It Is usefulto refer to how large a basisset is by listing how
many setsof functions it hasfor eat angular momerium type.
Examples:

H atom, minimal basis: 1s(1 function)
C atom, minimal basis: 2slp(5 functions)
C atom, double-zeta basis: 4s2p(10 functions)

C atom, split-v alence double-zeta basis: 3s2p (9 func-
tions)



Dunning's Correlation-Consisten t Basis Sets

Thom Dunning (UT,ORNL) pointed out that basissets
optimized at the Hartree-Fock level might not be ideal for
correlated computations

The \correlation consisten” basissetsare optimized using
correlated (CISD) wavefunctions

cc-pVXZ meansa Dunning correlation-consisteh polarized
valence,X-zeta basis; X=D,T,Q,5,6,7

Functions are addedin shells. cc-pVDZ for C atom consists
of 3s2pld. cc-pVTZ would be 4s3p2d1f. cc-pVQZ would
be 5s4p3d2flg.



2 The Dunning basissetsare designedto corvergesmaoothly
toward the complete(in nite) basisset limit

2 A pre x \aug" meansone set of di®usefunctions is
added for every angular momentum preset in the basis;
aug-cc-pVvVDZfor C atom hasdi®uses,p,d

2 Functions describing core correlation are denoted by the
letter \C" In the cc-pCVXZ or aug-cc-pCVXZbasissets



Convergence of Vibrational Frequencies for
BH, CH™, and NH
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Figure 1. Convergencef CCSD(T)r. andd . towardthe CBS limit
derivedfor valence-only(cc-pVNZ) basissets.

Temelso, Valeev, and Sherrill, J. Phys. Chem. A 108 , 3068 (2004).



Convergence of Bond Lengths for BH, CH™, and NH

Temelso, Valeev, and Sherrill, J. Phys. Chem. A 108 , 3068 (2004).



6434 Helgaker et al.: Molecular equilibrium structures

FIG. 3. Normaldistributionsr (R) for theerrorsin the calculatedbonddistancesThe distributionshavebeencalculatedrom the meanerrorsin Tablelll and
the standarddeviationsin TablelV pm!. For easycomparisonall distributionshavebeennormalizedto oneandplotted on the samehorizontalandvertical
scales.

Helgak er et al, J. Chem. Phys. 106 , 6430 (1997).



General Commen ts

The bigger the basis, the better? Usually | needto
balancewith correlation method; e.g.,cc-pVQZ is great for
CCSD(T), but overkill for Hartree-Fock

STO-3G should not be used: too small

Hard to a®ordmore than polarized double-zetabasissets
exceptfor small molecules

Anions must have di®usefunctions

In our experience,cc-pVDZ is not necessarilybetter than
6-31G(d,p); howewer, cc-pVTZ is better than 6-311G(d,p)
or similar



Cornvergenceof ab initio results is disappointingly slow
with respect to basisset for non-DFT methods (see, for
example,papers by Helgaker or Dunning)

DFT Is lessdependent on basisset sizethan wavefunction-
basedmethods (see,for example,papersby AngelaWilson)

Best resourcefor getting basissets:
http://www.emsl.pnl.go v/forms/basisform.html

| couldn't mertion all the important basissets| others
are out there!



