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1.6 Basis sets for correlated methods


All of the basis sets discussed up to now have been developed for use at the Hartree-Fock level of theory, even though corrections have been included in some cases to better reproduce experimental data. Basis sets specifically designed for use with correlated methods have been developed more recently. These basis sets are usually at least of double zeta quality and also include polarization functions. One typical example is the 6-311G(d,p) basis set.14 This basis set consists of a core region of six contracted Gaussian primitives and a triply split valence basis set using, respectively, three, one, and one Gaussian primitives. Polarization functions on first-row elements consist of one set of five pure d-functions, while a set of three p-type orbitals are added on hydrogen. On total this yields 18 basis functions for each non-hydrogen atom of the first row and 6 basis functions for hydrogen. The basis sets for carbon and hydrogen are:

  C 0

 S    6 1.00

   .4563240000D+04   .1966650000D-02

   .6820240000D+03   .1523060000D-01

   .1549730000D+03   .7612690000D-01

   .4445530000D+02   .2608010000D+00

   .1302900000D+02   .6164620000D+00

   .1827730000D+01   .2210060000D+00

 SP   3 1.00

   .2096420000D+02   .1146600000D+00   .4024870000D-01

   .4803310000D+01   .9199990000D+00   .2375940000D+00

   .1459330000D+01  -.3030680000D-02   .8158540000D+00

 SP   1 1.00

   .4834560000D+00   .1000000000D+01   .1000000000D+01

 SP   1 1.00

   .1455850000D+00   .1000000000D+01   .1000000000D+01

 D    1 1.00

   .6260000000D+00   .1000000000D+01

  H 0

 S    3 1.00

   .3386500000D+02   .2549380000D-01

   .5094790000D+01   .1903730000D+00

   .1158790000D+01   .8521610000D+00

 S    1 1.00

   .3258400000D+00   .1000000000D+01

 S    1 1.00

   .1027410000D+00   .1000000000D+01

 P    1 1.00

   .7500000000D+00   .1000000000D+01

Orbital exponents and expansion coefficients of the 6-311G(d,p) basis set have been chosen such that the ground state UMP2(FC) atomic energies were minimized. The frozen core (FC) calculation eliminates the non-valence electrons in the inner core from the electron correlation calculations. Unlike the small 6-31G(d) basis set, the 6-311G(d,p) basis set uses different exponents for the polarization functions on different nuclei.


For methanol the 6-311G(d,p) basis set consists of 60 basis functions which are in turn composed of 94 primitive Gaussians. 

1.7 correlation consistent basis sets


A series of basis sets for correlated calculations has also been developed by Dunning et al.15 These basis sets are referred to as correlation consistent (or cc) and are designed such that a base set of sp functions is combined with correlation functions. These latter functions are chosen such that all functions in a given set lead to a similar lowering of the atomic correlation energy (calculated by CISD). The smallest member of this series and thus often the starting point for correlated calculations is the correlation consistent polarized double zeta basis set designated "cc-pVDZ".15 The cc-pVDZ basis for oxygen is:

  O 0

 S    9 1.00

   .1172000000D+05   .7100000000D-03

   .1759000000D+04   .5470000000D-02

   .4008000000D+03   .2783700000D-01

   .1137000000D+03   .1048000000D+00

   .3703000000D+02   .2830620000D+00

   .1327000000D+02   .4487190000D+00

   .5025000000D+01   .2709520000D+00

   .1013000000D+01   .1545800000D-01

   .3023000000D+00  -.2585000000D-02

 S    9 1.00

   .1172000000D+05  -.1600000000D-03

   .1759000000D+04  -.1263000000D-02

   .4008000000D+03  -.6267000000D-02

   .1137000000D+03  -.2571600000D-01

   .3703000000D+02  -.7092400000D-01

   .1327000000D+02  -.1654110000D+00

   .5025000000D+01  -.1169550000D+00

   .1013000000D+01   .5573680000D+00

   .3023000000D+00   .5727590000D+00

 S    1 1.00

   .3023000000D+00   .1000000000D+01

„generic contractions“
 P    4 1.00

   .1770000000D+02   .4301800000D-01

   .3854000000D+01   .2289130000D+00

   .1046000000D+01   .5087280000D+00

   .2753000000D+00   .4605310000D+00

 P    1 1.00

   .2753000000D+00   .1000000000D+01

 D    1 1.00

   .1185000000D+01   .1000000000D+01

This smallest member of the cc-family is a [3s,2p,1d] contraction of a (9s,4p,1d) basis set. A (1s,1p,1d) subset of this basis set has been optimized such that the energy for the oxygen atom is minimized in a CISD calculation.


The next member of the family is obtained by starting from a somewhat larger (10s,5p) atomic basis set obtained at the Hartree-Fock level and adding 2d and 1f polarization functions to obtain the final [4s,3p,2d,1f] contraction. Addition of the two d-type polarization function yield in this case the same amount of correlation energy as addition of a single f function. The higher members of the cc-family of basis sets are obtained in a similar manner:

basis set

contraction


functions for O

cc-pVDZ

[3s2p1d]


14

cc-pVTZ

[4s3p2d1f]


30

cc-pVQZ

[5s4p3d2f1g]


55

cc-pV5Z

[6s5p4d3f2g1h]

91

cc-pV6Z

[7s,6p,5d,4f,3g,2h,1i]
140


An extension of the cc-basis sets by more diffuse functions is mandatory for charged systems. A systematic extension is represented by the aug-cc-pVxZ series which derives from the cc-pVxZ series through addition of one set of diffuse functions for each angular momentum type already present in the respective cc-basis. The cc-pVDZ thus addes a diffuse (1s1p1d) set to build  the final [4s3p2d] aug-cc-pVDZ set. The complete family of aug-cc-pVXZ basis set is then:

basis set

contraction


functions for O

aug-cc-pVDZ

[4s3p2d]


23

aug-cc-pVTZ

[5s4p3d2f]


46

aug-cc-pVQZ

[6s5p4d3f2g]


80

aug-cc-pV5Z

[7s6p5d4f3g2h]

127

The exponents of the most diffuse basis functions in the aug-cc-pVXZ basis sets have been optimized through HF and CISD calculations on the negatively charged atoms. These basis sets are generally recommend for use with positively and negatively charged systems (Table 2).

Table 2. Proton Affinities for Hydrogen Fluoride [CCSD(T) calculations]

Basis set



PA [kcal/mol]

cc-pVDZ



129.14

cc-pVTZ



125.31

cc-pVQZ



122.97

cc-pV5Z



121.94

aug-cc-pVDZ



118.97

aug-cc-pVTZ



121.63

aug-cc-pVQZ



121.62

aug-cc.pV5Z



121.54

exp.




122±1

Despite the fact that these basis sets have been developed specifically for charged systems, the perfomance of the aug-cc-basis sets is often superior to the cc-basis sets even for neutral molecules. The complexation energies calculated for the water dimer (Table 3) might serve as an example. 

Table 3. Interaction Energies for the Water Dimer [RI-MP2(FC) calculations]

Basis set



E [kcal/mol]

cc-pVDZ



-7.54

cc-pVTZ



-6.08

cc-pVQZ



-5.47

cc-pV5Z



-5.09

aug-cc-pVDZ



-5.31

aug-cc-pVTZ



-5.18

aug-cc-pVQZ



-5.09

aug-cc.pV5Z



-4.98

H(375)[theo.]


-3.2±0.1

H(375)[exp.]


-3.6±0.5

2. Practical considerations

With the exception of semiemipirical methods such as AM1, MNDO, and PM3, and compound methods such as G2 any basis set can be combined with any quantum mechanical method (not all combinations are meaningfull, though). In most cases, the basis set will be called from a library contained in quantum mechanics programs through an acronym such as "6-31G(d)". In the input file format used in Gaussian 98, quantum mechanical method and basis set information are separated by a "/". The following example requests a Hartree-Fock calculation using the 6-31G(d) basis set:

#P  HF/6-31G(d)

If a non standard basis set is to be used, then the "GEN" directive is used instead of the basis set information in the keyword line and the basis set exponents and coefficients are given in fixed format after the geometry information (separated by one blank line):

#HF/GEN 6D

HF sp H2O using the 6-31G(d) basis set

0 1

O1

H2  1  r2

H3  1  r2  2  a3

r2=0.94733729

a3=105.50796079

O 1

 S    6 1.00

  0.5484671660D+04  0.1831074430D-02

  0.8252349460D+03  0.1395017220D-01

  0.1880469580D+03  0.6844507810D-01

  0.5296450000D+02  0.2327143360D+00

  0.1689757040D+02  0.4701928980D+00

  0.5799635340D+01  0.3585208530D+00

 SP   3 1.00

  0.1553961625D+02 -0.1107775490D+00  0.7087426820D-01

  0.3599933586D+01 -0.1480262620D+00  0.3397528390D+00

  0.1013761750D+01  0.1130767010D+01  0.7271585770D+00

 SP   1 1.00

  0.2700058226D+00  0.1000000000D+01  0.1000000000D+01

 D    1 1.00

  0.8000000000D+00  0.1000000000D+01

 ****

H 0

 S    3 1.00

  0.1873113696D+02  0.3349460434D-01

  0.2825394365D+01  0.2347269535D+00

  0.6401216923D+00  0.8137573262D+00

 S    1 1.00

  0.1612777588D+00  0.1000000000D+01

 ****


The basis set information is given for each element separated by a line containing four stars. If this type of input is used, the program does not check whether all atoms have received basis functions. If, for example, the basis set information for hydrogen is deleted from the last example, the calculation will still run as usual, but without any basis functions at hydrogen - with desasterous results! Also some care has to be taken in specifying the correct number of d-orbitals (five pure d-type orbitals vs. six cartesian d-functions). If no additional information is given Gaussian 98 assumes the use of five d-type functions. This can be specified more explicitely using the keywords "5D" and "6D". In a similar fashion, the program can be directed to use either "7F" or "10F" polarization functions. The combination of a standard basis set and some additional basis functions is most easily achieved using the "GEN" keyword. In the following example the 6-31G basis set is called from the basis set library for all carbon and hydrogen atoms and an extra d-type polarization function is then added onto atom No. 1 (oxygen). Using an exponent of 0.8 for the six d-type functions reproduces exactly what is otherwise described as Pople's "6-31G(d)" basis set. 

#HF/GEN 6D

HF sp H2O using the 6-31G basis + additional d-type functions (6D)

0 1

O1

H2  1  r2

H3  1  r2  2  a3

r2=0.94733729

a3=105.50796079

O H 0

6-31G

 ****

1 0

 D    1 1.00

  0.8000000000D+00  0.1000000000D+01

 ****

A listing of basis sets in a format appropriate for input as a general basis set can be obtained in two ways. (i) The first is using Gaussian itself to produce a listing of the currently used basis set. This can be achieved using the keyword gfinput e.g.
#P HF/6-31G(d,p) gfinput
This results in basis set information given for each single center contained in the system. 
(ii) An alternative source of basis set information is provided by the EMSL Gaussian Basis Set Library ar www.emsl.pnl.gov:2080/forms/basisform.html which also provides a number of basis sets not provided as a standard basis set by Gaussian.
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