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Abstract An effective scheme for selecting economical basis sets for ab initio calculations has
been proposed for wide-range systems based on the analysis of different functions in the currently
used basis sets. Accordingly, the selection of the basis sets should be made according to the dif-
ferent properties and real chemical surrounding of the atoms in the systems. For normal systems,
the size and level of the basis sets used for the descriptions of the constituent atoms should be
increased from left to right according to the position of the atom in the periodic table. Moreover, the
more the atom is negatively charged, the more the basis functions and suitable polarization func-
tions and diffuse functions should be utilized. Whereas, for the positively charged atoms, the size
of basis set may be reduced. It is not necessary to use the polarization and diffuse functions for
the covalently saturated atoms with normal valence states. However, for the system involving hy-
drogen-bonding, weak interactions, functional groups, metallic bonding with zero valence or low
positive valence, and other sensitive interactions, the polarization and diffuse functions must be
used. With this scheme, reliable calculation results may be obtained with suitable basis sets and
smaller computational capability. By detailed analysis of a series of systems, it has been demon-
strated that this scheme is very practical and effective. This scheme may be used in Hartree-Fock,
Mgller-Plesset and density functional theoretical calculations. It is expected that the scheme would
find important applications in the extensive calculations of large systems in chemistry, materials
science, and life and biological sciences.

Keywords: ab initio calculation, basis sets, population analysis, polarization function, diffuse function.

Quantum chemical ab initio calculations have been shown to be very successful in investi-
gating the structures and properties of molecular systems. Such a theoretical approach solves the
quantum-mechanical many-electron Schrodinger equation by considering all the electrons in-
volved!" ™. By using complete basis sets including electron correlation, satisfactory agreement
with experiments has been found for many medium- or small-size molecular systems in terms of
their energetic, spectroscopic and other properties. The relevant properties and regularity of some
unknown and metastable molecules have been accurately predicted on the basis of the calculations.

It indicates the feasibility to study various systems from a pure theoretical way. However, with the
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development of natural science in various fields and due to their hybridization, many issues relat-
ing to the complicated systems in materials science, clusters, solvents and biology need under-
standing or interpretation by means of theoretical study. This leads to the required CPU time and
the disk space in computations of these systems using ab initio or density functional theories (DFT)
increased rapidly. In the conventional approaches for using these first-principle theories, there is
no clear guiding principle for selecting a suitable basis set for practical calculations so that the
number of basis sets used for calculations is generally determined empirically. Almost every
quantum chemist needs to conduct a large number of tests so as to gain sufficient experience. In
order to achieve satisfactory accuracy and reliability, very large basis sets are normally used,
leading to the overuse of the computational facilities and making the study very costly. It would be
of great significance to search for a new scheme for selecting basis sets which can maintain the
reliability of the result while with the minimal computational cost. In the conventional scheme of
selecting the basis sets, the same number and the same kind of basis functions are used to describe
all atoms involved except for the hydrogen atoms, regardless of what kind of atoms they are'.
Obviously, such kind of selection is not optimal. An accurate description for each atom in the mo-
lecular system should consider the nature and the environment of the atom. In this work, by ana-
lyzing such an issue and by examining a large number of examples, an economical and effective

scheme for selecting basis set has been demonstrated.
1 Basis sets and an economical and effective scheme for selecting basis set

1.1 Basis sets

The ab intio theory of quantum chemistry uses the atomic orbitals of all the atoms involved
to construct the basis space!' ). The basis functions are composed of angular and radial parts. The
angular part is spherical harmonic functions while the radial part generally uses STO and GTO
sets. By taking the advantages of both functions, STO-GTO basis sets have been proposed to be
the linear combination of GTO to form STO. According to the difference of the contribution from
the inner- and outer-shell electrons in construction of a molecule, the mixed ¢ set is normally used,
which is the most popular basis set in the current ab initio calculations. By considering the differ-
ence of the electrons in the molecule and in the atoms as well as the deformation of their orbitals,
polarization functions have also been introduced to make correction'. Although the use of po-
larization functions has increased the size and level of the basis sets used, the described electron
motion in the molecule is much more accurate. Further correction has been made by adopting the
diffuse functions'®”). Such functions are useful in describing the motion of the electrons in elec-
tron-rich area. Obviously, it is particularly important in describing the electron which is far from
the nucleus in an electron-rich molecule, such as the one with lone-pair electrons or an anionic

system which possesses a large radius.

1.2 Theoretical scheme for selecting economical and effective basis set
To deal with a practical system using quantum-chemistry ab initio calculations, it would be
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necessary to use more complete basis set in addition to the consideration of electron correlation.
The more complete the basis set utilized is, the more reliable the result obtained is and the better
agreement with experiments would be achieved. Obviously, such a treatment would encounter
much difficulty when calculating a large system. Following our previous work using an economi-

8] a general scheme for selecting economical and effective

cal basis set to treat protonated systems
basis set for wide-range heteroatomic systems is proposed here. In this new scheme, the differ-
ences in the role of different basis functions adopted in ab initio basis set are considered. More-
over, for a same kind of basis function, a different role may be found when it is used for different
systems. Thus, the amount and type of the basis functions for describing each atom in the mole-
cule should be determined according to the real occupation and behavior of its valence electron.
The less electron the atom possesses, the less basis functions it may require. Hence, the amount
and type of the basis functions to describe an atom would be increased in the order from left to
right of its appearance in the periodic table. Furthermore, if the atom is negatively charged, more
basis functions should be used. In contrast, if positively charged, the use of the basis function
could be cut down. On the other hand, the polarization and diffuse functions are the correction
functions which can describe the deformation and diffuse of the electronic cloud. When forming
bond, electron transfer occurs, leading to poor uniformity of the electron cloud. When losing an
electron, the electron cloud of the atom would be contracted. Such kind of deformation of the
electron cloud can be easily described possibly without using the polarization function. However,
for the atom which has accepted some extra electrons, the electron cloud becomes deformed and
expanded as well as diffused sometimes. For such a case, the use of polarization and diffuse func-
tions is necessary. Therefore, an appropriate amount of polarization and diffuse functions could be
selected for the atoms in a molecule according to the bonding feature. Although the environment
of an atom in different molecules could be very different, the situation should be similar for the
same kind of molecular systems.

In the following, the effects of various basis functions as well as polarization and diffusion
functions on the geometrical structures are examined in the calculations using HF (Hartree-Fock),
MP2 (Mgller-Plesset) and B3LYP/DFT for some selected hydrogen-bonded systems, hydroxylates,
carboxylic acids, amines, alkyl-alkene hydrocarbons, oxides and molecules or compounds involv-

ing metals. All the computations were carried out using G94W package[gl.
2 Results and discussion

In this paper, geometrical optimizations have been done at various levels of theory and by
using different basis sets for the following systems: (BHj3),, (NH3),, (H20),, (HF),, CH3;0H,
CH;CH,0H, CH;COCH;, CH3;COOH, CH3;CONH,, CH, = CH—CH = O, CH4, CH;CHjs,
CH;CH,CH;, CH,= CH,, CH, = CH—CH = CH,, (HCOOH),H", (SiO),, (SiO);, Fe'OH,,
Al(OH)3, AI(CN)3, and NaCl. The geometrical structures of some of them are illustrated in fig. 1,
while their corresponding geometrical parameters are listed in tables 1—4. Table 5 represents their
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net charge distribution on atoms. It is shown that quite large charge transfers have taken place for
many of the systems selected. For the atoms carrying significant negative charges, the descriptions
of them obviously cannot use the basis set determined according to their performances in the neu-
tral or slightly charged systems. The following discusses the examinations of these systems on
their geometrical changes under the use of different basis sets.

For the hydride systems, H atom normally carries positive charge. Due to the less electrons

which are strongly bound to the nucleus, the electron cloud distributes closely near the nucleus in
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Table 1 Deviations of the bond lengths (nm) and bond angles (°) for CH;CH,OH (C;) calculated using selected basis sets from
those using 6-31++G** at B3LYP-DFT level

Basis set CcC—C Cc—O0 O—H ~/COH ZCCO
6-31++G** 0.153 45 0.143 48 0.096 57 109.04 108.04
3-21G —-0.001 18 -0.003 15 —0.003 01 1.45 1.77
6-31G 0.000 01 —-0.002 86 —-0.001 26 -1.15 0.8
6-31G* —-0.000 16 0.00072 —-0.000 37 -0.7 -0.26
6-31G** —0.00013 0.000 73 —0.00003 1.22 0
6-31+G 0.00021 -0.003 97 —-0.001 24 -2.51 1.01
6-31++G 0.000 21 -0.003 97 -0.001 24 -2.51 1.01
0/6-31G*/C, H/6-31G —-0.000 37 —-0.001 11 —-0.000 47 1.62 0.37
C/6-31G*/0, H/6-31G —-0.00005 0.00057 -0.001 22 -1.57 0.25
C2, 03/6-31G*/C1, H/6-31G —-0.000 33 0.000 83 —-0.000 36 1.14 0.06
C2, 03/6-31G*/C1, H/3-21G —-0.000 03 0.000 83 —-0.000 36 1.15 —0.11

Table 2 Deviations of a part of H*-*A bond lengths (nm) and related bond angles (°) of (NH3), (Cs), (H,0), (Cs) and (HF), (Do)

calculated using various basis sets from those using 6-31G**

Level Basis (NHs), (H20), (HF),
set N1—H3 N5---H3 312 Z£531 Z£653 O-*H O4—H5 /542 F--H
HF 6-31G** 0.10033  0.25555 107.43 128.19 12647 0.202 55 0.094 84 107.51 0.192 21
321G 0.000 1 -0.017 8 5.17 -2.10 -2.80 -0.019 9 0.001 64 7.55 —0.000 28
6-31G —0.000 8 0.001 33 7.81 -0.66 -5.17 -0.013 9 0.000 12 11.83 0.011 96
6-31G* 0.000 05  0.000 08 0.11 -0.09 0.08 —0.000 8 0.000 04 -0.05 0.023 27
MP2 6-31G** 0.101 86 0.24517 106.78 123.79  126.58 0.19585 0.097 07 99.91 0.18553
6-31G -0.00042 -0.0013 7.01 3.45 -3.72  -0.007 1 0.000 35 15.03 -0.001 19
6-31G* 0.000 03 0.000 05 0.21 0.08 0.05 -0.000 3 0.000 06 -0.01 0.003 84
B3LYP 6-31G** 0.10192  0.242 27 106.49 123.33  126.80 0.193 1 0.096 68 105.88 0.182 19
(DFT) 6-31G -0.000 62 -0.005 6 8.34 3.01 -496 -0.013 8 0.000 78 6.02 0.009 27
6-31G* 0.000 14 -0.000 6 0.06 0.02 -0.02 0.008 67 —-0.000 3 1.38 —0.000 96

Table 3 Deviations of the bond lengths (nm) and bond angles (°) for (HCOOH),H" (C,) calculated using selected basis sets
from the results of using 6-31G**

Level Basis set H1—02 02—C3 (C3—04 04—HS5 04—06 06—C7 C7—0O8 C3—HI10

HF 6-31G* 0.095 26 0.12963  0.120 02 0.154 58 025309 0.12394  0.125 89 0.108 22
6-31G 0.000 18 0.00141  0.00219 -0.01468 —0.00946 0.00102 0.00209  —0.000 66
6-31G" 0.000 08 0.00124  0.000 65 0.001 75 0.001 53 0.00094  0.00096  —0.000 29
MP2 6-31G* 0.097 95 0.13173  0.123 38 0.140 16 024806 0.12593  0.128 80 0.109 37
6-31G 0.000 38 0.00297  0.00253 -0.00379 —0.00111 0.00216 0.00294  -0.000 22
6-31G# 0.000 09 0.001 57  0.001 00 0.000 52 0.000 81  0.001 12  0.001 32 0.000 21
B3LYP  6-31G* 0.097 62 0.13100  0.123 04 0.133 52 024452  0.12515 0.12875 0.109 55
(DFT) 6-31G 0.000 51 0.00153 0.00198 —-0.00855 —-0.00342 0.00122 0.00222 -0.000 55
6-31G# 0.000 08 0.001 09  0.000 73 0.000 71 0.00074  0.00083  0.00094  —0.000 22
Level Basis set £123 /234 /345 Z346 Z467 Z678 2789 Z23H10
HF 6-31G* 113.83 121.47 128.59 134.53 104.61 121.72 114.28 117.27
6-31G 6.16 -0.84 8.25 5.82 14.79 —-0.24 5.82 1.26
6-31G# —0.82 —0.49 —2.47 -2.38 -1.34 —-0.39 -0.79 0.34
MP2 6-31G* 111.92 120.86 120.99 125.06 107.55 122.11 111.65 118.52
6-31G 4.34 -0.69 7.25 5.74 10.56 -0.26 4.74 0.69
6-31G# -0.59 -0.84 -1.87 -2.39 0.18 -0.76 —-0.48 0.34
B3LYP  6-31G* 112.45 121.32 122.72 125.91 111.12 122.51 112.07 118.54
(DFT) 6-31G 4.72 -0.77 6.31 5.01 11.39 —-0.12 4.41 1.12
6-31G# —-0.71 -0.35 -1.57 —-1.68 -0.91 —-0.29 -0.47 0.16

6-31G#: 0/6-31G*/C, H/6-31G.
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Table 4 Deviations of the bond lengths (nm) and bond angles (°) for M(AB); molecules calculated using selected basis sets
from those using 6-3 1++G**at B3LYP level

Al(OH); (Csn) AI(CN);  (Dsn) Fe'™-OH, (Cav)
Basis sets M=Al A=0 B=H M=AIA=CB=N M =Fe’ A=0 B=H
Al—O O—H ZAIOH  Al-C C-—N FeO O—H /HOH

6-314++G** 017082  0.09614 12345 019113  0.11653 021074  0.09710  107.60
321G 0.00790  -0.001 61 ~6.92  —0.00081 —0.00034 0.01140 -0.00242  —0.91
6-31G 000014 000022  -1603  -0.00038 —0.00107 0.00418 —0.00084  -2.72
6-31G* 0.000 12 —0.000 39 426 0.00026  0.00004  0.00192 —0.000 59 0.55
6-31G** 0.00033 0.0 3.49 0.00026  0.000 04
6-31+G ~0.00008  0.00019  -20.50  —0.00069 —0.00102 0.00307 —0.00102  —2.96
6-31++G -0.00008  0.00019  -20.50  —0.00069 —0.001 02
6-31+G* ~0.000 19 —0.000 40 0.75 0.0 0.0 0.000 73 —0.000 73 0.0
A/6-31G*/M,B/6-31G -0.000 70  —0.000 40 412 -0.00136 -0.00025 0.00160 —0.00061 0.38
A/6-31G*/M,B/3-21G  -0.000 58  —0.000 57 276 —0.00067  0.000 36
M/6-31G*/A,B/6-31G ~ 0.00131 —0.00017  —10.81  —0.00107 0.00009 0.00528 -0.00088  -2.78
M/6-31+G/A,B/6-31G 0.00495 —0.00098  -3.56
A/6-314G/M,B/6-31G 0.00228 —0.00096  —2.69
M.,A/6-31+G/B/6-31G 0.00337 —0.00099  -3.15

Table 5 The net charge distribution on atoms of the selected systems from Mulliken populations calculated at HE/6-31G* level

Molecule Net charge (a.u.)

(BH3), B1:0.13 H3:-0.05 H7:-0.03

(H,0), O1: -0.72 H2:0.36 H3:0.33 04: -0.67 H4:0.35 H5:0.35

(NH3), N1:-0.54 H2:0.05 H3:0.28 H4: 0.04 N5:-0.54 H6: 0.26 H8:0.28

(HCOOH),H" H1:0.51 02: -0.62 C3:0.59 04: -0.62 H5: 0.60 06: -0.59 C7:0.61
08: -0.55 H9: 0.53 H10: 0.24 HI11:0.31

(HF), HI1:0.54 F2:-0.52 H3:0.53 F4:-0.55

Fe'OH, Fel: 0.91 02: -0.95 H3:0.52

Al(OH); All: 1.38 02: -0.92 HS5:0.46

Al(CN); All: 0.68 C2:0.06 N5:-0.28

CH;COCH; C1:-0.57 C2:0.49 C3:-0.57 04:-0.53 H5:0.17 He6: 0.21

CH,;CH,OH C1:-0.52 C2:0.01 03:-0.74 H4: 0.44 H5:0.14 H7:0.20 HS8:0.17

The atomic numbers correspond to those in fig. 1. Some equivalent atoms are omitted here.

the s-orbital. Therefore, a certain kind of s-type function can give a satisfactory description. The
effect of the various types of basis functions on the description of hydrogen atom will not be em-
phasized in this work. However, it can be reflected by many of the examples treated here. Gener-
ally speaking, for a simple system involving hydrogen, regardless of whether using HF, MP2 or
B3LYP methods, the p polarization function of the H can only cause little influence on the struc-
ture. The changes of the bond length are at most about 10~* nm, whereas the variation of the bond
angles is normally within 1°. It is still the case for the organic systems. Such effect has been

. . . 10,11
shown in many previous studies!'* '"!

, which coincides with the point of view of this paper. This is
possibly the reason that the H is distinguished from the other elements in the assignment of basis

sets in the literature.
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2.1 Basis sets for alkane-alkene series

The molecules in the alkane series possess high orders of bonding and tetrahedral frame-
works. Since there is no lone-pair electron, the covalent electron cloud distributes uniformly in the
line of the bond. The corresponding molecular orbital can easily be described. Therefore, quite
accurate results are expected by using only a small basis set. In this work, various levels of SCF
methods have been used to optimize the geometric parameters with the different levels of basis
sets.

For the alkane series, no matter what kind of basis set is selected, the result is almost the
same. It is particularly the case for the C—H bond on which the influence of polarization and dif-
fuse functions is very small. Because the description of H uses a spherical function, the deforma-
tion of the orbital is relatively small when H bonds with the carbon atom. It can be deduced that
for all the molecules in the alkane series, the C—H bond length and </HCH bond angle can be
accurately determined without using polarization functions and diffuse functions. For C—C bond,
the addition of the polarization functions can slightly shorten the bond length to assume the accu-
rate value. There is almost no effect for the use of diffuse functions. In fact, the carbon atoms are
slightly negatively charged while the H atom shows positive charging. For example, the charge
distribution of the ethane is C"**°C "*7H"!? at the MP2(full)/6-311++G** level of calculation. If
dividing the charge distribution into groups, the molecule shows (CH;) ***%(CH,)""*(CH;) >
with a very small dipole moment of 0.082 Debye. There is neither significant charge transfer nor
orbital polarization in the whole molecule. For such a case, the use of a medium basis set (such as
6-31G) can produce quite accurate results.

The same trend has been found for alkenes with all three levels of calculations. For a general
alkene, the polarization and diffuse functions can only have slight influence on the descriptions of
the C—H bond and /HCH, /CCC and ~/HCC angles. However, for the C—C bond length,
there is a certain effect of the polarization function, while no obvious effect of the diffuse function
has been found, compared to that for the alkane series. Although there are m bond interactions
weaker than ¢ bond, the corresponding p-orbitals are not diffuse and there is no polarization in-
duced by strong charge centers. Furthermore, the angle changes between the frameworks formed
by the ¢ bonds in the molecular plane do not influence n bond interaction between the atoms
forming ¢ bonds. Therefore, it is not necessary to consider the diffuse functions for the description
of the general C==C bonding systems. But the polarization can only influence C—C bonding
slightly. In addition, the similar trend has been found in the calculations for various kinds of al-

kyl-benzene systems.

2.2 Alcohols, ketone-aldehydes, carboxylic acids, amines and other hetero-atomic systems in-
volving O and N atoms

In the areas of biology and materials science, the systems containing active groups such as
—OH, —COOH, or —NH2, are of particular importance. Their functional groups can determine
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many of their properties. As mentioned above, for the C=C bonding systems, the accurate geo-
metric parameters can be predicted without using any polarization functions. However, when a
—C=1in a molecule is substituted by one O or =NH group, the double bond would become
polarized. In addition, there are lone-pair electrons appearing at the end of the O or N, leading to
the state of being electron-rich near the O or N and electron deficient on the C atoms. Such a
situation provides good evidence for us to decide whether or not the polarization or diffuse func-
tions are necessary. In this work, the geometric optimizations for a large number of acohols, ke-
tone-aldehydes, carboxylic acids, amines and other organic hetero-atomic systems involving O, N,
S and P atoms have been performed at the B3LYP level for calculation. Only the results for
CH3;CH,OH are listed in table 1. For CH;CH,OH, diffuse function can only cause slight influence
on the geometric parameters. However, the addition of polarization functions to C and O can lead
to results which are very close to those at 6-311++G** level. If applying polarization functions
only to O atom, the results are still close to the accurate ones. On the other hand, the addition of
polarization functions only on the carbon atoms can produce accurate C—C and C—O bond
lengths while the improvement to the O—H and C—H bond lengths as well as the ~COH and
ZOCH angles are quite small. Therefore, the analysis for the results shows that the addition of
polarization function only to O atom for CH3;CH,OH molecule can achieve quite similar results to
those using polarization functions simultaneously to C, O and H atoms. Obviously, the former
scheme can reduce largely the number of the basis functions. The fact does closely relate to the
charge distribution in CH;CH,OH molecule. At B3LYP/6-31++G** level, the charge distribution
is H3"*®C22C %, "°0 "% Obviously, polarization functions must be included for the
description of the significantly negatively charged C and O atoms where the charge density is very
high. However, the total number of electrons relating to C is less than that of O. Moreover, H
atoms connected to C atoms carry a certain number of positive charges. By grouping them into
CH; and CH,, the charge distribution can be described as (CHz) *"*'(CH,) 20 ***H**. 1t indi-
cates that CH; and CH, groups are quite the same as the alkanes in nature and thus can be de-
scribed by only using a fair basis set. Therefore, the addition of polarization functions only to the
oxygen atoms can achieve the result quite close to the accurate ones. Similar cases have been
found for CH;COCH; and CH;COOH where the charge distributions were found to be
(H30'54C70'48)2CO'28070'38 and Hy"3C 04003600 3¢, By regrouping, the charge distribu-
tions are (CH;)"*°C**0 %% (CH;)™* and (CH;)™’C**0 %0 **H**). Therefore, the use of
polarization functions only for the O atoms would produce accurate results.

The principle can still hold for some other oxide systems. In this work, geometric optimiza-
tions have also been performed for (SiO); and (SiO), systems and the results show that no matter
which level of the first-principle theory is used, the addition of polarization functions only to the
oxygen atoms can result in the data close to those using polarization functions for all atoms in-

volved.
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2.3 Protonated formic acid dimer and other systems with weak bonding

It is well known that the description of hydrogen bonding and other weak interactions is a
particularly difficult topic in computational chemistry. Since the weak bonding is quite different
from covalent bonding, the commonly used chemical bonding theory cannot be applied to such
systems. In general, the bond length between the two weakly interacting atoms is relatively long
and the corresponding orbital overlap is small. Therefore, an accurate description is normally re-
quired for such a system. Table 2 presents the bond lengths and bond angles relating to the H-bond
of such kind of hydride dimers, in order to show the effects of the basis set. For (HF),, when two
HF molecules bond each other, a little charge (0.01 e) transfers from F of one fragment to H of
another fragment, leading to the polarization of the electron cloud in order to enhance the formed
H-bond. Therefore, the H:**F bond length is relatively long (MP2/6-31G**: 0.182 19 nm) while
the interaction between H and F is weak so as to be sensitive to the environment. On the other
hand, the electron cloud among the H-:*F has been deformed comparing to that before the forma-
tion of the H-bond so that the influence of polarization functions is found considerably large. If
adding polarization functions only to all F atoms, large improvement has been found while the
effect of diffuse functions is found very small. Furthermore, if the addition of polarization func-
tions is only to the F atom forming the H-bond, quite good agreement can be achieved in com-
parison with the accurate geometric values. For the same reason, the treatments of the N---H bond
in (NH3), and the O*+*H bond in (H,0), should follow the same way. The reasonable bond lengths
of N-:*H and O-**H can be obtained by only applying the polarization function to N and O atoms,
respectively. Meanwhile, the addition of the polarization function can also sensitively improve the
bond angles near the heavy atoms relating to the H-bond. In (NHj3),, the bond angles among the
H---N bond and other N—H bonds have changed about 7° while the bond angles among the H of
the H--N and other N—H bonds have varied around 4°. The improvement of the bond angles in
(H,0); due to the introduction of the polarization functions is found much more significant, the
value of which can reach up to 15°.

For the H-bonding system with the joining of the proton H', the effect of the polarization
functions is much more significant. Table 3 lists some selected bond lengths and bond angles of
the protonated formic acid dimer calculated at the various levels of theory with different basis sets.
The geometric parameters are compared by reference to the values obtained with standard 6-31G*
basis set. Big differences have been found between the results using 6-31G and those using
6-31G* while the addition of the d polarization function on O atoms has resulted in significant
improvement. The most sensitive bond to the basis set is the hydrogen bond connecting the two
formic acid units, i.e. O4—HS5. The change of bond lengths by polarization functions from those
without such a treatment is quite great (HF: 0.014 68 nm; MP2: 0.003 79 nm). In fact, O atoms
carry significant negative charges while C and H carry positive charges. Therefore, the d polariza-
tion functions are much more important for O atoms. The effect of polarization functions can also
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be seen by examining the variations of the bond angles at various levels of basis set. When using
6-31G for calculation, the largest deviations of the bond angle (L0406C7) from the value of
6-31G* can be up to 14.792°, 10.557° and 11.39° in HF, MP2 and B3LYP calculations,
respectively. However, when adding the polarization d functions to O atoms, the deviations are
reduced to —1.338°, 0.180° and —0.810°, respectively. The same trends have been found for the
other bond angles. Therefore, the addition of the polarization d functions only to the oxygen atoms
can produce very similar results to those with the polarization function added to all the atoms of O,
C and H involved. In such a way, the use of the basis set has saved one third in number. With such
a treatment for the protonated formic and acetic acid clusters, the geometric optimizations have
been successfully performed for the systems as large as hexamer, (HCOOH)¢H'. Consequently,
the evaporation energy of a monomer from the series of protonated clusters has been obtained to
agree well with experimental values and the dimer evaporation phenomenon has been explained
reasonably'™. Further applications of the basis set treatment have been performed on the proto-
nated formic acid clusters with the addition of a water molecule, and satisfactory results have been
achieved!'.

2.4 Metallic compounds

The compounds with the joining of metallic elements are important in general. The unique
characteristics of the metallic elements and their interactions with each functional group may con-
trol some important functions of the biological and materials molecules. They also play key roles
in catalytic processes. The compounds may show different properties in relation to the different
electronic structures and location of the involved metallic element in the periodic table. Therefore,
different treatments should be considered for use in the various theoretical calculations according
to the different characteristics of the metallic atoms and the different properties of the compounds
they join. In general, for the metal elements in groups I A and II A, the calculated geometric
parameters may be quite accurate even using only medium-size basis sets excluding the polariza-
tion or diffuse functions, because these elements can easily lose their high energy level s-electron
and show very small electronegativity so as to be in cation form in the compounds with high sta-
bility. For instance, for the NaCl system good agreement has been found between the calculated
bond length (0.238 74 nm) at B3LYP/CI/6-31G*/Na/6-31G level and that (0.239 07 nm) at
B3LYP/Na, Cl/6-31G* level. However, for Na in an electron-rich system, such as Na-NHj;, the
polarization functions on Na are still quite important because of the diffuse electron cloud. It is
necessary to apply polarization functions to both Na and N atoms.

For metallic elements in the p-block of the periodic table, the situation can be different. For
these elements, their d orbitals may be full or empty and their properties are determined by p orbi-
tals. However, due to the differences in their main quantum numbers and the numbers of their va-
lence electrons, different bonding properties can be found. Table 4 lists the geometric parameters
optimized by using B3LYP with different levels of basis set for both AI(OH); and AI(CN); com-
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pounds. For AI(OH)s, since Al shows property of positively charging, the attraction of the nucleus
to its outer-shell electrons is very strong, leading to the compact electronic structure. On the other
hand, the electron in O atoms is very rich, indicating that accurate results may be obtained using
corrections with polarization functions and diffuse functions only for the oxygen atoms. The
analysis of table 4 also indicates that the Al-—O bond is not sensitive to the diffuse functions.
However, if adding the polarization functions and diffuse functions simultaneously on the oxygen
atoms, the produced geometric parameters would be very close to the one from 6-31+G*. The
bond angle ~AIOH is much sensitive to the polarization functions, particularly to the polariza-
tion functions on the oxygen atoms. For the case of adding polarization function to the oxygen
atoms, quite satisfactory geometries can be obtained even using very small basis sets (e.g. 3-21G)
for Al and H atoms (the improvement can be up to 20° for £ AIOH). It is quite obvious, since
ZAIOH is mainly determined by the electronic structures of the electron-rich O atoms. The same
trends have been found for AI(CN); compound as well. In such a case, the addition of polarization
functions to Al atom can only influence the C—N bond slightly and lead to the decrease of the
Al—C bond length. If applying polarization functions to C and N simultaneously, the C—N bond
length is very close to the value obtained using a large basis set. Meanwhile, the AI—C bond has
been stretched slightly. However, for AIR; (R represents alkyl), it is necessary to make correction
with polarization functions.

For transition metallic elements, since their d orbitals are their valence shell and join bonding
with variable spin states, their ionic radiuses are relatively large with d orbital being diffused and
deformed. These kinds of metal atoms generally behave as the functional active center in many
relevant compounds such as biological and materials molecules. Therefore, the basis set effect
should be carefully taken into account in the calculations involving the transition metal elements.
Table 4 lists the calculated results of Fe'-OH, ion at 11 basis set levels. With the great charge on
Fe", the bonding of Fe' with H,O results in the charge transfer of 0.244 a.u. (at
MP2(full)/6-311++G** level) from H,O to Fe'. This part of transferred charges is mainly distri-
buted over Fe and O atoms, which strengthens the Fe—O bonding. Further this charge transfer
also results in the polarization and deforms of the molecular orbitals in H,O molecule. Thus po-
larization and diffuse functions must be used to describe these polarized and deformed molecular
orbitals. From table 4 it can be known that the addition of diffuse functions to 6-31G basis set only
yields a small effect on the bond O—H and the bond angle ~HOH, while the addition of polari-
zation functions to 6-31G decreases the bond angle ~HOH by more than 3°. In fact, this decrease
of bond angle should be mainly attributed to the addition of the polarization functions of O atom.
Therefore, the consideration of only O polarization functions in the corresponding calculations can
give the correct geometry of ligand HO. However, for Fe—O bond, the situation may be different,
because the Fe—O bonding is closely related to the atomic orbitals and the charge populations of
Fe and O atoms. Table 4 shows that there is a large deviation between the value (0.206 56 nm) at
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the medium level of basis set (6-31G) and that (0.210 74 nm) at the higher level of basis set
(6-311++G**). But a great improvement (0.209 14 nm) has been obtained by taking into account
the modification with polarization functions only for O. However, if only the polarization func-
tions of Fe atom are added to 6-31G basis set, the Fe—O bond length is of great deviation (~0.005 3
nm) from the accurate value. The same regularity may be obtained by considering the effect of the
diffuse functions. This analysis has indicated that in the calculations on these kinds of systems, the
accurate results can be obtained by increasing polarization functions only for O. Similarly, the
calculations on FeOH,, Fez+OH2 and Fe’ "OH, species have also been performed with the same
methods and at levels of basis set as mentioned above. The results have demonstrated that the po-
larization functions of Fe and O atoms are important for FeOH,, and those of only O atoms for
Fe%OHz and Fe3+OH2 systems.

2.5 CPU time comparison

The basis set effect on the molecular geometries has been discussed above. This analysis has
indicated that the additions of the polarization and diffuse functions to only a part of atoms in par-
ticular chemical surroundings can yield more accurate results for geometric optimizations. This
provides scientific basis for reducing the total number of basis functions and for improving
computation efficiency so as to enable the calculations of large biological and materials molecules
to have a satisfactory accuracy. The decrease of the basis-set size would help to overcome the
limitation in computations of the computer disk space and memory, and may significantly save
CPU time. Table 6 gives the relationship between basis-set size and the CPU time (Pen-
tium-11/2x350 personal computer) in single-point calculations with different levels of basis set for
the proton-bound dimer of the formic acid. It is shown from this table that the CPU time in the
calculations is very closely related to the basis-set size. As mentioned above, the calculations with
consideration of polarization functions only for O can give results very close to those with polari-
zation function for all atoms involved in molecule. However the number of basis set is conse-
quently decreased by 41, while the computer CPU time is reduced by 1—6 times and becomes
very close to that at 6-31G basis set. It is obvious that, for the calculations of larger molecular

Table 6 CPU time comparison at various levels of basis set in the single-point calculations of (HCOOH),H"

Basis set No. of basis functions CPU times”

HF B3LYP MP2
6-31G 64 30 280 49
6-31G* 100 57 729 164
6-31G** 115 95 748 421
6-31+G 88 44 404 127
6-31++G 93 49 550 147
6-31++G** 144 320 1756 1249
0/6-31G*/C,H/6-31G 84 44 355 110
04,06/6-31G*/others/6-31G 74 37 352 65
0,H5/6-31G*/C,H/6-31G 84 44 383 112

a) Pentium- [1/2x350 personal computer.
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systems, the saving of computer CPU time and disk-space or memory will be very observable.
3 Conclusions

The above theoretical analysis and the demonstrations with many examples can lead to the
following conclusions.

(1) In general, the level of basis sets including polarization and diffuse functions of the atoms
involved in the calculations should be increased from left to right according to their locations in
the element periodic table and their actual increases of negative charge carried. For atoms bonded
by non-polar or weak-polar covalent bonds, medium basis sets without polarization functions may
be suitable. For atoms bonded with strong-polar or ionic bonds, medium basis sets without polari-
zation functions may be used for the positively charged atoms, while large basis sets with polari-
zation or diffuse functions may be required for the negatively charged atoms.

(i1) It should be particularly noted that for the various kinds of compounds such as large
clusters formed by alcohol, carboxylic acid, water and other polar solvent molecules and the or-
ganic polymers with hetero-atoms involved in the biological and materials sciences, the large ba-
sis sets with polarization functions are generally required to use for the hetero-atoms with great
electronegativity, such as N, O, P, S, etc. In contrast, for usual C and H atoms, medium basis sets
without polarization functions may be qualified for accurate calculations. For the alkyl and alkene
groups, the minimum or medium basis sets without polarization functions may be used. For the
key groups involved in the studied systems, large basis sets with polarization and diffuse functions
are necessarily adopted.

(ii1) For metal atoms with metallic property, or with negative or low positive charges, polari-
zation and diffuse functions should be included in the calculations. But for the metal atoms with a
high positive charge (> +1 a.u.), the medium basis sets without polarization and diffuse functions
are applicable.

(iv) For the systems with intermolecular hydrogen-bond or other weak-interaction, the rules
(1)—(ii1) mentioned above are still applicable to the small molecular fragment units. But for the
active atoms used to form the hydrogen-bond or the weak interaction, it is necessary to use po-

larization and diffuse functions in the calculations.
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