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Abstract In the present report, we analyze the effect of

augmenting the basis set and the level of the theory in the

computation of the molecular polarization potential and it is

used as a tool to understand their spatial effects in the cal-

culation of molecular polarizabilities. This is analyzed in the

present report through the results obtained for three refer-

ence molecules: hydrogen cyanide, formaldehyde and urea.

Accordingly, different basis sets were used for the calcula-

tions, including: 6-31G(D), 6-31G(D,P), 6-31G(2D,2P) and

6-31??G(2D,2P). On the other hand, calculations at dif-

ferent levels of the theory were considered, including:

Hartree–Fock, Moller–Plesset second order (MP2) and

fourth order (MP4) as well as the functionals BLYP and

B3LYP at the density functional theory. The results of the

polarization maps reveal similar trends observed with the

calculation of the different components of the polarizability

tensor. However, the use of the maps permits to understand

spatial effects specific for each level of calculation and each

basis set.

Keywords Polarization maps � Polarizability �
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1 Introduction

Molecular polarization potential maps (MPPs) [1–6]

account for the spatial distribution of deformability of the

electronic cloud of a molecule and can be considered as a

correction to the molecular electrostatic potential maps

(MEPs) [1, 7–9]. However, whereas the latter are graphical

representations of the first order (coulombic) contribution

of the interaction energy between a point charge and a

molecule, the former represent the second order (induced)

contribution to the interaction energy of a molecule in the

same conditions. The information provided by MPPs at the

van der Waals surface of the molecule and longer distances

complements the picture provided by MEPs [1, 6] and may

reveal new features in the description of the interaction

energy between two molecules.

Molecular polarization potential maps were introduced

as a tool for analyzing the early stages of the drug–receptor

interaction [1, 8] and since then a large number of papers

have been written devoted to describe its use in studies

concerning different aspects of molecular recognition [9].

The success of these maps as a predictive tool is based in

two factors: on the one hand, the importance of the elec-

trostatic contribution to the interaction energy between two

molecular systems and on the other, to the fact that they

provide a picture of the interactions not attainable from a

multipole expansion analysis. Despite their use under-

scoring the most important features involving molecular

recognition between two molecules at long distances,

polarization contributions at short distances may become

equally important [9] and these effects can be properly

accounted through MPPs [1–6]. Accordingly, MPPs have

been used in the past to explain specific features of

molecular interactions, besides being used to generate new

force field parameters [10].

Dedicated to Professor Santiago Olivella on the occasion of his 65th

birthday and published as part of the Olivella Festschrift Issue.

L. Roset � J. J. Perez (&)

Department of Chemical Engineering,

Technical University of Catalonia, ETS d’Enginyeria Industrial,

Av. Diagonal, 647, 08028 Barcelona, Spain

e-mail: juan.jesus.perez@upc.edu

J. Rubio-Martinez

Department of Physical Chemistry,

The Institut de Recerca en Quı́mica Teòrica i Computacional
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Alternatively, MPPs can also be used as a tool for

understanding the effects of the basis set and method

used in the evaluation of molecular polarizabilities. In

fact, despite being known that in order to compute rea-

sonable estimates of molecular polarizabilities a set of

well tempered basis set including polarization and diffuse

functions is necessary [11], the spatial distribution due to

the increase of the basis set or due to the use of a

different evaluation procedure has never been analyzed.

Accordingly, we report in this work the analysis carried

out on three small molecules: hydrogen cyanide, form-

aldehyde, and urea used as benchmark in a previous

study [4].

2 Methods

Molecular polarizabilities were estimated by computing the

analytical derivatives of the energy as described elsewhere

[12]. For the calculation of the MPPs, molecules were

placed in the YZ plane and polarization maps were com-

puted at x = 4 bohr from the molecular plane. Grid points

were computed every bohr and extended approximately

6 bohr beyond the van der Waals surface of the molecules.

Since the molecules selected have a symmetry plane rs,

only one half of the points of the grid needed to be com-

puted. The total number of points calculated was 231

points for hydrogen cyanide, 242 for formaldehyde and 312

for urea. The value of the polarization at every point of the

grid was computed using the finite field method with a

probe charge of 0.1 a.u. For this purpose at each point, the

scaled value of the electrostatic potential (V) was sub-

tracted from the interaction energy of the molecule with the

probe charge (DE). From these values the polarization

potential (P) was easily obtained, from the following

expression:

DEðrÞ ¼ eVðrÞ þ e2 PðrÞ

Molecular polarization potential maps were computed

with three different basis sets and using different

approximations. The molecular geometry was optimized

for each basis set and method used. Basis sets selected for

the present study include the standard 6-31G(d) [13],

6-31G(d,p) [13], 6-31 (2d,2p) [14] basis sets with

polarization functions and the 6-311??G(2d,2p) [15]

that includes diffuse functions. Calculation were done at

the Hartree–Fock, second order Moller–Plesset (MP2),

fourth order Moller–Plesset (MP4) levels [16] and using

the functional density theory, with the BLYP [17] and

B3LYP [18] functional. All the calculations were

performed with the Gaussian94 package [19].

3 Results and discussion

In Table 1 are listed the estimates of the components of the

polarizability tensor for the three molecules studied in the

present work, together with the experimental results

available. As can be seen in Table 1a–c, a second set of

polarization functions improves all the components of the

tensor around 10%, but only for the out-of-the YZ plane

components. In contrast, the use of diffuse functions is

indispensable to obtain reliable estimates with increases of

around 30% in regard to the calculations carried out with

the basis sets augmented with two sets of polarization

functions, although this improvement is smaller for the YZ

plane components for formaldehyde and urea. Present

results confirm also that DFT reproduces well the results

obtained at the ab initio level at the MP4 level, although

they are about 5% overestimated in the case of the basis set

augmented with diffuse functions (Fig. 1).

Molecular polarization potential maps provide the spatial

distribution of these trends. MPPs of these molecules were

described in a previous report [4]. Figure 2a–c show the

MPP maps of the three molecules studied in the present

study at the MP4 level with the 6-311??(2d,2p) basis set.

In contrast to MEPs, MPPs do not present any stationary

point, but the separation between level curves inform of the

regions where the molecule is more polarizable. Thus,

looking at the level curves, we can see that in formaldehyde

the oxygen is more polarizable in the directions of its non-

bonding pair and in the path that intersects the two hydro-

gens. In the case of hydrogen cyanide, the map shows that

the molecule exhibits a similar polarizable pattern in any

direction. Finally, in the case of urea it exhibits as more

polarizability paths in the regions between the carbon and

the oxygen as well as the hydrogen bisecting directions. The

different basis sets and methods used in the present work

reproduce well the main features of these maps.

Whereas qualitative differences found among different

computing schemes carried out in this work are small,

quantitative differences are noticeable. We have analyzed

the effect of correlation in the description of the maps and

the effect of the augmentation of the basis set. Improve-

ment on the calculations follows the same trends as found

on the estimates of the polarizability tensor shown in

Table 1. Figure 2 shows the correlation between the MPPs

of urea computed with the basis set at the MP4 level with

other levels of calculation. Compared with the Hartree–

Fock and MP2 all the points of the map behave similarly,

independent of their value. Moreover, it can be seen that

differences with MP2 are not noticeable and with the cal-

culations carried out at the Hartree–Fock level, differences

are around 2%. Interestingly, it had been previously
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Table 1 Estimates of the polarizability tensor for the different molecules reported in the present work

6-31G(d) 6-31G(d,p) 6-31G(2d,2p) 6-311 ?? G(2d,2p)

(a) Results for hydrogen cyanide, with an average experimental value of 17.5 a.u. [21]

RHF xx 7.47 7.53 8.70 11.36

yy 7.47 7.53 8.70 11.36

zz 19.52 19.64 19.68 26.12

<a> 10.48 11.56 12.36 16.28

MP2 xx 7.49 7.55 9.35 11.51

yy 7.49 7.55 9.35 11.51

zz 18.28 18.41 18.61 26.34

<a> 11.09 11.17 12.44 16.45

MP4 xx 7.62 7.70 9.42 11.44

yy 7.62 7.70 9.42 11.44

zz 18.81 18.89 18.85 26.99

<a> 11.34 11.43 12.63 16.62

BLYP xx 7.73 7.79 9.52 12.22

yy 7.73 7.79 9.52 12.22

zz 19.22 19.36 19.41 27.01

<a> 11.56 11.64 12.82 17.15

B3LYP xx 7.66 7.71 9.47 11.88

yy 7.66 7.71 9.47 11.88

zz 19.15 19.28 19.30 26.49

<a> 11.49 11.57 12.75 16.75

(b) Results for formaldehyde with an average experimental value of 16.5 a.u. [22]

RHF xx 6.48 6.77 8.73 10.48

yy 12.92 13.04 14.04 15.23

zz 17.64 17.81 17.93 21.51

<a> 12.35 12.54 13.57 15.74

MP2 xx 6.45 6.65 8.71 10.71

yy 13.56 13.66 14.77 15.24

zz 17.40 17.52 17.84 21.56

<a> 12.48 12.61 13.78 15.89

MP4 xx 7.50 6.92 8.80 10.86

yy 13.71 14.02 14.82 16.54

zz 17.42 17.62 17.98 22.09

<a> 12.88 12.85 13.87 16.50

BLYP xx 6.76 6.96 8.84 11.17

yy 14.16 14.31 15.43 17.90

zz 17.95 18.09 18.32 23.58

<a> 12.96 13.12 14.20 17.55

B3LYP xx 6.69 6.89 8.80 10.99

yy 13.74 13.84 14.97 16.96

zz 17.74 17.69 18.10 22.72

<a> 12.72 12.89 13.96 16.87

(c) Results for urea, with an experimental value of 31.9 a.u [23]

RHF xx 11.30 12.16 13.01 22.61

yy 28.12 28.66 28.92 32.47

zz 30.90 31.42 32.60 35.37

<a> 23.44 24.08 24.84 30.15
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reported that the effect of correlation does not affect the

MEPs considerably [20]. In contrast, in the case of the DFT

calculations, it can be seen that the correlation with MP4

calculations is poor. Specifically, in the case of using the

B3LYP functional, there are a series of points that are not

properly computed and are distributed at different values.

In contrast, the BLYP functional exhibits a better behavior

with points that differ in regard to the reference calculation

found at values close to zero.

Spatial distributions of differences provides information

about the areas that are described differentially. For this

purpose, relative difference maps of the polarization

computed with two different methods or basis sets were

computed. Each point of the grid was computed using the

formula:

ei ¼
Pðmethod A)i� Pðmethod B)if g

Pðmethod A)i
� 100

where P is the polarization at point i of the grid computed

with one of the basis sets and with a specific method. The

extent of the relative deviation between the two different

methods is measured by the average values of e for all

points of the grid. Figure 3a–c shows the effect of aug-

menting the basis set in a series of calculations carried out

con urea at the MP4 level and using as reference the

6-311??(2d,2p) basis set. As can be seen in Fig. 3a, dif-

ferences with the basis that includes two sets of

polarization functions are around 10% in the areas close to

the nuclei and increase up to a 20% in the outermost

regions of the molecule. Interestingly, when we compare

the differences in the computation of the polarizability as

shown in Table 1, it can be clearly concluded that there is

the need of a proper description of this region for a proper

calculation of some of the components of the polarizability

specially the out-of-the YZ plane component. However,

when we compare the reference results with the basis set

that includes one set of polarization functions (Fig. 3b, c),

differences are larger, but more interestingly, the area close

to the nuclei is not properly computed. Indeed, the map

shows positive deviations in the region close to the nuclei,

like if they were overestimated and negative differences in

the outermost regions of the molecule with nearly zero

deviations on top of the middle of the different bonds. The

same trends are observed in the map obtained with the

smaller basis set.

4 Conclusions

The aim of the present report is to assess the spatial dis-

tribution of the effects observed when using different basis

sets and at different levels of the theory for the computation

of molecular polarizabilities. For this purpose, we com-

puted the molecular polarization potential of three small

molecules: hydrogen cyanide, formaldehyde, and urea. The

results show that the inclusion of a second set of polari-

zation functions in the basis set increases about 10% the

values of the polarizabilities and this improvement is

Table 1 continued

6-31G(d) 6-31G(d,p) 6-31G(2d,2p) 6-311 ?? G(2d,2p)

MP2 xx 12.06 12.31 13.69 25.14

yy 29.11 29.52 29.62 33.45

zz 30.84 31.24 31.82 36.72

<a> 24.01 24.36 25.04 31.77

MP4 xx 12.16 12.42 13.70 25.17

yy 30.24 30.67 30.91 34.50

zz 30.82 31.82 31.85 36.98

<a> 24.41 24.97 25.48 32.22

BLYP xx 12.25 12.51 14.71 26.45

yy 31.89 32.30 30.73 40.77

zz 32.15 32.49 32.28 42.10

<a> 25.43 25.77 25.91 36.44

B3LYP xx 12.16 12.41 14.70 25.13

yy 30.26 30.67 28.99 38.01

zz 31.05 31.40 32.19 39.91

<a> 24.49 24.83 25.29 34.35

Values in every cell correspond to the different tensor components (xx, yy, zz) followed by the average value (in bold), computed as

\a[ = (axx ? ayy ? azz)/3. All values are in atomic units (1e2a
0
2Eh

-1 = 1.648778 9 10-41C2 m2 J-1)
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basically located in the most polarizable regions like lone

pairs and bonds. This has a parallel in the evaluation of the

different components of the tensor. On the other hand,

basis augmentation with diffuse functions is critical for an

accurate description of the less polarizable directions of

the molecule. Increments of about 30% are obtained and

mostly located in the outermost regions of the molecule.

Inclusion of the electronic correlation does not alter much

the spatial distribution of the molecular polarization maps,

although there is a difference of around 2% in the values.

In contrast, calculations carried out at the DFT level exhibit

a poor correlation compared to MP4 calculations, with

Fig. 1 Molecular polarization maps computed with a

6-311??G(2D,2P) basis set at the MP4 level of calculation. All

the results are in a.u.: a formaldehyde, b hydrogen cyanide, c urea
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Fig. 2 Comparison of the values of the molecular polarization maps

computed at different levels of theory using a 6-311??G(2D,2P)

basis set and using the MP4 as reference. All the results are in a.u.:

a Hartree–Fock, b MP2, c BLYP, d B3LYP
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the BLYP functional exhibiting a better behavior. Inter-

estingly, deviations are preferentially located in regions

where the polarization values gets close to zero.
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