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Abstract
The objective of this paper is to examine the minimal requirements for obtaining semiquantitative
polarizabilities of molecules, in order to provide a well-founded starting point for a new
semiempirical molecular orbital formulation that is more suitable than presently available methods
for simulating electronic polarization effects. For this purpose, we present polarizability
calculations for 38 molecules with 36 basis sets, including many unconventional ones, and five
semiempirical molecular orbital theories based on neglect of diatomic differential overlap. We
conclude that two basis sets are particularly promising to serve as bases for semiempirical
improvement, namely STO-3G(,P), in which diffuse p functions are added to all hydrogens, and 3-
(21,3,21)G in which a minimal basis set is augmented with one extra s function on every atom.
We especially recommend the former because all intra-atomic overlap integrals are zero by
symmetry, which makes it a better candidate for neglect-of-differential-overlap treatments.

1. Introduction
Semiempirical molecular orbital theory with the neglect of diatomic differential overlap1

(NDDO, e.g., MNDO,2 AM1,3 PM3,4 and RM15) has been enormously useful, and it
continues to be widely used in applications to macromolecular systems, although it is not
without known deficiencies. One of the chief deficiencies is that it does not describe
intermolecular interactions very accurately, partially due to underestimation of molecular
polarizabilities.6,7 This deficiency is a major limiting factor for quantitative simulation and
modeling of systems of biological and materials interest. As an example of trying to remedy
the underpolarization of NDDO methods, Schürer et al.8 reported a parametrized variational
method for calculating molecular electronic polarizabilities from an NDDO wave function;
that method, however, does not concern the polarization of the electronic wave function
itself and hence it is unsuitable for modeling polarization in direct dynamics calculations.
Our goal is to include polarization in the model wave function itself to provide a framework
for developing a new generation of force fields for large molecules in condensed phases,
where the new force fields go beyond fixed-charge molecular mechanics by allowing for
self-consistent polarization and charge transfer.9

One can make up for “small” qualitative deficiencies in molecular model chemistries by
parameterization if one uses an appropriate theoretical framework, but it is hard and
dangerous to use parametrization to make up for large quantitative deficiencies or for a
framework that does not contain the dominant physical factors. In the latter case, it is
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desirable to improve the form of the model so the deficiencies that must be overcome are
smaller and the model to be parameterized contains the physical features that correctly
account for the phenomenon to be modeled.

Current NDDO molecular orbital theory for elements in the 1s, 2s, and 2p blocks of the
periodic table usually has the form of Hartree-Fock (HF) theory employing a minimum basis
set (MBS) with many integrals systematically neglected and others parameterized rather
than evaluated as in ab initio calculations.1 Since the parametrization is carried out against
experimental data rather than against a correct HF/MBS calculation, not only does it make
up for the neglected integrals, but also it empirically introduces higher-order effects, in
particular some of the effects of using a more complete (more polarizable) basis set and
some of the effects of electron correlation. Using the STO-3G10 minimum basis set, ab initio
Hartree-Fock theory underestimates the mean polarizability of a water molecule by a factor
of 3.6, which may be compared to a factor of 3.4 for MNDO and a factor of 2.9 for AM1,
PM3, and RM1. Thus, these semiempirical parametrizations only improved the
polarizability marginally. When we tried to reparameterize these models to have greater
polarizability, many of the other properties became significantly worse, which indicates a
fundamental limitation in building the model on the HF/MBS framework. An interesting
question is whether there is an ab initio formalism, not much more complicated than HF/
MBS, that has a significantly reduced error in computed molecular polarizability, e.g., less
than a factor of two (as compared to a factor of 3.4). An NDDO version of such a theory
might prove easier to parameterize satisfactorily than the NDDO version of HF/MBS theory.
For example, should we explicitly include electron correlation? We already know from
accumulated experience with ab initio calculations that this is not necessary, i.e., large-basis-
set HF theory gives realistic (although of course not quantitatively accurate) polarizabilities.
But how much larger a basis set is called for? What is the smallest increase in basis set that
yields qualitatively correct polarizabilities? The present article is devoted to this question.
Paper II,11 which immediately follows this paper, builds on the findings of this paper to
develop a new NDDO framework, which we call the polarized molecular orbital (PMO)
model, that yields reasonable results for polarizabilities.

Section II of the present paper presents a database that will be used to test basis sets for
polarizabilities. Section III then presents Hartree-Fock polarizability calculations with 37
different basis sets.

II. Database
To understand the basis set requirements for predicting realistic polarizabilities, we consider
only mean dipole polarizabilities α defined as

(1)

where αij is an element of the electric dipole polarizability tensor. The mean polarizability is
the trace of the polarizability tensor and is independent of the orientation of the axes. In the
rest of this article and the next one we will simply call α the polarizability.

Table 1 gives the 38 polarizabilities that we will use to test basis sets. In most cases these are
taken from experiment;12–21 in a few cases where we did not have experimental values we
calculated the polarizability by MP2/aug-cc-pVTZ//MP2/aug-cc-pVDZ, by MP2/aug-cc-
pVDZ, or by HF/aug-cc-pVDZ, where HF denotes Hartree-Fock, MP2 denotes Møller-
Plesset 2nd order perturbation theory,22 and we use the usual notation23 for correlation-
consistent basis sets.
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III. Basis sets
The basis sets considered are in Table 2. For most of the basis sets, the notation is standard.
Nonstandard basis sets are explained in the table; in these explanations, exponential
parameters are called exponents and are given in a0

−2. All basis sets are single-zeta for the
core orbitals; for valence electrons we consider both regular valence basis functions
(indicated by lower case s, p, or d) and diffuse basis functions (indicated by capital S, P, or
D). The table shows how many basis functions of each type (excluding core basis functions)
are present in a given basis; N1 is the number of basis functions on each hydrogenic atom,
and N2 is the number of basis functions (excluding the core) on each nonhydrogenic atom.
(To obtain the total number of basis functions, add one core basis function for C, N, and O
and 5 core basis functions for S.)

IV. Results
Polarizabilities for three typical molecules are given in Table 3. We give results for all 36
basis sets of Table 2 plus for five NDDO methods: MNDO,2 AM1,3 PM3,4 RM1,5 and
PM6.24 A complete table of polarizability calculations for all 38 molecules is presented in
supporting information. Table 3 also gives the mean unsigned percentage error (MUPE, that
is, the mean of the absolute values of all 38 percentage deviations of the calculated
polarizabilities from the reference values of Table 1). The polarizability tensor components
of two molecules, water and acetamide, are given in Table 4.

V. Discussion
The final five rows of table 3 confirm that presently available semiempirical methods
underestimate molecular polarizabilities, but comparison to the results using STO-3G shows
that they have smaller errors than ab initio Hartree–Fock calculations with the same-size
basis set. The other results in the table explore the effect of expanding the basis set.

The table shows that adding diffuse P functions on hydrogen atoms is particularly effective
in increasing the polarizabilities. For example, the STO-3G(,P) basis set has a smaller
MUPE than the much larger STO-3G(d), 3-21G, 3-21G(d), or 3-21G(,p) basis sets, and the
error is almost as small as for the well-polarized cc-pVDZ basis set or the 3-21+G(d) basis
set, which contains more contracted functions than the cc-pVDZ basis set. (We note that
extending NDDO methodology to the 4-31G basis set, which is similar to the 3-21G basis
set, has already been considered by Thiel;25 however, results for polarizabilities were not
presented.)

Deleting the diffuse P functions on any hydrogens, even deleting them only on sp3 carbon
atoms raises the MUPE appreciably, as shown by the results for STO-3G(,P*).

The introduction of p orbitals on hydrogen atoms was previously considered in
semiempirical molecular orbital theory most thoroughly by Jug and Geudtner,26 who added
p orbitals to hydrogen atoms in the SINDO1 approximation; their goal was to improve the
treatment of hydrogen bonding. In the present work, it was found, through systematic
investigation of basis set dependence, that adding P functions (that is, in the notation
established in Section III, diffuse p functions) on hydrogen to a minimum basis set in ab
initio Hartree-Fock calculations provides a powerful strategy to calculate more accurate
polarizabilities. the mean unsigned percentage errors is 32% for adding a P subshell but 56%
for adding a p subshell. Adding both further reduces the error, but only to 31%, showing that
the diffuse P function is the key to the success of this strategy. One obtains a similar mean
error, in particular 33%, with either the 3-21G(,p) or 3-21G(d) basis set. Taking acetylene as
an example, Table 2 shows that the number of valence basis functions in the STO-3G(,P)
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basis set is 16, whereas the number in the 3-21G(,p) or 3-21G(d) is 26–30. For a water
molecule these numbers are reduced to 12 for STO-3G(,P) and to 17–18 for 3-21G(,p) or
3-21G(d).

Another strategy that may be compared to the successful STO-3G(,P)strategy is to add a d
subshell to the STO-3G basis every nonhydrogenic atom, yielding the STO-3G(d) basis set.
This might have been anticipated to be a powerful strategy (the natural choice) because most
of the electrons in the molecules considered here are in valence p orbitals and these are
strongly coupled to d functions by the electric dipole operator. Using this strategy raises the
number of valence basis functions to 20 for acetylene and lowers it to 11 for water, but it
yields a mean error of 57%. Thus this strategy is less successful.

A second successful strategy revealed by Tables 2 and 3 is to split the valence s subshell of
STO-3G on all atoms. If one were to split all the valence subshells, that would give 3-21G,
but the splitting only s subshells gives 3-(21,3,21)G. The mean error is 29%, and the number
of valence basis functions for the example case of acetylene is only 14. For a water molecule
this number is reduced to 9. Of the two successful strategies, i.e., (a) splitting the valence s
subshell on all atoms and (b) adding a set of diffuse P functions to hydrogen atoms, the latter
is preferred for two reasons. First, the inclusion of a set of P orbitals allows the out-of-plane
polarizability as well as the in-plane polarizability to be better represented, which is
particularly important for key compounds such as water and benzene or any other planar
molecule. Second, when the strategy is applied in the context of the NDDO approximation,
choice (b) avoids the treatment of nonorthogonal basis functions on the same center, which
is probably very important since neglect of one-center differential overlap has been singled
out as a significant shortcoming of the current NDDO formalisms, even with minimal basis
sets.27,28 We examine the use of the STO-3G(,P) basis as a starting point for NDDO
parametrization in the following article.

The polarizability tensor components for water and acetamide are provided in Table 4, with
axes aligned along the principal axes. For comparison, we also give results calculated with
the same axis choices with the M06-2X density functional29 and ab initio MP2 wave
function theory22 (with standard basis sets23,30). Water is in the yz plane, and acetamide has
the yz plane as a plane of Cs symmetry. By comparing the results with the STO-3G basis set
to those with the STO-3G(,P) basis and 3-(21,3,21)G bases sets, the table shows that both
new basis sets allow out-of-plane polarization, and for the larger molecule the error in out-
of-plane polarizability is less than 30%.

VI. Conclusions
We found that adding only a few well chosen extra basis functions can considerably reduce
the errors in minimum-basis-set calculations of electric dipole polarizabilities. Two
particularly efficient strategies are (i) to add a diffuse P subshell to every hydrogen atom and
(ii) to split the valence s shell on each atom into a double zeta pair of s functions. It is
particularly encouraging that these strategies work better than the seemingly more obvious
choice of adding d functions to nonhydrogenic atoms.
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Refer to Web version on PubMed Central for supplementary material.
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Table 1
Polarizabilities (Å3)

Molecule α (A3) Ref.

H2O 1.45 12b

CH4 2.59 19

HCN 2.59 13

HCl 2.63 13

(H2O)2 2.88 a

CO2 2.91 16

CH3OH 3.23 12a

CHCH 3.33 13

CH3NH2 4.01 14

CH2CH2 4.25 17

CH3CH3 4.48 13

CH3CN 4.48 18

CH3CHO 4.59 18

CH3Cl 4.72 15

CH2CHOH 4.85 a

CH3CH2OH 5.11 18

CH3OCH3 5.16 12a

CH3SH 5.49 a

CH3C(O)NH2 5.67 18

CHCCH3 6.18 12b

CH2CHCH3 6.26 12b

CH3C(O)CH3 6.33 12a

CH3CH2CH3 6.38 12b

H2NCH2COOH 6.52 a

CH3C(O)Cl 6.62 12b

CH3CHOHCH3 7.61 12b

CH3SCH3 7.39 a

pyrimidine 8.53 20

s-trans-butadiene 8.64 12b

pyridine 9.18 21

diethyl amine 9.61 21

benzene 10.32 13

phenol 11.10 12b

toluene 12.26 12a

nicotinamide 12.19 b

purine 12.78 c

benzaldehyde 12.80 c
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Molecule α (A3) Ref.

benzyl alcohol 13.15 c

a
present work, calculated by MP2/aug-cc-pVTZ//MP2/aug-cc-pVDZ.

b
present work, calculated by HF/aug-cc-pVDZ.

c
present work, calculated by MP2/aug-cc-pVDZ.

J Chem Theory Comput. Author manuscript; available in PMC 2012 December 10.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Fiedler et al. Page 8

Ta
bl

e 
2

B
as

is
 s

et
s 

an
d 

nu
m

be
rs

 o
f 

re
gu

la
r 

va
le

nc
e 

ba
si

s 
fu

nc
ti

on
s 

an
d 

di
ff

us
e 

ba
si

s 
fu

nc
ti

on
s

B
as

is

no
te

N
on

-h
yd

ro
ge

ni
c

H
yd

ro
ge

ni
c

N
1+

 N
2

s
p

d
S

P
D

N
1

s
p

S
P

N
2

ST
O

-3
G

1
3

4
1

1
5

ST
O

-3
G

+
1

3
1

3
8

1
1

9

ST
O

-3
G

+
+

1
3

1
3

8
1

1
2

10

ST
O

-3
G

(,
P)

a
1

3
4

1
3

4
8

ST
O

-3
G

+
(,

P)
a

1
3

1
3

8
1

3
4

12

ST
O

-3
G

+
+

(,
P)

a
1

3
1

3
8

1
1

3
5

13

ST
O

-3
G

(,
p)

b
1

3
4

1
3

4
8

ST
O

-3
G

(,
pP

)
a,

b
1

3
4

1
3

3
7

11

ST
O

-3
G

(D
,P

)
a,

c
1

3
5

9
1

3
4

13

ST
O

-3
G

(P
,P

)
a,

c
1

3
3

7
1

3
4

11

ST
O

-3
G

(S
,P

)
a,

c
1

3
1

5
1

3
4

9

3-
21

G
2

6
8

2
2

10

3-
21

+
G

2
6

1
3

12
2

2
14

3-
21

+
+

G
2

6
1

3
12

2
1

3
15

3-
21

G
(,

P)
a

2
6

8
2

3
5

13

3-
21

+
G

(,
P)

a,
c

2
6

1
3

12
2

3
5

17

3-
21

+
+

G
(,

P)
a,

c
2

6
1

3
12

2
1

3
6

18

3-
21

G
(,

p)
b

2
6

8
2

3
5

13

3-
21

G
(,

pP
)

a,
b

2
6

8
2

3
3

8
16

3-
21

G
(D

,P
)

a,
c

2
6

5
13

2
3

5
18

ST
O

-3
G

(d
)

d
1

3
5

9
1

1
10

3-
21

G
(d

)
d

2
6

5
13

2
2

15

3-
21

+
G

(d
)

d
2

6
5

1
3

17
2

2
19

3-
(2

1,
3,

3)
G

e
2

3
5

1
1

6

cc
-p

V
D

Z
2

6
5

13
2

3
5

18

au
g-

cc
-p

V
D

Z
2

6
5

1
3

5
22

2
3

1
3

9
31

3-
(2

1,
21

,3
)G

e
2

6
8

1
1

9

J Chem Theory Comput. Author manuscript; available in PMC 2012 December 10.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Fiedler et al. Page 9

B
as

is

no
te

N
on

-h
yd

ro
ge

ni
c

H
yd

ro
ge

ni
c

N
1+

 N
2

s
p

d
S

P
D

N
1

s
p

S
P

N
2

3-
(2

1,
3,

21
)G

e
2

3
5

2
2

7

3-
(2

1,
3,

3)
G

(,
P)

a,
e

2
3

5
1

3
4

9

3-
(3

,2
1,

21
)G

e
1

6
7

2
2

9

au
g′

-c
c-

pV
D

Z
2

6
5

1
3

5
22

2
3

1
6

28

au
g″

-c
c-

pV
D

Z
2

6
1

3
12

2
1

3
15

ST
O

-3
G

(,
P!

)
f

1
3

4
1

(3
)

1,
 4

5,
 8

ST
O

-3
G

(,
P*

)
g

1
3

4
1

(3
)

1.
 4

5,
 8

ST
O

-3
G

(,
P′

)
h

1
3

4
1

3
1

8

ST
O

-3
G

(,
P″

)
i

1
3

4
1

3
1

8

a ex
po

ne
nt

 o
n 

hy
dr

og
en

 P
 o

rb
ita

l =
 0

.1
41

, t
ak

en
 f

ro
m

 a
ug

-c
c-

pV
D

Z
. N

ot
e 

th
at

 w
e 

us
e 

ca
pi

ta
l S

, P
, o

r 
D

 to
 d

en
ot

e 
di

ff
us

e 
ba

si
s 

fu
nc

tio
ns

, t
he

re
by

 d
is

tin
gu

is
hi

ng
 th

em
 f

ro
m

 r
eg

ul
ar

 v
al

en
ce

 b
as

is
 f

un
ct

io
ns

(i
nd

ic
at

ed
 b

y 
lo

w
er

 c
as

e 
s,

 p
, o

r 
d)

.

b ex
po

ne
nt

 o
n 

hy
dr

og
en

 p
 o

rb
ita

l =
 0

.7
27

, t
ak

en
 f

ro
m

 c
c-

pV
D

Z
.

c ex
po

ne
nt

s 
fo

r 
di

ff
us

e 
fu

nc
tio

ns
 o

n 
no

n-
hy

dr
og

en
ic

 a
to

m
s 

ta
ke

n 
fr

om
 a

ug
-c

c-
pV

D
Z

d ex
po

ne
nt

 f
or

 n
on

-h
yd

ro
ge

ni
c 

d 
fu

nc
tio

ns
 =

 0
.8

e co
m

bi
na

tio
n 

of
 S

T
O

-3
G

 a
nd

 3
-2

1G
. I

n 
3-

(x
,y

,z
)G

: x
 d

en
ot

es
 v

al
en

ce
 b

as
is

 f
or

 n
on

hy
dr

og
en

ic
 s

 o
rb

ita
ls

, y
 d

en
ot

es
 b

as
is

 f
or

 n
on

hy
dr

og
en

ic
 p

 o
rb

ita
ls

, a
nd

 z
 d

en
ot

es
 b

as
is

 f
or

 h
yd

ro
ge

n.

f P 
fu

nc
tio

ns
 o

nl
y 

on
 p

ol
ar

 h
yd

ro
ge

ns
, i

.e
., 

hy
dr

og
en

s 
no

t b
on

de
d 

to
 c

ar
bo

n.

g P 
fu

nc
tio

ns
 o

nl
y 

on
 p

ol
ar

 h
yd

ro
ge

ns
 a

nd
 h

yd
ro

ge
ns

 b
on

de
d 

to
 n

on
-s

p3
 c

ar
bo

ns
.

h ex
po

ne
nt

 o
n 

hy
dr

og
en

 P
 o

rb
ita

l =
 0

.1
23

, w
hi

ch
 w

as
 o

bt
ai

ne
d 

by
 o

pt
im

iz
in

g 
it 

w
ith

 r
es

pe
ct

 to
 th

e 
po

la
ri

za
bi

lit
ie

s 
of

 th
e 

38
-m

le
cu

le
 te

st
 s

et
.

i ex
po

ne
nt

 o
n 

hy
dr

og
en

 P
 o

rb
ita

l =
 0

.0
82

 .

J Chem Theory Comput. Author manuscript; available in PMC 2012 December 10.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Fiedler et al. Page 10

Ta
bl

e 
3

P
ol

ar
iz

ab
ili

ti
es

 a
nd

 m
ea

n 
un

si
gn

ed
 p

er
ce

nt
ag

e 
er

ro
rs

 in
 p

ol
ar

iz
ab

ili
ti

es
 (

Å
3 )

B
as

is
N

1+
 N

2
ac

et
al

de
hy

de
di

m
et

hy
l s

ul
fi

de
vi

ny
l a

lc
oh

ol
M

U
P

E

re
fe

re
nc

ea
…

4.
59

7.
39

4.
85

0b

ST
O

-3
G

5
1.

76
2.

63
1.

96
62

ST
O

-3
G

+
9

3.
06

5.
29

3.
68

32

ST
O

-3
G

+
+

10
3.

08
5.

61
3.

78
29

ST
O

-3
G

(,
P)

8
3.

15
5.

17
3.

46
32

ST
O

-3
G

+
(,

P)
12

3.
93

6.
83

4.
47

14

ST
O

-3
G

+
+

(,
P)

13
3.

92
6.

95
4.

49
14

ST
O

-3
G

(,
p)

8
2.

03
3.

06
2.

22
56

ST
O

-3
G

(,
Pp

)
11

3.
23

5.
31

3.
55

31

ST
O

-3
G

(D
,P

)
13

3.
59

5.
98

3.
97

21

ST
O

-3
G

(P
,P

)
11

3.
73

6.
26

4.
09

21

ST
O

-3
G

(S
,P

)
9

3.
55

5.
69

3.
96

24

3-
21

G
10

3.
11

5.
10

3.
07

36

3-
21

+
G

14
3.

64
5.

78
3.

88
23

3-
21

+
+

G
15

3.
69

5.
92

3.
93

22

3-
21

G
(,

P)
13

3.
50

5.
88

3.
67

25

3-
21

+
G

(,
P)

17
3.

94
6.

46
4.

32
15

3-
21

+
+

G
(,

P)
18

3.
96

6.
54

4.
33

14

3-
21

G
(,

p)
13

3.
23

5.
32

3.
21

33

3-
21

G
(,

pP
)

16
3.

55
5.

95
3.

73
24

3-
21

G
(D

,P
)

18
3.

86
6.

40
4.

21
15

ST
O

-3
G

(d
)

10
1.

95
2.

87
2.

16
57

3-
21

G
(d

)
15

N
/A

N
/A

3.
18

33

3-
21

+
G

(d
)

19
3.

70
N

/A
4.

00
20

3-
(2

1,
3,

3)
G

6
1.

94
5.

10
2.

16
54

cc
-p

V
D

Z
18

3.
49

5.
58

3.
57

26

au
g-

cc
-p

V
D

Z
31

4.
18

6.
86

4.
59

8

3-
(2

1,
21

,3
)G

9
2.

43
4.

05
2.

59
47

J Chem Theory Comput. Author manuscript; available in PMC 2012 December 10.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Fiedler et al. Page 11

B
as

is
N

1+
 N

2
ac

et
al

de
hy

de
di

m
et

hy
l s

ul
fi

de
vi

ny
l a

lc
oh

ol
M

U
P

E

3-
(2

1,
3,

21
)G

7
3.

51
5.

06
3.

35
29

3-
(2

1,
3,

3)
G

(,
P)

9
4.

34
6.

47
4.

45
11

3-
(3

,2
1,

21
)G

9
4.

22
5.

95
3.

92
21

au
g′

-c
c-

pV
D

Z
28

4.
13

6.
77

4.
53

9

au
g″

-c
c-

pV
D

Z
15

3.
71

5.
91

3.
97

21

ST
O

-3
G

(,
P!

)
5,

 8
1.

76
2.

63
2.

18
58

ST
O

-3
G

(,
P*

)
5,

 8
2.

20
2.

20
3.

46
48

ST
O

-3
G

(,
P′

)
8

2.
99

5.
23

3.
59

32

ST
O

-3
G

(,
P″

)
8

3.
13

5.
22

3.
50

32

M
N

D
O

5
2.

72
3.

94
3.

04
42

A
M

1
5

2.
83

4.
31

3.
09

41

PM
3

5
2.

60
3.

96
2.

87
44

R
M

1
5

2.
70

4.
36

3.
01

42

PM
6

5
2.

03
3.

24
2.

35
56

a fr
om

 T
ab

le
 1

b by
 d

ef
in

iti
on

J Chem Theory Comput. Author manuscript; available in PMC 2012 December 10.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Fiedler et al. Page 12

Ta
bl

e 
4

P
ol

ar
iz

ab
ili

ty
 t

en
so

r 
co

m
po

ne
nt

s 
of

 w
at

er
 a

nd
 a

ce
ta

m
id

e 
(Å

3 )

M
et

ho
d/

B
as

is
α

xx
α

xy
α

yy
α

xz
α

yz
α

zz

W
at

er

 
H

F/
ST

O
-3

G
0.

01
0.

00
0.

82
0.

00
0.

00
0.

38

 
H

F/
ST

O
-3

G
(,

P)
0.

34
0.

00
1.

40
0.

00
0.

00
0.

70

 
H

F/
3-

(2
1,

3,
21

)G
0.

25
0.

00
1.

28
0.

00
0.

00
0.

86

 
M

06
-2

X
/6

-3
1+

G
(d

,p
)

0.
91

0.
00

1.
18

0.
00

0.
00

1.
01

 
H

F/
au

g-
cc

-p
V

D
Z

1.
11

0.
00

1.
42

0.
00

0.
00

1.
27

 
H

F/
au

g-
cc

-p
V

T
Z

1.
16

0.
00

1.
44

0.
00

0.
00

1.
32

 
M

P2
/a

ug
-c

c-
pV

D
Z

1.
33

0.
00

1.
53

0.
00

0.
00

1.
42

 
M

P2
/a

ug
-c

c-
pV

T
Z

1.
40

0.
00

1.
55

0.
00

0.
00

1.
48

A
ce

ta
m

id
e

 
H

F/
ST

O
-3

G
2.

62
0.

09
3.

19
0.

05
−

0.
14

1.
29

 
H

F/
ST

O
-3

G
(,

P)
4.

65
0.

14
4.

64
0.

14
−

0.
26

2.
63

 
H

F/
3-

(2
1,

3,
21

)G
6.

19
−

0.
25

5.
46

0.
13

−
0.

26
2.

68

 
M

06
-2

X
/6

-3
1+

G
(d

,p
)

5.
69

−
0.

05
6.

26
−

0.
02

0.
03

4.
05

 
H

F/
au

g-
cc

-p
V

D
Z

5.
81

0.
00

6.
09

0.
01

−
0.

01
4.

27

 
H

F/
au

g-
cc

-p
V

T
Z

5.
85

−
0.

01
6.

10
0.

01
−

0.
01

4.
30

 
M

P2
/a

ug
-c

c-
pV

D
Z

6.
43

−
0.

11
6.

69
−

0.
01

0.
04

4.
58

 
M

P2
/a

ug
-c

c-
pV

T
Z

6.
47

−
0.

12
6.

70
−

0.
01

0.
03

4.
60

J Chem Theory Comput. Author manuscript; available in PMC 2012 December 10.


