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Dielectric and optical properties of pure liquids by means ofab initio reaction field theory
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A general Onsager-type reaction field theory approach for simulating dielectric and optical properties is
proposed, thereby giving a unified description for both macroscopic and microscopic properties of pure liquids.
A demonstration is given forab initio computations of the refractive index, the density fluctuation of the
refractive index, and the local field factors of benzene and acetonitrile in the liquid phase, showing good
agreement with available experimental data.@S1063-651X~98!06904-9#
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I. INTRODUCTION

In order to understand the microscopic origin of mater
bulk properties, it is necessary to interpret them in terms
molecular properties. Within the framework of a solvent co
tinuum model, the macroscopic and microscopic proper
are connected through the concept of local fields@1#, which
is based on the fact that individual molecules are not po
ized by the external Maxwell electric field but by a local fie
that is a superposition of the Maxwell field and the fie
produced by the surrounding medium. Using a spherical c
ity model, Onsager@2# and Böttcher @1,3# divided the local
field into a cavity field, depending only on the solvent diele
tric constant, and a reaction field, depending on the ca
radius and the solute molecular properties. The choice
cavity radius has so far been somewhat arbitrary; the m
commonly used is based on the Onsager approximat
which relates the cavity radius to the solvent density.

The solute molecular properties can be calculated at
quantum level using various self-consistent reaction fi
models@4–13# employing different cavity shapes—spheric
@4–9,11,12#, ellipsoidal@4,10#, or a more irregular shape de
fined by a set of overlapping spherical atoms having
appropriate van der Waals radii@13#. Irrespective of cavity
shape, the models so far have all involved one or more ca
size parameters, determined on the grounds of physical i
ition, and different choices for the cavity radius can theref
be found in the literature. Recently, we have presente
method based on the combined use of the classical
tinuum approach and modern quantum chemistry reac
field theory, for determining the Onsager spherical cav
radius of pure liquids@14#. This method provides a uniqu
value for the radius of the cavity for each electronic struct
model. In this paper, we show that this method not o
enables an accurate determination of the solute molec
properties but also lets us determine the local fields,
thereby the macroscopic properties of pure liquids at one
the same theoretical level. As a demonstration, calculat
of the refractive index, density fluctuation of the refracti
index, and local field factors of liquid benzene and aceto
trile are presented.
571063-651X/98/57~4!/4778~8!/$15.00
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II. THE CLASSICAL CONTINUUM APPROACH

The classical continuum approach describes the dep
dence of the macroscopic properties of a dense medium
molecular quantities, such as the dipole momentm and the
polarizabilitya. This theory is well established as describe
for instance, in the books by Bo¨ttcher@1,15#. In this section,
we will only recapitulate the necessary elements for int
ducing the properties of interest.

A. Static properties

According to Böttcher @1#, a general connection betwee
macroscopic quantities, in terms of the dielectric consta
and microscopic quantities, in terms of molecular propert
of the pure liquid in a continuum model, should be given

~e021!~2e011!

3e0 5
4pN

12 f 0~a!a0
S a01

1

3kT

m2

12 f 0~a!a0
D .

~1!

HereN denotes the number of particles per unit volume t
can be computed fromN5dNA /M , whereM is the molecu-
lar weight of the substance,d the density, andNA
Avogadro’s number. Further,e0 is the static dielectric con-
stant,a0 is averaged static molecular polarizability,m is the
dipole moment of the molecule,T is the temperature, andk
is the Boltzmann constant. The static reaction field factorf 0
is defined as@1#

f 0~a!5
1

a3

2~e021!

2e011
~2!

in the dipole approximation, introducing the cavity radiusa.
For nonpolar dielectrics, the dipole momentm is zero,

therefore, Eq.~1! reduces to the so-called Onsager-Bo¨ttcher
expression

~e021!~2e011!

3e0
5

4pNa0

12 f 0~a!a0
. ~3!
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57 4779DIELECTRIC AND OPTICAL PROPERTIES OF PURE . . .
It can be seen that the value chosen for the cavity radiua,
which is unknown up to this point, influences the resu
through the reaction field factor. Using the Onsager appro
mation for the cavity radius

4p

3
Na351, ~4!

Eq. ~3! reduces to the Clausius-Mossotti formula

e021

e012
5

4p

3
Na0 . ~5!

Based on the expression used for the total polarization@1#,
we can introduce the static local field factorl 0 as

l 05
3e0

2e011

1

12 f 0a0
S a01

m2

3kT

1

12 f 0a0
D Y S a01

m2

3kTD .

~6!

B. Dynamic properties

In this paper we focus on properties of pure liquids in t
optical region, in which case the permanent dipoles of
polar systems can no longer follow the changes of the fi
The contributions from orientational polarization, i.e., the
recting field, is therefore negligible. With the Maxwell rel
tion connecting the dielectric constant and the refractive
dex,e5n2, one obtains@cf. Eq. ~3!# a relation that implicitly
determines the optical refractive indexnv ,

~nv
2 21!~2nv

2 11!

3nv
2

5
4pNa~v!

12 f v~a!a~v!
, ~7!

where

f v~a!5
1

a3

2~ev21!

2ev11
. ~8!

This equation can be used for all liquids. If the Onsag
cavity radius is used, Eq.~7! reduces to

nv
2 21

nv
2 12

5
4p

3
Na~v!, ~9!

i.e., the well-known Lorenz-Lorentz equation.
Analogous to the static case, the Maxwell-to-molecu

field relations can be expressed in an effective manner w
the introduction of an optical local field factorl v , which is
obtained from Eq.~6! by omitting the dipole moment. The
dynamic local field factor then becomes

l v5
3ev

2ev11

1

12 f vav
. ~10!

Finally, concerning the dynamic quantities we also g
the expression for the density fluctuation of the refract
index (dnv

2 /dd) or DFRI, which is an important experimen
s
i-

e
d.
-

-

r

r
th

e

tal observable. From Eq.~7! and the expression for the num
ber of particles per unit volume, a general formula f
dnv

2 /dd can be obtained,

dnv
2

dd
5

1

d

nv
2 ~nv

2 21!~2nv
2 11!

2nv
4 112

2

3
~nv

2 21!2/v
, ~11!

wherev5 4
3 pNa3 represents the fraction of the volume o

cupied by the molecules@15#. It is interesting to note that the
values of dnv

2 /dd deduced from the Lorenz-Lorentz equatio
~9! are found to be in disagreement with experimental res
@16#. The expression based on this equation becomes

dnv
2

dd
5

nv
2 21

d

nv
2 12

3
. ~12!

The present approach will be compared with the Lore
Lorentz treatment in Sec. IV.

The procedure outlined above can be implemented
nonspherical cavities if, instead of using the average dip
moment and polarizability, the influence of different comp
nents of the dipole moment~vector! and the polarizabilitya
~tensor! is considered. For an ellipsoidal cavity in a nonpo
solvent, this would mean that the lengths of the three axex,
y, z are to be determined from the diagonal tensor com
nentsaxx , ayy , azz in the same way as the spherical cav
radius is given through calculations of the averagea.

III. COMPUTATIONAL PROCEDURES

As indicated in the preceding sections, accurate calc
tions of molecular properties are essential for the determ
tion of macroscopic properties of dense media. Curren
self-consistent reaction field theory is most commonly us
for this purpose. The solute molecular properties are t
obtained through different methods such as the sum-o
state approach@7,8#, the analytic derivative approach@4#, or
the response theory approach@5,6,13#. Response theory is o
particular interest here since it provides not only static
also dynamic properties; see, for example, Refs.@7,8,4–
6,13#.

In general one obtains the quantities

m5Rm~e,a!, ~13!

a5Ra~e,a!, ~14!

from reaction field electronic structure calculations, i.e., w
parametric dependences on the dielectric constante and the
cavity radiusa. The dielectric constante is naturally ob-
tained from experiment, whereas the cavity radius canno
uniquely chosen. In fact, there are three different commo
employed approaches for determining the cavity radius in
literature; ~i! from the density of the pure liquid@2#; ~ii !
taking the molecular radius plus the van der Waals radii
the outermost atoms;~iii ! adding a constant term~0.5 Å! to
the value obtained from model~i! @17,7#. In this paper, we
make use of the recently proposed method to determin
unique value for the cavity radius@14#.
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4780 57YI LUO et al.
A. Solvation model

The utilized solvent model is a generalization of Kir
wood’s model@23,24# utilizing a multipolar expansion of the
solute charge distribution. The dielectric interaction ene
given here is as in Refs.@24,25#

Esol5(
lm

Rlm^Tlm&, ~15!

using real spherical harmonics, and where

Rlm5gl~e!^Tlm& ~16!

and e is the dielectric constant. ThêTlm& elements are the
charge moments of the solute charge distribution and t
are given as expectation values of the nuclear,Tlm

n , and elec-
tronic solvent operators,Tlm

e ,

^Tlm&5Tlm
n 2^Tlm

e &. ~17!

The functiongl(e), representing the response of the diele
tric medium, is given by@24,25#

gl~e!52
1

2
a2~2l 11!@~ l 11!~e21!#/@ l 1e~ l 11!#.

~18!

The free energy functional for the solvated molecule is giv
as

F~l!5Evac~l!1Esol~l!, ~19!

and depends on a set of parameters$l% for the electronic
wave function. The expectation value of the vacuum Ham
tonianHvac is given as

Evac~l!5
^OuHvacuO&

^OuO&
, ~20!

where the electronic wave functionuO& depends on the pa
rameter set$l%.

The free-energy functional is variationally optimized wi
respect to the parameters of the electronic wave function.
utilize a direct, restricted-step, second order algorithm for
optimization of the energy and electronic wave functi
@24,25#. The parameter set$l% comprises orbital rotation pa
rameters in the case of a single determinant reference s
or orbital rotation parameters and determinant coefficient
the case of a multideterminant reference state, as, for
stance, given by the CAS and RAS wave functions descri
in Sec. IV A. The optimized wave function of the solute
used in the solvent response method for obtaining molec
properties of solvated molecules. This method thus appe
a solvent reaction field Hamiltonian to the unperturbed so
Hamiltonian before the response of the applied tim
dependent electromagnetic field is evaluated. Detailed
scriptions and applications of this method can be found
Refs.@5,6#. The dipole moments are obtained as expecta
values, while the polarizability is obtained as a first ord
response property.
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B. Vibrational polarizability

The vibrational polarizability plays an important role
determining the cavity radius, and eventually all properti
The vibrational polarizability of polyatomic molecules ca
be calculated by introducing different approximations@18#.
In this paper, the double harmonic approximation will
used for dynamic vibrational polarizability, which gives

a i j
v ~2v;v!5(

b
S ]m i

e

]Qb
D S ]m j

e

]Qb
D Y ~vb

22v2!, ~21!

wherevb is the vibrational frequency andQb is the normal
mode coordinate associated with the normal modeb. Fur-
thermore, average polarizabilities are computed as

a5
1

3
~axx1ayy1azz! ~22!

for both electronic and vibrational polarizabilities.

C. Cavity radius

The cavity radiusa0 can be determined as a zero point
the deviation functionF1(e0,a), which then merely ex-
presses the equivalence in Eq.~1! together with the reaction
field expressions for the dipole moment and the polariza
ity in Eqs. ~13! and ~14!; see Ref.@14#,

F1~e0,a!5
~e021!~2e011!

3e0
2

4pN

12 f 0~a!Ra0
~e0,a!

3S Ra0
~e0,a!1

1

3kT

Rm
2 ~e0,a!

12 f 0~a!Ra0
~e0,a!D .

~23!

The motivation for this particular choice of cavity radius
that the classical continuum approach and the self-consis
reaction field should give the same physical description
any investigated system. It has been shown that a un
solution exists for the cavity radius and that this value th
depends only on the molecular system and the computati
level at hand@14#. The dipole moment and static polarizab
ity of the solvated molecule are then given byRm(e0,a0) and
Ra(e0,a0), respectively.

D. Refractive index, local field factors, and density variation

For a given cavity radiusa0 , we can introduce a secon
deviation functionF2( ñv ,a0) by combining Eqs.~7! to-
gether with Eqs.~13! and ~14!,

F2~ ñv ,a0!5
~ ñ v

2 21!~2ñ v
2 11!

3ñ v
2

2
4pNRa~v!~ ñv ,a0!

12 f v~a0!Ra~v!~ ñv ,a0!
. ~24!

Hence, the proper refractive index, which we denote bynv ,
is found at the zero point of the deviation functio
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57 4781DIELECTRIC AND OPTICAL PROPERTIES OF PURE . . .
F2( ñv ,a0)50. The dynamic polarizabilities of the solut
molecule are then given byRa(v)(nv ,a0).

Knowing the consistent molecular properties,Rm(e0,a0),
Ra(e0,a0), and the refractive indexnv , the local field fac-
tors, both static and dynamic, and the density fluctuation
the refractive index can be computed directly via Eqs.~6!,
~10!, and~11!.

IV. SAMPLE CALCULATIONS

We consider the pure liquids benzene (e52.28) and ac-
etonitrile (e537.5) to represent samples of nonpolar a
strong polar dielectrics, and choose them as test cases fo
proposed method.

A. Computational details

For the benzene molecule three different basis sets,
noted asb0, b1, andb2, have been employed. Basis setsb0
and b1 are built from a standard 4-31G basis set@19#
and the atomic natural orbital ~ANO! basis set
(C@14s9p4d/4s3p1d#, H@8s4p/2s1p#) @20#, respectively,
by supplementing diffusep(0.05) andd(0.05) functions on
carbon, and the third basis setb2 is from Sadlej’s polariza-
tion basis sets@21#. The molecule is placed in thexy plane.
All calculations are carried out using the random phase
proximation~RPA! linear response method@linear response
applied to a single determinant reference state, also equ
lent to the time-dependent Hartree-Fock~TDHF! method#.

The acetonitrile molecule possessesC3v symmetry, and
has here been represented by placing the main symmetry
along thez axis. All results are obtained with Sadlej’s pola
ization basis sets@21#. However, for reasons explained b
low, we have, in addition to the SCF reference state, a
employed a limited complete active space~CAS! with four
electrons in two doubly degenerate orbitals, denoted ase
and 3e ~4 in 4!. These orbitals originate mainly from dege
eratepx andpy atomic orbitals~AO! localized on the neigh-
boring carbon and nitrogen atoms, thereby forming~degen-
erate! bonding and antibonding C-N molecular orbita
~MO!. The 1e MO, on the other hand, is mainly localized
the other carbon atom, and it is kept inactive together w
the other seven occupieda1 orbitals. Furthermore, an exten
sive, full valence, restricted active space~RAS! has been

TABLE I. Static polarizability of gas phase benzene. All valu
are in a.u.

b0 b1 b2 Expt.

axx
e 75.601 78.286 79.081 79.16a

azz
e 36.985 43.723 44.978 44.13a

ae 62.729 66.765 67.713 67.48a

axx
v 0.357 0.290 0.283

azz
v 6.846 5.531 5.798

av 2.520 2.037 2.121
axx 75.958 78.576 79.364 83.54b

azz 43.831 49.254 50.776 43.05b

a 65.249 68.802 69.835 70.05b

aRayleigh scattering depolarization ratios@27#.
bStatic Kerr effect, includes vibrational contribution@28#.
f

d
the

e-

p-

a-

xis

o

h

employed with sixteen electrons distributed in RAS1: 4a1 ,
5a1 , 6a1 , 7a1 , and 1e; RAS2: 2e and 3e; and RAS3: 8a1 ,
9a1 , 10a1 , 11a1 , and 4e ~16 in 16!. The number of elec-
trons in RAS1 is kept between ten to twelve and in RA
between zero to two, whereas no restrictions are impose
RAS2. The active spaces are motivated by the clear sep
tion in MP2 occupation numbers that exist between the f
orbitals in RAS2~the same four orbitals as in the CAS! and
others. Furthermore, only the three core orbitals (1a1 , 2a1 ,
and 3a1) are kept inactive in the RAS, and the valence o
bitals in RAS1 are balanced by equally many unoccup
orbitals in RAS3, thereby correlating all orbitals with MP
occupation numbers greater than 1022.

The molecular properties in the gas phase have been
culated without inclusion of the reaction field, since the
teractions among molecules are very small in the gas ph
All calculations are performed with theDALTON quantum
chemistry program package@22#.

B. Nonpolar dielectrics: Liquid benzene

The RPA averaged static polarizability of benzene w
basis setb2 is found to be in excellent agreement with e
periment, cf. Table I. The results with basis setb1 are

FIG. 1. Deviation functionsF1(e0,a) versus cavity radiusa for
liquid benzene with different basis sets. The true cavity radiusa0 is
given byF1(e0,a0)50. The three commonly used cavity radii,~i!–
~iii ! ~explained in the text!, are indicated by dashed lines. The thr
curves shown are corresponding to the cases: using basis seb0,
only electronic contributions~dashed line with marks ‘‘x’’!; using
basis setb0, total electronic and vibrational contributions~solid line
with marks ‘‘o’’ !; using basis setb1, total electronic and vibrationa
contributions~solid line with marks ‘‘*’’ !.
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4782 57YI LUO et al.
slightly below, whereasb0 is apparently too small to provid
accurate values. Hence, with an adequate basis set the p
izability of benzene can be well described at the RPA le
and correlated methods are not expected to improve re
in the present work.

The deviation functionsF1(e0,a) obtained with basis set
b0 andb1 at the RPA level are shown in Fig. 1. The vibr
tional contribution to the polarizability of liquid benzen
a5Ra(e,a), has also been included. The values for the c
ity radius a0 are strongly basis set dependent, as shown
the previous study@14#. Also the inclusion of the pure vibra
tional contribution to the polarizability was found to have

TABLE II. Frequency dependent vibrational polarizabilities
benzene in gas phase and solution. All values are in a.u.

v b0 b1
agas a liq agas a liq

0.00 2.520 3.015 2.037 2.315
0.01 20.376 20.524 20.250 20.307
0.02 20.218 20.231 20.175 20.192
0.03 20.076 20.083 20.060 20.067
0.04 20.041 20.045 20.032 20.035
0.05 20.025 20.028 20.020 20.022
0.06 20.017 20.019 20.014 20.015
0.07 20.013 20.014 20.010 20.011
0.08 20.010 20.011 20.008 20.008
0.09 20.008 20.009 20.006 20.007
0.10 20.006 20.007 20.005 20.005
lar-
l
lts

-
in

significant effect on the cavity radius, e.g., with basis setb0,
cavity radii of 6.401 and 6.753~a.u.! were obtained by ex-
cluding and including the pure vibrational contributions, r
spectively.

With the proper cavity radius, one is thus able to comp
the refractive index. In the optical region, it is understan
able that the vibrational contribution is small due to the sh
interaction time. In Table II, the frequency dependent vib
tional polarizabilities of benzene are summarized for b
the gas and liquid phases. The solvent results are obta
with the cavity radiusa0 . In the static limit, the vibrational

TABLE III. Refractive indices of liquid benzene.

v Basis This work LLa Expt.
~i! ~ii ! ~iii !

0.0430 b0 1.492 1.538 1.503 1.497 1.4825b

b1 1.494 1.584 1.545 1.538

0.0770 b0 1.512 1.559 1.522 1.515 1.4979c

b1 1.515 1.609 1.566 1.559

0.0908 b0 1.523 1.572 1.533 1.526 1.5075c

b1 1.525 1.624 1.579 1.571

0.1050 b0 1.537 1.588 1.547 1.540 1.5196c

b1 1.537 1.643 1.595 1.587

aThe solvated molecular properties are calculated by using the t
commonly used cavity radii,~i!–~iii !.
bExperimental value quoted in Ref.@29#.
cExperimental values quoted in Ref.@30#.
TABLE IV. Density fluctuation of the refractive indices and local field factors for liquid benzene.

Density fluctuation
Local field factorLL

v This work Case 1e Case 2f Case 3g Expt.d This work LLc

0.000 1.379a 1.425
1.343b

0.0430 1.677a 1.910 2.267a 1.883a 1.370a 1.399
1.655b 2.588b 2.050b 1.332b

0.0770 1.761a 2.007 2.410a 1.980a 1.385a 1.415
1.732b 2.773b 2.165b 1.352b

0.0834 1.784a 2.039 2.445a 2.003a 1.80 1.388a 1.419
1.758b 2.818b 2.192b 1.355b

0.0908 1.815a 2.068 2.502a 2.040a 1.393a 1.424
1.776b 2.888b 2.234b 1.358b

0.1050 1.879a 2.146 2.617a 2.116a 1.407a 1.436
1.837b 3.037b 2.323b 1.366b

aBasis setb0.
bBasis setb1.
cUsing experimental values of refractive indices.
dExperimental values quoted in Ref.@15#.
eLL formula, Eq. ~12!, with experimental values of refractive indices.
fLL formula, Eq. ~12!, with the calculated refractive indices using cavity radii~i!.
gLL type of general expression for DFRI, wherev51 is assumed in Eq.~11!, and the calculated refractive
index using cavity radius~i!.
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57 4783DIELECTRIC AND OPTICAL PROPERTIES OF PURE . . .
polarizability for liquid benzene is strongly enhanced co
pared to gas phase values. Increases of 20% and 14%
observed for basis setsb0 andb1, respectively. Compared t
the static value, the dynamic vibrational polarizability in t
optical region decreases drastically. Furthermore, the dif
ence between values in gas and liquid phases becomes
ligible for larger frequencies. In general, the vibrational co
tribution to the dynamic polarizability in the optical regio
can be neglected.

With Eq. ~24!, the refractive index of liquid benzene a
different frequencies has been obtained, see Table III. B
setsb0 andb1 have been used for the simulation. It can
seen from Table III that the calculated refractive indices
liquid benzene seem to be very stable with respect to
basis set. The agreement with experimental data is most
isfactory and we can report theoretical estimations wit
1%. For comparison, we have also applied the widely u
Lorenz-Lorentz~LL ! equation@Eq. ~9!# for alternative values
of the refractive index. The frequency dependent polariza
ities are then computed at three commonly used cavity r
~i!, ~ii !, and~iii !. All results are summarized in Table III an
we note the strong basis set dependence that can be see
same as that found in Ref.@26#. In fact, the better basis se
provides poorer results in comparison with experimen
data. For instance, at cavity radius~i!, the error increases
from 4% to 8% with the two different basis sets. In additio
the results also show strong dependence on the cavity ra
We recall that the LL equation is derived under the assum
tion that the cavity radius is determined by the density of
medium, see Eq.~4!. Therefore, only the choice of cavit
radius~i! is consistent with the LL equation, and since this
a poor choice as shown in Fig. 1 the deficiency is not s
prising.

The density fluctuation of the refractive index~DFRI! at
different frequencies has been calculated by applying
~11! for both basis sets. The results obtained from the L
type formula with experimental data for the refractive ind
have also been included for comparison. As shown in Ta
IV, the values obtained from the current model are in exc
lent agreement with the experimental data, whereas the re
from the LL-type formula overshoots by 13%. We have fu
ther examined the validity of the LL-type formula by usin
the calculated refractive indices from the LL model, Eq.~9!,
where a is obtained from basis setb0 and b1 at cavity
radius ~i!. The DFRI results, listed in Table IV as case
overshoot the experimental value by 36% and 57% for b
setsb0 andb1, respectively. It is interesting to see that

TABLE V. Dipole moments and gas phase polarizabilities
the acetonitrile molecule. Theoretical polarizabilities are pur
electronic. Dynamic values at 514.5 nm. All values are in a.u.

Static Dynamic
SCF CAS RAS SCF CAS RAS Expt.a

mz 1.67 1.53 1.52 1.67 1.53 1.52 1.54
azz 38.52 36.44 36.84 39.80 37.57 38.01 40.
axx 23.95 23.59 23.48 24.54 24.16 24.05 25.
a 28.81 27.87 27.93 29.62 28.63 28.70 30.
dispersion 2.8% 2.7% 2.8%

aExperimental values from Ref.@27#.
-
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one assumesv51 in Eq. ~11!, another LL-type formula can
be obtained. Using this formula with the calculated refract
index from the LL model, the DFRI data are found to b
larger than the experimental one by 11% and 22% for ba
setsb0 andb1, respectively, see case 3 in Table IV.

The static and dynamic local field factors from our mod
are found to be rather close to those obtained from the
approximation, as shown in Table IV. However, for pol
dielectrics, the difference between the present model and
LL formalism for local field factors will become larger, es
pecially the static values. This will be further demonstrat
in the next section.

C. Polar dielectrics: Liquid acetonitrile

As a model medium for the group of polar dielectrics, w
have chosen acetonitrile with a static dielectric constan

y

TABLE VI. Frequency dependent vibrational polarizabilities f
acetonitrile in gas and liquid phase. All values are in a.u.

v agas
v a liq

v

0.00 0.264 0.403
0.02 20.028 20.030
0.04 20.005 20.006
0.06 20.002 20.003
0.08 20.001 20.002
0.10 20.001 20.001

FIG. 2. Deviation functionF1(e0,a) versus cavity radiusa in
atomic units for acetonitrile withe0537.5. For comparison, the va
der Waals based cavity radius is 6.085 atomic units, and the liq
density~0.786 g cm23) based cavity radius is 5.103 atomic units
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TABLE VII. Refractive index, density fluctuation, and local field factor for liquid acetonitrile.

Refractive index Density fluctuation Local field factor
v This work Expt. This work LL Expt. This work LL

0.0000 1.701 1.91
0.0770 1.320 1.3416b 1.067 1.296 1.12a 1.191 1.267
0.0937 1.324 1.3456b 1.083 1.317 1.195 1.270
0.1049 1.327 1.3490b 1.095 1.335 1.198 1.273

aExperimental values quoted from Ref.@16#.
bExperimental values quoted from Ref.@30#.
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37.5. The cavity radius of polar dielectrics is strongly dep
dent on the molecular properties, especially on the dip
moment. At the SCF level the calculated dipole mom
~1.67 a.u.! significantly overestimates the experimental va
of 1.54 a.u. Already with the relatively small, and only sta
cally correlated, CAS reference state the correct dipole m
ment is obtained, and a further extension to the full vale
correlated RAS reference state shows that for the prope
of interest CAS basically covers the full correlation effe
cf. Table V. Therefore, only the CAS reference state will
used for calculations of liquid acetonitrile. A consistent ca
ity radius of 7.55 a.u. is obtained with the aid of Eq.~23! by
incorporating the pure vibrational contribution to the avera
polarizability according to Eq.~21!. The deviation function
F1(e0,a) is plotted in Figure 2 for cavity radii in the range o
6.0–8.0 a.u. The cavity radius, corresponding to the z
point crossing, is much larger than cavity radii previous
used in the literature based on liquid density (a55.103 a.u.!
and van der Waals radii (a56.085 a.u.!.

With the proper cavity radius at hand, we turn to t
determination of the optical refractive index through E
~24!. As seen from Table VI, the vibrational contribution
the polarizabilityav is negligible at optical frequencies an
has therefore been neglected. However, conforming with
results for benzene, we note that the solvent effect onav,
being large in the static limit~53%!, decreases drastically fo
nonzero frequencies. In Table VII, we present the consis
refractive indices and compare them with experimental d
where such are available. The theoretical values are wi
m

c
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2%, which is comparable to the accuracy found for benze
Results for the DFRI in liquid acetonitrile at several fr

quencies are given in Table VII. The result calculated fro
the present model atv50.043 a.u. underestimates the e
perimental value by 6%. However, this is still a considera
improvement compared to the LL value, which oversho
by 17%, cf. Table VII. The LL value was obtained by usin
experimental refractive index.

Finally, we present in Table VII also the local field facto
that relate the external Maxwell field and the molecular fie
Accurate local field factors are a prerequisite for a comp
son between hyperpolarizability measurements in the liq
phase and theoretical models. For acetonitrile two val
have been used in the literature@4# based on the LL approxi-
mation, 1.27 for the static field and 1.91 in the optical regio
A reinvestigation of the electric field induced second h
monic generation~ESHG! experiment on acetonitrile with
improved local field factors will follow in a later publication
In this context the differences are expected to be cru
since the measurement involves the combination of
static and three optical fields, thereby yielding a total fie
factor of l 0l v

2 l 2v .
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