
 

 

 University of Groningen

A discrete solvent reaction field model for calculating frequency-dependent
hyperpolarizabilities of molecules in solution
Jensen, Lasse; van Duijnen, Piet Th.; Snijders, Jaap G.

Published in:
Journal of Chemical Physics

DOI:
10.1063/1.1627760

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2003

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Jensen, L., van Duijnen, P. T., & Snijders, J. G. (2003). A discrete solvent reaction field model for
calculating frequency-dependent hyperpolarizabilities of molecules in solution. Journal of Chemical
Physics, 119(24), 12998-13006. https://doi.org/10.1063/1.1627760

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1063/1.1627760
https://research.rug.nl/en/publications/02f60eb0-5bd8-4da0-a779-201b74a0a45f
https://doi.org/10.1063/1.1627760


A discrete solvent reaction field model for calculating frequency-dependent
hyperpolarizabilities of molecules in solution
Lasse Jensen, Piet Th. van Duijnen, and Jaap G. Snijders

Citation: J. Chem. Phys. 119, 12998 (2003); doi: 10.1063/1.1627760
View online: https://doi.org/10.1063/1.1627760
View Table of Contents: http://aip.scitation.org/toc/jcp/119/24
Published by the American Institute of Physics

Articles you may be interested in
A discrete solvent reaction field model for calculating molecular linear response properties in solution
The Journal of Chemical Physics 119, 3800 (2003); 10.1063/1.1590643

A discrete solvent reaction field model within density functional theory
The Journal of Chemical Physics 118, 514 (2003); 10.1063/1.1527010

A discrete interaction model/quantum mechanical method for simulating surface-enhanced Raman spectroscopy
The Journal of Chemical Physics 136, 214103 (2012); 10.1063/1.4722755

Theory and method for calculating resonance Raman scattering from resonance polarizability derivatives
The Journal of Chemical Physics 123, 174110 (2005); 10.1063/1.2046670

Microscopic and macroscopic polarization within a combined quantum mechanics and molecular mechanics
model
The Journal of Chemical Physics 122, 034103 (2005); 10.1063/1.1831271

Beyond the electric-dipole approximation: A formulation and implementation of molecular response theory for the
description of absorption of electromagnetic field radiation
The Journal of Chemical Physics 142, 244111 (2015); 10.1063/1.4922697

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1858055942/x01/AIP-PT/MB_JCPArticleDL_WP_0818/large-banner.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Jensen%2C+Lasse
http://aip.scitation.org/author/van+Duijnen%2C+Piet+Th
http://aip.scitation.org/author/Snijders%2C+Jaap+G
/loi/jcp
https://doi.org/10.1063/1.1627760
http://aip.scitation.org/toc/jcp/119/24
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.1590643
http://aip.scitation.org/doi/abs/10.1063/1.1527010
http://aip.scitation.org/doi/abs/10.1063/1.4722755
http://aip.scitation.org/doi/abs/10.1063/1.2046670
http://aip.scitation.org/doi/abs/10.1063/1.1831271
http://aip.scitation.org/doi/abs/10.1063/1.1831271
http://aip.scitation.org/doi/abs/10.1063/1.4922697
http://aip.scitation.org/doi/abs/10.1063/1.4922697


A discrete solvent reaction field model for calculating frequency-dependent
hyperpolarizabilities of molecules in solution

Lasse Jensen,a) Piet Th. van Duijnen, and Jaap G. Snijders
Theoretical Chemistry, Materials Science Centre, Rijksuniversiteit Groningen, Nijenborgh 4,
9747 AG Groningen, The Netherlands

~Received 2 July 2003; accepted 29 September 2003!

We present a discrete solvent reaction field~DRF! model for the calculation of frequency-dependent
hyperpolarizabilities of molecules in solution. In this model the solute is described using density
functional theory~DFT! and the discrete solvent molecules are described with a classical polarizable
model. The first hyperpolarizability is obtained in an efficient way using time-dependent DFT and
the (2n11) rule. The method was tested for liquid water using a model in which a water molecule
is embedded in a cluster of 127 classical water molecules. The frequency-dependent first and second
hyperpolarizabilities related to the electric field induced second harmonic generation~EFISH!
experiment, were calculated both in the gas phase and in the liquid phase. For water in the gas phase,
results are obtained in good agreement with correlated wave function methods and experiments by
using the so-called shape-corrected exchange correlation~xc!-potentials. In the liquid phase the
effect of using asymptotically correct functionals is discussed. The model reproduced the
experimentally observed sign change in the first hyperpolarizaibility when going from the gas phase
to the liquid phase. Furthermore, it is shown that the first hyperpolarizability is more sensitive to
damping of the solvent–solute interactions at short range than the second hyperpolariz-
ability. © 2003 American Institute of Physics.@DOI: 10.1063/1.1627760#

I. INTRODUCTION

Accurate predictions of molecular response properties,
like the frequency-dependent~hyper!polarizability, in the
condensed phase and in the gas phase are of great interest
both from a theoretical and a technological point of view.1–3

However, accurate calculations of molecular properties re-
quire a quantum mechanical treatment, which, due to high
computational cost, are limited to small systems. Time-
dependent density functional theory~TD-DFT! ~Refs. 4–8!
allows for the calculation of frequency-dependent response
properties like electronic excitations and frequency-
dependent~hyper!polarizabilities. The use of TD-DFT for
calculating molecular response properties in the gas-phase
has been shown to be accurate for small and medium size
molecules, especially if one uses recently developed density
functionals.9–18 Therefore, the extension of TD-DFT to treat
also molecules in solution is of great interest.

The calculation of response properties of molecules in
condensed phase is a fundamental and important theoretical
challenge, which still remains problematic. Since the mo-
lecular properties like~hyper!polarizabilities are sensitive to
the local environment, an accurate calculation of these prop-
erties could serve as a test for the molecular models used in
describing intermolecular forces. The most successful meth-
ods divide the total system into two parts, one the molecular
system of interest which is described with a quantum me-
chanical method and two the rest of the system which is

treated by a much simpler method, usually a classical
description.19–33 Among these methods are the combined
quantum mechanical and classical mechanics models
~QM/MM !.22–33 In the QM/MM methods the solvent mol-
ecules are treated with a classical force field and the interac-
tions between the solute and solvent are described with an
effective operator, so the problem that remains is to find an
accurate approximate representation of the solvent molecules
and the solute–solvent interactions.34

An example of such a QM/MM method is the discrete
solvent reaction field model~DRF! which we recently
developed.35,36Although in this model the QM part is treated
using density functional theory~DFT! it is not restricted to
this approach. The permanent electronic charge distribution
of the solvent molecules~MM ! is modeled by point charges,
while distributed atomic polarizabilities are included to
model the solvent polarization arising from many-body inter-
actions. The permanent point charges represent at least the
permanent molecular dipole moment, and the distributed
atomic polarizabilities the full molecular polarizability ten-
sor. The QM/MM interactions are introduced into the Kohn–
Sham equations through an effective operator and all inter-
actions are solved self-consistently, which allows the solute
to be polarized by the solvent. An important feature of the
model is the inclusion of polarizabilities in the MM part
which allows for the solvent molecules to be polarized by the
solute and by interactions with other solvent molecules. The
advantages of including polarizabilities in the MM part is
that all parameters can be obtained from gas phase proper-
ties. Furthermore, it is expected that a distributed polarizabil-
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ity approach will give better results than an approach in
which one models the molecular polarizability using only a
single~anisotropic! polarizability per molecule, especially as
the size of the solvent molecule increases.37 Although stan-
dard DFT methods have problems describing van der Waals
interactions, see e.g., Ref. 38, these problems are not present
here since the van der Waals interactions are treated purely
classical. The van der Waals interactions are typically treated
using a Lennard-Jones~LJ! potential where the LJ param-
eters are taken from the classical force field or optimized to
the particular QM/MM method.39 However, it is not certain
that optimizing the parameters on small complexes will im-
prove the results in a QM/MM simulation40 of a liquid. So
far the DRF model has been applied to study the dipole and
quadrupole moments35 and linear response properties like
vertical excitation energies and frequency-dependent
polarizability36 of a water molecule in aqueous solution.

Therefore, as a natural extension, we will apply the dis-
crete solvent reaction field model to calculate the frequency-
dependent hyperpolarizability of a molecule in solution
within TD-DFT. This allows for the discrete representation
of the solvent to be retained, and electron correlation of the
QM part to be included in an efficient manner. The calcula-
tion of the frequency-dependent first hyperpolarizability will
be achieved efficiently by the use of the (2n11) rule.41

Within a QM/MM approach the treatment of frequency-
dependent hyperpolarizability has only been considered in
one previous study using both correlated and uncorrelated
wave function based methods.42 As in our previous study on
dipole and quadrupole moments35 and linear response
properties36 of water in aqueous solution we will adopt the
same water structure for which the wave function QM/MM
results exist.42 This will allow us to asses approximate
exchange-correlation~xc! potentials for calculating molecu-
lar frequency-dependent hyperpolarizabilities in solution.

II. THEORY

A. The discrete reaction field model

In the QM/MM method the total~effective! Hamiltonian
for the system is written as22–33

Ĥ5ĤQM1ĤQM/MM1ĤMM , ~1!

whereĤQM is the quantum mechanical Hamiltonian for the
solute,ĤQM/MM describes the interactions between solute and
solvent, andĤMM describes the solvent–solvent interactions.
The discrete reaction field model is described in Ref. 35
within ground state DFT and in Ref. 36 within time-
dependent DFT for the linear response properties and are
therefore only briefly outlined here. Within the discrete reac-
tion field model the QM/MM operator is given by

ĤQM/MM5(
i

yDRF~r i ,v!5(
i

yel~r i !1(
i

ypol~r i ,v!,

~2!

where i runs over all electrons in the QM system. The first
term is the electrostatic operator describing the Coulombic

interactions between the QM system and the permanent
charge distribution of the solvent molecules and is given by

yel~r i !5(
s

qs

Rsi
5(

s
qsTsi

(0) . ~3!

Here the zeroth order interaction tensor has been introduced
and the indexs runs over all atoms of the solvent molecules.
The second term is the polarization operator given by

ypol~r i ,v!5(
s

ms,a
ind~v!

Rsi,a

Rsi
3 52(

s
ms,a

ind~v!Tsi,a
(1) ,

~4!

where Rsi,a is a component of the distance vector and
ms

ind(v) is the induced dipole at sites. For Greek indices the
Einstein summation convention is employed. The polariza-
tion operator describes the many-body polarization of the
solvent molecules, i.e., the change in the charge distribution
of the solvent molecules due to interactions with the QM part
and with other solvent molecules.

For a collection of atomic polarizabilities in an electric
field the induced atomic dipole at sites is given, in linear
response, by43

ms,a
ind~v!5as,abFFs,b

init ~v!1(
tÞs

Tst,bg
(2) m t,g

ind~v!G , ~5!

whereaa,ab is a component of the atomic polarizability ten-
sor at sites, which, for an isotropic atom, givesas,ab

5dabas . Here we neglect the frequency-dependence of the
classical part, i.e., the atomic polarizability is frequency in-
dependent, but the model can easily be extended to include
also this effect.44,45 Fs,b

init (v) is the initial electric field at site
s and consists of the field arising from the frequency-
dependent electronic charge distribution of the QM part,
Ft,b

QM,el(v), the field arising from the QM nuclei,Ft,b
QM,nuc,

and the field arising from the point charges at the solvent
molecules,Ft,b

MM, q . The initial field does not include the elec-
tric field perturbing the QM part which means that the per-
turbing field can be identified as the local field felt by the
QM molecule. This leads to the identification of the calcu-
lated properties as the solute properties, i.e., the~hyper!po-
larizability of the solute including the solvent effects but not
corrected for the difference between the local field and the
macroscopic field. For a discussion of these effects and cor-
rections within the dielectric continuum model see, e.g., Ref.
46–48. The last term is the electric field from the other in-
duced dipoles. It is well known that if the distance between
two polarizable points become too small, the induced dipoles
become infinit. In order to avoid this ‘‘polarizability catas-
trophe’’ we modified the dipole interaction tensor using
smeared-out dipoles according to the model by Thole.49 The
induced dipole in Eq.~5! depends on the induced dipoles at
the other sites, and therefore the equation should be solved
self-consistently.

B. The frequency-dependent „hyper …polarizability

The total dipole moment of a molecule in the presence of
a time-dependent electric field,Fb5Fb

01Fb
v cos(vt), can be

expanded as a Taylor series in the applied electric field50
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ma5ma
01aab~0;0!Fb

01aab~2v;v!Fb
v cos~vt !

1 1
2 babg~0;0,0!Fb

0Fg
01 1

4 babg~0;v,2v!Fb
vFg

v

1babg~2v;0,v!Fb
0Fg

v cos~vt !

1 1
4 babg~22v;v,v!Fb

vFg
v cos~2vt !1¯ , ~6!

where aab is the molecular polarizability andbabg is the
molecular first hyperpolarizability with~a,b,g! designating
Cartesian coordinates. The total dipole moment can be ob-
tained from the trace of the dipole moment matrix,Ha, and
the density matrix in the presence of the electric field,P(F),

ma52Tr@HaP~F !#. ~7!

We can expand the density matrix in a Taylor series,

P5P01PbFb1
1

2!
PbgFbFg1¯ , ~8!

whereP0 is the unperturbed density matrix,Pb is the linear
response andPbg is the quadratic response. Inserting this
expansion into Eq.~7! and comparing with Eq.~6! allows us
to identify the dipole moment, the frequency-dependent po-
larizability, and the frequency-dependent first hyperpolariza-
billity as

ma52Tr@HaP0#, ~9!

aab~2v;v!52Tr@HaPb~v!#, ~10!

babg~2vs ;va ,vb!52Tr@HaPbg~va ,vb!#, ~11!

wherevs5va1vb . In the following we will present how to
obtain the linear and quadratic response properties using the
(2n11) rule.

C. Linear response of the density matrix

In our previous work36 we showed, using time-
dependent response theory,4–8 how to obtain the first-order
change in the density matrix,Pb(v), from a set of linear
equations,

Pst~v!5
Dnst

~es2e t!2v
dyst

eff~v!, ~12!

whereDnst is the difference in occupation numbers, i.e., 1
for st5ai and21 for st5 ia, wherea denote virtual orbit-
als andi denote occupied orbitals. This equation now cor-
rects a misprint in Eqs.~21! and~25! of our previous paper.36

The change in the effective potential,dyst
eff , is dependent on

the first order change in the density and is given by

dyst
eff~v!5dyst

per~v!1E drfs* ~r !@yCoul@dr#~r ,v!

1yxc@dr#~r ,v!1yDRF@dr#~r ,v!#f t~r !,

~13!

where the Coulomb term is given by

yCoul@dr#~r ,v!5E dr8
dr~r 8,v!

ur 2r 8u
, ~14!

the xc part in the adiabatic approximation by

yxc@dr#~r ,v!5E dr8
dyxc~r !

dr~r 8!
dr~r 8,v!, ~15!

and the contribution from the DRF operator by

yDRF@dr#~r i ,v!52(
s

ms,a
ind @dr#~v!Tsi,a

(1) . ~16!

The DRF contribution arises from the induced dipoles in the
MM part due to the first-order change in the QM charge
distribution. Since the effective potential in Eq.~13! depends
on the first-order density matrix through the potentials
yCoul@dr#(r ,v), yxc@dr#(r ,v), andyDRF@dr#(r i ,v) a self-
consistent solution of Eq.~12! is required.

D. Quadratic response of the density matrix using
the „2n¿1… rule

In a manner similar to the linear response a set of equa-
tions for the solution of the higher order density response can
be constructed.16–18,41,51However, a more effecient approach
is to take advantage of the (2n11) rule which allows for the
quadratic response properties to be rewritten in terms of
quantities obtained from the solution of the first order re-
sponse equations. Within TD-DFT van Gisbergenet al. have
shown how this is done for the frequency-dependent first
hyperpolarizability41 in an approach similar to the TD-HF
approach of Karna and Dupuis.52 Here we will present the
results obtained by van Gisbergen41 since the inclusion of the
DRF operator will not affect the structure of these equations.

The frequency-dependent first hyperpolarizabilty can be
rewritten using the (2n11) rule as41

babg~2vs ;va ,vb!

52Tr@HaPbg~va ,vb!#

5 p̂$~a,vs!,~b,va!,~g,vb!%

3Tr@nUa~2vs!@Gb~va!,Ug~vb!#2#

1Tr@gxc~va ,vb!Pa~2vs!Pb~va!Pg~vb!#, ~17!

where @Gb(va),Ug(vb)#2 denotes the commutator of
Gb(va) andUg(vb), and p̂ the sum of all permutations of
(a,2vs), (b,2va), and (g,2vb). TheGa(va) matrix is
the first-order KS matrix41 and is given by

Gpg
a ~v!5E drfp~r !@yper

a 1yCoul@dra~v!#1yxc~r !

3@dra~v!#~r !1yDRF@dra~v!#~r !#fq~r ! ~18!

which is identical to the effective potential matrix,dyeff(va),
in Eq. ~13! due to thea-component of the perturbation. The
first-order transformation matrix,Ua(v), is given by

Upq
a ~v!5

Gpg
a ~v!

eq
(0)2ep

(0)2v
~19!

and is only nonzero for the occupied-virtual block.41 The last
term in Eq.~17! is an additional term in the DFT expression
which is not present in the TDHF case and is given by
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Tr@gxc~va ,vb!Pa~2vs!Pb~va!Pg~vb!#

5E drE dr8E dr9gxc~r ,r 8,r 9,va ,vb!

3dra~r ,2vs!drb~r 8,va!drg~r 9,vb!, ~20!

where the xc kernel,gxc , has been introduced,

gxc~r ,r 8,r 9,va ,vb!5
d2yxc~r !

dr~r 8,va!dr~r 9,vb!
U

r(0)

. ~21!

Usually the adiabatic approximation is invoked for this ker-
nel,

gxc~r ,r 8,r 9,va ,vb!.gxc~r ,r 8,r 9,0,0!. ~22!

E. Implementation

The DRF model has been implemented into a local ver-
sion of the Amsterdam Density Functional~ADF! program
package.53,54 The extension to the TD-DFT part has been
implemented into the RESPONSE module of the ADF.41,55,56

In the RESPONSE module the functional derivative of the
xc-potential in Eqs.~15! and ~21! is restricted to the Adia-
batic LDA ~ALDA ! xc-potential. The linear equations for the
first-order density matrix in Eq.~12! is solved using an effi-
cient iterative algorithm,55 and, for that reason, the DRF re-
sponse operator, Eq.~16!, are calculated by solving a set of
linear equations like in Eq.~5!. In ADF the KS equations and
the linear response equations are solved by numerical inte-
gration and the numerical integration grid is chosen on the
basis of the quantum part alone. Therefore, care must be
taken when evaluating the DRF operator if the integration
points are close to a classical atom. In order to avoid numeri-
cal instabilities we introduce a damping of the operators at
small distances. This is done by replacing the point charge by
a Gaussian charge distribution with a unit width and the
point dipoles are also smeared out in a similar manner.35,36,45

III. COMPUTATIONAL DETAILS

The water structure used in this work, taken from Ref.
57, consists of 128 rigid water molecules where one mol-
ecule is treated quantum mechanically. The total structure
was obtained from a MD simulation using a polarizable force
field.58 Details about the simulation can be found in Refs. 59,
60 and will be summarized here for consistency. The average
geometry is obtained from a simulation of a box containing
128 water molecules utilizing periodic boundary conditions
with a spherical cut-off distance of 10.0 Å, at a temperature
of 298 K, and a pressure of 0.103 MPa. After equilibration,
the average geometry was obtained from a Boltzmann sam-
pling of 8000 trajectories started with different initial veloc-
ity distributions and a simulation time of 20 ps for each
trajectory. The intramolecular geometry of the water mol-
ecules was that as in the gas phase, i.e.,RO–H50.9572 Å and
/HOH5104.49°. The solute water molecule was placed in
the xz-plane with thez-axis bisecting theH–O–H angle.

The basis set used in this work consists of a large even-
tempered basis set of Slater-type orbitals with orbital expo-
nentz5ab i , i 51,...,n ~details given in Ref. 36!. Different

xc potentials have been tested: the local density approxima-
tion ~LDA !, Becke–Lee–Yang–Parr~BLYP!,61,62 the
Becke–Perdew ~BP!,61,63 the van Leeuwen–Baerends
~LB94!,64 the statistical averaging of~model! orbital poten-
tials ~SAOP!,12,65,66 and the potential obtained from the
gradient-regulated asymptotic connection procedure applied
to the BP potentials~BP-GRAC!.14,15 The BLYP and BP are
examples of typical generalized gradient approximations
~GGAs! potentials and the LB94 is an example of an asymp-
totically correct potential. Whereas SAOP and BP-GRAC
belong to a class of shape-corrected potentials, which yield
the correct asymptotic behavior. The BP-GRAC potential
sets the HOMO level at the first ionization potential~IP! and
therefore requires the IP as input. The SAOP xc-potential
requires no additional input and the energy of the HOMO
corresponds well with the IP.15,67 For this reason the IP
needed as input for the BP-GRAC xc-potential is taken from
the SAOP gas-phase calculation, i.e., IP50.45 a.u.

The parameters needed for the solvent molecules, i.e.,
point charges and atomic polarizabilities, were taken from
Ref. 35. The point charges areqH50.3345 a.u. andqO

520.6690 a.u. which generate a molecular dipole moment
of 1.88 Debye. The atomic polarizabilities areaH

50.0690 a.u. andaO59.3005 a.u. which reproduced the
molecular polarizability tensor with a mean polarizability of
9.62 a.u. and a polarizability anisotropy of 0.52 a.u. The
screening parameter,a52.1304, was taken from Ref. 68.

From the analytically calculated frequency-dependent
first hyperpolarizability in Eq.~17! we can obtain the second
hyperpolarizability by using finite field differentiation. We
have calculated the frequency-dependent second hyperpolar-
izability associated with the electric field induced second
harmonic generation~EFISH! experiments by finite field dif-
ferentiation of the second harmonic generation~SHG! first
hyperpolarizability as

gabgd~22v;v,v,0!

5
babg

Fd ~22v;v,v!2babg
0 ~22v;v,v!

Fd
, ~23!

where the field strengthFd50.001 a.u. was used. We will in
this work use atomic units~a.u.! but the conversion factor to
cgs units are69 for b: 1 a.u.58.6392310233 esu and forg:
1 a.u.55.0367310240 esu.

IV. RESULTS

A. The first hyperpolarizability

In Table I we present the static and frequency-dependent
first hyperpolarizability, b(22v;v,v), at frequencies
v50.0428, 0.0570, 0.0856 a.u.~l51064, 800, 532 nm, re-
spectively! of water in the gas phase calculated with the dif-
ferent xc potentials. The mean first hyperpolarizability,b̄,
defined as69

b̄5 1
5(

a
~bzaa1baza1baaz!5 3

5 ~bzzz1bzyy1bzxx!

~24!
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is also presented in Table I. The last equality is only valid in
the static case or when Kleinman symmetry is adopted as is
done in this work. The results are compared with results
obtained from different wave function methods, i.e., HF,42

MC-SCF,42 CCSD,70 and CCSD~T! results.71

From the results in Table I it is clear that the LDA/GGA
~BLYP and BP! functionals overestimate the first hyperpolar-
izability as compared to the accurate CCSD and CCSD~T!
wave function results. The asymptotically correct~AC! xc-
potentials, LB94, SAOP, and BP-GRAC, all produce num-
bers in good agreement with the CCSD and CCSD~T! re-
sults. The overestimation of the first hyperpolarizability
using LDA and GGAs~BLYP and BP! and the improvement
upon this using AC potentials are well established for small
molecules.12,15,72,73Comparing the HF and MC-SCF results
with the CCSD/CCSD~T! results we see that the results are
underestimated, especially the HF results are underestimated
illustrating the importance of electron correlations. Further-
more, comparing the frequency-dispersion of the mean first
hyperpolarizability, we see that the increase in the hyperpo-
larizability, Db̄disp, with increasing frequency is consider-
ably larger with LDA/GGA than with the AC potentials and
the HF and MC-SCF wave function results. The AC poten-
tials predict a larger frequency-dispersion increase than HF
and MS-SCF. From the results in Table I it is also seen that
the frequency-dispersion is significant even for the lowest
frequencies. It is therefore important to take this into ac-
count.

The static and frequency-dependent first hyperpolariz-
ability of a water molecule in a cluster of 127 classical water
molecules are presented in Table II. The frequencies used are

the same as in the gas phase and the results are compared
with results for the same water cluster obtained using the
HF/MM ~Ref. 42! and the MC-SCF/MM~Ref. 42! method.

Also presented is the solvation shift,Db̄solv, i.e., the relative
change in the first hyperpolarizability upon solvation. Due to
the symmetry of the water cluster components other than the
ones presented in Table II are also nonzero but these compo-
nents have not been presented, since these components
should tend to zero, by considering more solvent configura-
tions, thereby creating a more realistic isotropic solvent en-
vironment by averaging over the different solvent configura-
tions.

First it is noted that all methods predict a sign change for
the first hyperpolarizability in going from the gas phase to
the liquid phase. This sign shift is theoretically well estab-
lished for methods containing some discrete water molecules
in the description.42,74–77As in the gas phase, the LDA/GGA
results are larger than those from the AC potentials, but now
the MC-SCF/MM results are the largest. The HF/MM results
are also larger than the results from the AC potentials. How-
ever, the main difference between the wave function results

and the DFT results is inDb̄solv. The wave function methods
predict a shift of;180% – 200%, whereas the DFT methods
predict a lower solvation shift of;120% – 150%. Part of
this difference is not due to differences between the wave
function methods and DFT, but it is due to the inclusion of
the damping of the DRF operator at short distances. To illus-
trate this we calculated the mean first hyperpolarizaiblity,
using the BP-GRAC xc-potential without the damping of the
DRF operator, which increases the first hyperpolarizaiblity

TABLE I. Static and frequency dependent SHG first hyperpolarizability,b(22v;v,v), for water in the gas phase. All results are in a.u.

LDA BLYP BP LB94 SAOP BP-GRAC HFa MC-SCFa CCSDb CCSD~T!c

bzzz 219.70 220.65 217.79 213.11 213.69 214.98 27.30 210.8 213.97 213.8
bzyy 29.01 28.35 27.51 24.47 24.78 25.96 21.23 24.27 25.66 25.5
bzxx 211.80 213.38 211.59 210.03 210.28 210.41 29.36 28.90 29.92 29.8

b̄ 224.31 225.43 222.13 216.57 217.25 218.81 210.73 214.38 217.73 217.5

v50.0428
bzzz 221.97 223.16 219.71 214.21 214.92 216.38 27.81 211.6 215.12
bzyy 210.08 29.32 28.33 24.82 25.18 26.49 21.25 24.54 26.07
bzxx 212.86 214.69 212.57 210.69 210.94 211.17 29.83 29.41 210.53

b̄ 226.95 228.30 224.37 217.83 218.62 220.42 211.33 215.33 219.03

Db̄disp
d 10.9% 11.3% 10.1% 7.6% 7.9% 8.6% 5.6% 6.6% 7.3%

v50.0570
bzzz 224.02 225.44 221.43 215.16 215.99 217.60 28.25 212.4
bzyy 211.04 210.17 29.04 25.11 25.52 26.95 21.26 24.76
bzxx 213.80 215.83 213.44 211.25 211.55 211.83 210.2 29.84

b̄ 229.32 230.86 226.35 218.91 219.84 221.83 211.83 216.20

Db̄disp
d 20.6% 21.4% 19.1% 14.1% 15.0% 16.1% 10.3% 12.7%

v50.0856
bzzz 232.01 234.44 227.97 218.55 219.85 222.06 29.73 215.0
bzyy 214.63 213.23 211.62 26.10 26.70 28.54 21.26 25.69
bzxx 217.39 220.28 216.67 213.20 213.70 214.17 211.5 211.3

b̄ 238.42 240.77 233.76 222.71 224.15 226.86 213.49 219.19

Db̄disp
d 58.0% 60.3% 52.6% 37.1% 40.0% 42.8% 25.7% 33.4%

aResults from Ref. 42.
bResults from Ref. 70.
cResults from Ref. 71.
dDb̄disp5(b̄(22v;v,v)2b̄(0;0,0))/b̄(0;0,0).
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from b̄57.99 a.u. tob̄511.92 a.u. in closer agreement with
the MC-SCF results. This indicates that the damping, al-
though not optimized to treat this, mimics the short range
repulsion due to the overlapping charge densities of the QM
part and the MM part. The damping is dependent on the
width of the Gaussian charge distribution, which in this work
was taken to be unit~a.u.!. However, both a slightly smaller
width78 and slightly larger width79 have been suggested. Al-
though further investigation of optimizing this damping to
treat the short range repulsion should be carried out, it is
expected to be more realistic to retain it in its present form
than to ignore it completely. Similar approaches of employ-
ing screened charge interactions has also been used in other
QM/MM studies.29,78–81

Furthermore, from the results in Table II, we see that
Db̄solv is almost independent of the frequency-dispersion, al-
though the DFT methods predict a slight decrease in the
solvation shift with increasing frequency and the wave func-
tion methods predict a slight increase with increasing fre-
quency. This apparent frequency independence ofDb̄solv

could results from the neglect of the frequency-dependence
of the classical environment in Eq.~5!. Other theoretical
models,75–77where the molecular properties are calculated at
the MP2 level of theory in the presence of a field from ef-
fective point charges representing the discrete solvent envi-
ronment, in general predict a larger mean first hyperpolariz-
ability ;25 a.u. ~in the gas phase;218 a.u.), but the
results are strongly dependent on the actual representation of
the local environment.75–77

B. The second hyperpolarizability

In Table III the static and frequency-dependent EFISH
second hyperpolarizability,g(22v;v,v,0), at the fre-
quencyv50.0428 a.u. (l51064 nm) of water in the gas
phase calculated using different xc potentials is presented.
The mean second hyperpolarizability,ḡ, defined as69

ḡ5 1
15 (

ab
gaabb1gabab1gabba

5 1
5 ~gxxxx1gyyyy1gzzzz

12gzzxx12gxxyy12gyyzz! ~25!

is also presented, where again the last equality assumes
Kleinman symmetry. The results are compared with HF~Ref.
71! and CCSD~T! ~Ref. 71! wave function results. As was
the case for the first hyperpolarizability, the second hyperpo-
larizability is overestimated by as much as a factor of 2 using
LDA/GGA as compared with the results from the AC poten-
tials. Comparing with the wave function results we see that
there is good agreement between the BP-GRAC results and
the CCSD~T! results, and that HF considerably underesti-
mates by nearly a factor of two. Also, for the second hyper-
polarizability the frequency-dispersion,Dḡdisp, is overesti-
mated by a factor of about 2 using LDA/GGA as compared
with the results from the AC potentials.

The static and frequency-dependent EFISH second hy-
perpolarizabilities for a water molecule in a cluster of 127

TABLE II. Static and frequency dependent SHG first hyperpolarizability,b(22v;v,v), for water in a cluster
of 127 classical water molecules. All results are in a.u.

LDA BLYP BP LB94 SAOP BP-GRAC HFa MC-SCFa

bzzz 10.85 12.83 10.82 4.84 6.51 8.33 9.87 14.9
bzyy 6.68 9.03 7.50 3.57 4.41 5.775 6.45 8.21
bzxx 0.79 0.81 0.14 22.61 21.89 20.78 21.82 0.56

b̄ 10.99 13.60 11.08 3.48 5.42 7.99 8.70 14.20

Db̄solv
b 145.2% 153.5% 150.1% 121.0% 131.4% 142.5% 181.1% 198.7%

v50.0428
bzzz 11.63 13.85 11.58 5.05 6.87 8.79 10.4 15.8
bzyy 7.30 10.05 8.24 3.81 4.74 6.20 6.90 8.88
bzxx 1.05 1.10 0.33 22.66 21.89 20.71 21.82 0.72

b̄ 11.99 15.00 12.09 3.72 5.83 8.57 9.29 15.24

Db̄solv
b 144.5% 153.0% 149.6% 120.9% 131.3% 142.0% 182.0% 199.4%

v50.0570
bzzz 12.30 14.74 12.24 5.22 7.17 9.18 10.8 16.5
bzyy 7.84 10.99 8.89 4.02 5.03 6.57 7.27 9.47
bzxx 1.29 1.37 0.50 22.70 21.88 20.69 21.81 0.86

b̄ 12.86 16.26 12.98 3.92 6.19 9.04 9.76 16.10

Db̄solv
b 143.9% 152.7% 149.3% 120.7% 131.2% 141.4% 182.5% 199.4%

v50.0856
bzzz 14.66 18.00 14.58 5.77 8.16 10.46 12.1 19.2
bzyy 9.90 14.75 11.44 4.72 6.02 7.87 8.56 11.7
bzxx 2.19 2.42 1.16 22.82 21.82 20.36 21.79 1.41

b̄ 16.05 21.10 16.31 4.60 7.42 10.78 11.32 19.39

Db̄solv
b 141.8% 151.8% 148.3% 120.3% 130.7% 140.1% 183.9% 201.0%

aResults from Ref. 42.
bDb̄solv5(b̄ liquid2b̄gas)/b̄gas.
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classical water molecules calculated using different xc-
potentials are presented in Table IV. The frequency used for
the EFISH second hyperpolarizability is the same as in the
gas phase, i.e.,v50.0428 a.u. (l51064 nm). Also pre-
sented in Table IV is the solvation shift,Dḡsolv. Again,
LDA/GGA results overestimate by a factor of 2 the results
obtained using the AC potentials. In comparison with the
solvation shift for the first hyperpolarizability the solvation
shift in the second hyperpolarizability is much smaller for all
xc-potentials. The main reason for this small difference in
Dḡsolv predicted by LDA/GGA and the AC potentials is the
different behavior of the individual tensor components upon
solvation. That the xc-potentials predict different behavior
upon solvation can be illustrated by considering the solvation
shift in gyyyy, which is;29% for LDA but only;19% for
BP-GRAC. We also see thatDḡsolv is more sensitive to the

frequency-dispersion than was the case for the first hyperpo-
larizability, and that an increase in frequency gives a de-
crease in the solvation shift. The effect of damping the DRF
operator was found to be smaller for the second hyperpolar-
izability than for the first hyperpolarizability, e.g., the static
mean second hyperpolarizability calculated with BP-GRAC
increased fromḡ51908.5 a.u. toḡ51967.8 a.u. by ignoring
the damping.

Previous results calculated at the MP2 level of theory77

for the static mean second hyperpolarizability of water in the
liquid phase gaveḡ52417 a.u. @in the gas phaseḡ
51654 a.u.~Ref. 77!#. This result was obtained by calculat-
ing the second hyperpolarizability in the presence of an av-
erage electric field representing the discrete molecular sol-
vent environment. The solvation shift both for the first and
second hyperpolarizabilities predicted in that work is found
to be larger than what we predict in this work.

C. Comparison with experiment

In the gas phase there have been two EFISH experiments
from which the first and second hyperpolarizability of water
have been determined; one atv50.0428 a.u. (l
51064 nm) ~Ref. 82! and one at v50.0656 a.u. (l
5694.3 nm).83 In the EFISH experiment the measured
quantity is82

G~22v;v,v,0!5ḡ~22v;v,v,0!

1
mb̄~22v;v,v!

3kT
~26!

from which the individual contributions can be extracted if
one knows the dipole momentm by performing the experi-
ment at different temperatures. As discussed and clearified
by Willetts et al.,50 different conventions are often used in
experiments and in calculations. It is therefore important to
bring all results to the same convention before comparing.
~For the definition of the different conventions, see Ref. 50.!

TABLE III. Static and frequency dependent EFISH second hyperpolarizability,g(22v;v,v,0) for water in the
gas phase. All results are in a.u.

LDA BLYP BP LB94 SAOP BP-GRAC HFa CCSD~T!a

gxxxx 1425.2 1586.7 1386.2 706.35 786.47 880.23 569 836
gyyyy 5301.8 6425.7 5163.9 1666.0 2080.6 2793.9 1422 2650
gzzzz 2573 2545 2222 1103 1316 1553 907 1481
gzzxx 1275.4 1511.2 1214.4 435.01 526.33 468.24 287 439
gxxyy 1366.5 1567.2 1268.4 470.51 578.3 683.9 338 633
gyyzz 1361.9 1526.6 1244 473.9 580.1 751.6 389 711
ḡ 3461.5 3953.5 3245.1 1246.8 1510.5 1806.9 985 1706
v50.0428
gxxxx 1577.2 1768.7 1531.5 752.38 842.05 944.55
gyyyy 6404.7 7897.0 6213.4 1849.9 2342.0 3170.5
gzzzz 2913 2881 2504 1197 1439 1702
gzzxx 1614.6 1954.1 1528.0 495.78 608.61 518.41
gxxyy 1581.2 1827.4 1460.0 514.2 637.8 753.5
gyyzz 1691 1920.6 1533.1 533.4 661.9 872.7
ḡ 4133.7 4790.2 3858.2 1377.2 1687.9 2021.3
Dḡdisp

b 19.4% 21.2% 18.9% 10.5% 11.7% 11.9%

aResults from Ref. 71.
bDḡdisp5(ḡ(22v;v,v,0)2ḡ(0;0,0,0))/ḡ(0;0,0,0).

TABLE IV. Static and frequency dependent EFISH second hyperpolarizabil-
ity, g(22v;v,v,0) for water in a cluster of 127 classical water molecules.
All results are in a.u.

LDA BLYP BP LB94 SAOP BP-GRAC

gxxxx 1437.1 1693.0 1325.3 679.4 761.0 821.5
gyyyy 6479.9 7742.3 6309.1 2002.3 2509.9 3246.8
gzzzz 2473.0 2827.0 2276.0 1141.2 1345.7 1505.2
gzzxx 757.7 921.8 691.0 353.0 408.9 453.2
gxxyy 1479.8 1744.1 1388.2 487.6 596.4 747.2
gyyzz 1439.0 1704.4 1368.6 525.9 640.1 784.1
ḡ 3548.6 4200.58 3361.2 1311.2 1581.5 1908.5
Dḡsolv

a 2.5% 6.2% 3.6% 5.2% 4.7% 5.6%
0.0428
gxxxx 1592.3 1888.0 1465.0 721.3 812.7 877.3
gyyyy 7821.4 9531.4 7593.9 2226.5 2830.2 3670.2
gzzzz 2762.0 3182.0 2532.0 1229.8 1460.2 1629.4
gzzxx 854.8 1048.5 776.1 382.7 446.6 494.4
gxxyy 1697.3 2023.4 1585.2 528.7 652.0 818.5
gyyzz 1754.0 2129.0 1661.9 586.9 724.4 892.6
ḡ 4157.6 5000.6 3927.5 1434.8 1749.8 2117.6
Dḡsolv

a 5.4% 4.4% 1.8% 4.2% 3.7% 4.8%

aDḡsolv5(ḡ liquid2ḡgas)/ḡgas.
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In this work the Taylor series~T! convention is used and all
values are converted into this convention~see Ref. 50 for
details!. For clarity all details of the conversion are reported.
The first experiment atv50.0656 a.u.~Ref. 83! reported a

value of b̄529464310233 esu521160.5 a.u. measured
in the B convention. Converting this to theT convention

gives b̄5(21160.5)32522261 a.u. For the second hy-
perpolarizability the reported value83 is ḡ5194610
310239 esu5385620 a.u. in theB convention and convert-
ing it to the T convention givesḡ5(385620)3652310
6120 a.u. The second experiment atv50.0428 a.u.~Ref.

82! reported b̄5219.260.9 a.u. and ḡ518006150 a.u.,
both values reported in theT convention. Comparing these
results with the calculated results for the first hyperpolariz-
ability in Tabel I and the second hyperpolarizability in Table
III, we find good agreement with the SAOP, BP-GRAC,
CCSD, and CCSD~T! results, showing the ability of these
methods to describe the first and second hyperpolarizability
of water in the gas phase.

For liquid water there has been one EFISH experiment at
v50.0428 a.u.84 Reported was a value ofG51.44
310236 esu52859 a.u. in theX convention which, convert-
ing to theT convention, givesG5285934511436a.u. The
value was measured relative to a reference standard for
which a quartz crystal was used with a value ofd1150.8
31029 esu50.335 pm/V. However, the currently accepted
value for quartz isd1150.30 pm/V.85,86 In order to extract
the contribution from the first hyperpolarizability they used
an estimate for the second hyperpolarizability ofḡ50.3
310236 esu5595.6 a.u. in theX convention. Converting
this to theT convention and correcting for the difference in
reference values of quartz, givesḡ5595.63430.30/0.335
52133.6a.u. This value is in good agreement with our result
obtained with the BP-GRAC potential. Furthermore, an esti-
mate of the dipole moment in liquid water,m liquid , was made
by relating it to the gas phase dipole moment,mgas, and the
Kirkwood correlation parameter,g, asm liquid5g3mgas. Us-
ing this, an estimate for the first hyperpolarizability was re-

ported asb̄50.46310231 esu55.3 a.u. in theX convention.
Converting it to theT convention and correcting for the ref-

erence values, givesb̄55.33430.30/0.335519.1a.u. This
value for the first hyperpolarizability of liquid water is con-
siderably larger than the values obtained in this work, even if
the damping of the DRF operator at short distances is ig-
nored, but the sign change found experimentally is repro-
duced in the calculations. However, previous theoretical
studies75–77indicate that especially the first hyperpolarizabil-
ity of water in the condensed phase is sensitive to the local
environment. An indication of this is also seen in this work,
since the first hyperpolarizability is much more sensitive to
the damping of the DRF operator than the second hyperpo-
larizability. Therefore, it can be expected that especially the

value for b̄ will change if a more realistic local solvent en-
vironment is used in the calculations. Further investigation of
the sensitivity of the first and second hyperpolarizabilty to
changes in the local discrete environment has to be made
before anything conclusive can be said.

V. CONCLUSIONS

In this work we presented a discrete solvent reaction
field ~DRF! model for the calculation of frequency-
dependent hyperpolarizabilities of molecules in solution. The
DRF model combines a density functional theory~DFT! de-
scription of the solute with a polarizable classical description
of the discrete solvent molecules. The first hyperpolarizabil-
ity is obtained in an efficient way within time-dependent
DFT by using the (2n11) rule to reformulate the quadratic
reponse equations into contributions known from a solution
of the linear response equations. The method was tested for a
water molecule embedded in a cluster of 127 classical water
molecules. Frequency-dependent first and second hyperpo-
larizabilities related to the electric field induced second har-
monic generation~EFISH! experiment were calculated both
in the gas phase and in the liquid phase. For water in the gas
phase, results in good agreement with high-level correlated
wave function methods and experiments were obtained by
using the so-called shape-corrected xc-potentials~SAOP and
BP-GRAC!. In the liquid phase the effect of using asymp-
totically correct functionals was discussed. It was shown that
the first hyperpolarizability was more sensitive to damping
of the interactions at short range than the second hyperpolar-
izability. The experimental change of sign for the first hyper-
polarizability in going from gas to liquid was reproduced
with the model.
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15M. Grüning, O. V. Gritsenko, S. J. A. van Gisbergen, and E. J. Baerends,

J. Chem. Phys.116, 9591~2002!.
16J.-I. Iwata, K. Yabana, and G. F. Bertsch, J. Chem. Phys.115, 8773~2001!.
17H. H. Heinze, F. D. Sala, and A. Go¨rling, J. Chem. Phys.116, 9624

~2002!.
18P. Salek, O. Vahtras, T. Helgaker, and H. A˚ gren, J. Chem. Phys.117, 9630

~2002!.
19J. Tomasi and M. Persico, Chem. Rev.94, 2027~1994!.
20C. J. Cramer and D. G. Truhlar, Chem. Rev.99, 2161~1999!.

13005J. Chem. Phys., Vol. 119, No. 24, 22 December 2003 Model for hyperpolarizabilities of molecules



21M. Orozco and F. J. Luque, Chem. Rev.100, 4187~2000!.
22A. Warshel and M. Levitt, J. Mol. Biol.103, 227 ~1976!.
23B. T. Thole and P. T. van Duijnen, Theor. Chim. Acta55, 307 ~1980!.
24U. C. Singh and P. A. Kollman, J. Comput. Chem.7, 718 ~1986!.
25P. A. Bash, M. J. Field, and M. Karplus, J. Am. Chem. Soc.109, 8092

~1987!.
26M. J. Field, P. A. Bash, and M. Karplus, J. Comput. Chem.11, 700~1990!.
27V. Luzhkov and A. Warshel, J. Comput. Chem.13, 199 ~1992!.
28R. V. Stanton, D. S. Hartsough, and K. M. Merz, J. Phys. Chem.97, 11868

~1993!.
29A. H. de Vrieset al., J. Comput. Chem.16, 37 ~1995!.
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