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Coupled-cluster Raman intensities: Assessment and comparison
with multiconfiguration and density functional methods

Johannes Neugebauer,a) Markus Reiher,b) and Bernd A. Hessc)

Lehrstuhl für Theoretische Chemie, Universita¨t Erlangen-Nu¨rnberg, Egerlandstraße 3,
D-91058 Erlangen, Germany

~Received 6 June 2002; accepted 23 July 2002!

An extensive study of static and dynamic Raman intensities is presented for normal vibrations of
small molecules obtained with different correlated quantum chemical methods: namely,
coupled-cluster, multiconfiguration self-consistent-field, and density functional theories. While this
is the first systematic study of coupled-cluster~CC! Raman intensities considering also the
dispersion effect for molecules with more than two atoms, another purpose of this study is the
analysis of the accuracy of density functional Raman activities with respect to those from highly
correlatedab initio methods in order to evaluate the validity of density functional theory for the
calculation of Raman spectra for large molecules. The density functional intensities compare
sufficiently well with those fromab initio methods. While thedynamic multiconfigurational
intensities always compare well with the experimental values, they are usually smaller than those
from density functional and coupled-cluster theories. The Raman intensities obtained fromstatic
coupled-cluster calculations are in better agreement with experiment than those fromdynamic
calculations, which should yield improved results as the dispersion effect is taken into account.
Furthermore, Raman intensities obtained from the CC2 model are compared to those from CCSD
calculations. It is found that the CC2 Raman activities deviate from the CCSD reference data.
Particularly for the coupled-cluster Raman intensities the widely used Sadlej basis set leads to
results which can be significantly improved on by using larger basis sets. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1506919#
d
in

ri-
-
le
te

m
e
th

th
s

-

e

om

sy
rge

ers
e
e–
t of
of

n of
ck
rre-
by
is
are
-
na-
es.
y-
u-

ge

y,
the
of

ws
for
r-
I. INTRODUCTION

Very recently, systematic studies have been performe
order to analyze the accuracy of Raman intensities obta
from density functional theory~DFT! with various different
density functionals1 and from coupled-cluster~CC! calcula-
tions on diatomic molecules within the CCSD~Ref. 2! and
CC3 ~Ref. 3! models. While the DFT study lacks a compa
son with highly correlatedab initio calculations, the coupled
cluster investigations were restricted to diatomic molecu
in their experimental equilibrium structures. Coupled-clus
studies on some small polyatomic molecules4,5 have also
been undertaken but the frequency dependence of the Ra
intensities was not investigated. We set out to complete th
extensive studies in order compare different treatments of
electron correlation. In particular, we aim at answering
following questions:~i! how do CCSD Raman intensitie
compare with those from multiconfiguration~MC! self-
consistent-field ~SCF! calculations within the complete
active-space~CAS! model, from DFT calculations and from
experiment,~ii ! how do CC2 results compare with thos
from the exact CCSD reference,~iii ! how do static Raman
intensities calculated with the different methods deviate fr
their corresponding dynamic values, and~iv! can results

a!Electronic mail: Johannes.Neugebauer@chemie.uni-erlangen.de
b!Electronic mail: Markus.Reiher@chemie.uni-erlangen.de
c!Electronic mail: Bernd.Hess@chemie.uni-erlangen.de
8620021-9606/2002/117(19)/8623/11/$19.00

Downloaded 03 Jul 2007 to 129.132.217.103. Redistribution subject to AI
in
ed

s
r

an
se
e

e

from DFT Raman calculations, which are comparatively ea
to obtain, reliably be used to model Raman spectra for la
molecules?

The range of methods which we intend to apply cov
different types of correlation, which may conveniently b
divided into static and dynamic. The comparison to Hartre
Fock-type Raman activities allows us to discuss the effec
correlation on Raman intensities. This comparison may,
course, be incomplete to a certain extent as the calculatio
the polarizabilities in a time-dependent Hartree–Fo
scheme may incorporate a certain amount of inherent co
lation, which has been denoted ‘‘apparent correlation’’
Sadlej.6 Although the molecules under investigation in th
study are closed shell such that static correlation effects
not expected to become large,7 we also compare the coupled
cluster results to CASSCF Raman intensities in order to a
lyze the effect of static correlation on the Raman intensiti
From previous studies it is known that very accurate d
namic polarizabilities may be obtained from CASSCF calc
lations for small molecules which allow us to use a lar
active space.8

In Sec. II we give a description of our methodolog
which is to calculate the derivatives of the components of
polarizability tensor numerically and to take advantage
parallelization techniques. This numerical calculation allo
us to obtain Raman intensities even with those methods
which analytic derivatives are not available. This is in pa
3 © 2002 American Institute of Physics
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ticular the case for all intensities calculated from dynam
polarizabilities~so far, analytic first derivatives of dynami
polarizabilities have only been obtained within the Hartre
Fock framework9!. Section III demonstrates how the resu
for H2O depend on the basis set and, in the case of
MCSCF calculations, on the size of the CAS. Raman int
sities for H2S, CO2, NH3, H2CO, CH3OH, CH4, C2H2 ,
C2H4 , and C2H6 are given in Sec. IV. We conclude with
final discussion in Sec. VI.

II. METHODOLOGY

The calculation of Raman intensities as applied in t
study is based on Placzek’s polarizability theory.10,11All in-
tensities are evaluated within the double harmo
approximation;12 i.e., a harmonic force field is assumed a
only the linear term in the series expansion of the pola
ability tensor components with respect to a vibrational n
mal mode is taken into account.

All calculations have been performed with our progra
packageSNF,13 which uses numerical differentiation of an
lytic gradients of the electronic energy and of the comp
nents of the polarizability tensor with respect to Cartes
nuclear coordinates. Our approach to CC Raman intens
is therefore generally applicable, while previous work2,3 was
restricted to diatomic molecules since it is based on diff
entiation with respect to asingle internal coordinate, i.e., the
bond distance. A general transformation to normal coo
nates as is needed here would not be straightforward wi
the approach used in Refs. 2 and 3.

By diagonalization of the mass-weighted Cartesian H
sian we obtain the vibrational frequencies and normal mod
which are then applied to transform the Cartesian pola
ability derivatives into the basis of normal coordinates of
molecule. These derivatives of the polarizability tensor co
ponents with respect to a normal coordinateQp ,

~ ā i j8 !p5S ]a i j

]Qp
D

eq

, ~1!

enter the definition of the system-inherent Raman activit

S545ap8
217gp8

2 , ~2!

whereap8 andgp8 contain the derivatives (ā i j8 )p ~cf. Refs. 12
and 14!,

ap85 1
3 $~ āxx8 !p1~ āyy8 !p1~ āzz8 !p%, ~3!

gp8
25 1

2 $@~ āxx8 !p2~ āyy8 !p#21@~ āyy8 !p2~ āzz8 !p#2

1@~ āzz8 !p2~ āxx8 !p#216@~ āxy8 !p
21~ āyz8 !p

2

1~ āzx8 !p
2#%. ~4!

Another frequently used quantity for the intensity of a R
man line is theQ-branch differential scattering cross secti
~for a scattering angle of 90° and incident light which
plane-polarized perpendicular to the scattering plane!,
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p2

e0
2 ~ ñ in2 ñp!4

h

8p2cñp
S 45ap8

217gp8
2

45 D
3

1

12exp@2hcñp /kBT#
, ~5!

which can be calculated from the Raman activitiesS, which
we tabulate.

The SNF package sets up the hierarchical structure
programs depicted in Fig. 1: A superordinate program~SNF!
determines the displacements of the equilibrium struct
and carries out the data evaluation if all calculations ha
been finished by the data collectorSNFDC. The data collector
SNFDC executes and controls all necessary single-point
culations, taking advantage of coarse-grained parallelizat
Standard quantum chemistry program packages—nam
TURBOMOLE ~Ref. 15! and DALTON ~Ref. 16!—are used for
the calculation of the raw data, i.e., for the calculation of t
analytic gradient of the electronic energy and the static
dynamic polarizability for a given displacement structu
This is advantageous since it allows to extend our progr
easily to new methods by creating an additional interface

SNF takes full advantage of the molecular point gro
~Abelian and non-Abelian point groups are supporte!,
which heavily reduces the computational cost for the hig
symmetric small molecules studied in this work. Howev
all single-point calculations have to be performed inC1 sym-
metry because the displacements occasionally break the
metry. A detailed description of the packageSNF is given in
Ref. 14.SNF usesTURBOMOLE input files as an internal stan
dard and interface~interface 2 in Fig. 1! to the quantum
chemistry packages. All quantum chemical methods, wh
provide polarizabilities and are available inTURBOMOLE and
DALTON, can be applied for the single-point calculation
Since TURBOMOLE and DALTON provide complementary

FIG. 1. Hierarchical structure of programs for the calculation of Ram
intensities.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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8625J. Chem. Phys., Vol. 117, No. 19, 15 November 2002 Coupled-cluster Raman intensities
methods~see Fig. 1!, we are able to obtain Raman intensiti
from Hartree–Fock, DFT, CC, and MCSCF calculations.

We utilized Dunning’s aug-cc-pVTZ and aug-cc-pVQ
basis sets,17,18 as well as the basis set introduced
Sadlej,19,20which is well established as a moderate-sized
sis set particularly suitable for the calculation of molecu
electric properties.1,4,21–23The latter basis set is of valenc
triple-z quality and contains two sets of polarization fun
tions; calculations using this basis set are routinely feas
even for larger molecules than those presented here. It m
be emphasized that this is not the case for the aug-cc-pV
or even larger basis sets in coupled-cluster calculations;
therefore highly desirable to investigate the reliability of t
Sadlej basis set for these approaches. Technical limitation
TURBOMOLE 5.4 for basis functions beyondf functions pro-
hibited the calculation of DFT Raman intensities with Du
ning’s aug-cc-pVQZ basis set. Furthermore, MCSCF cal
lations for H2CO and C2Hn , n52,4,6, with the Sadlej basi
set could only be carried out for static polarizabilities b
cause of memory insufficiencies, which could not be
solved by increasing the memory available toDALTON.

Equilibrium structures were optimized for each com
nation of method and basis set. All results are obtained fr
all-electron calculations. For DFT single-point calculatio
we used the density functional programs provided by
TURBOMOLE 5.4 suite.15 We employ the Becke–Perdew fun
tional, dubbed BP86,24,25 and the hybrid functional B3LYP
~Refs. 26 and 27! as implemented inTURBOMOLE. Hartree–
Fock and DFT polarizability tensors are obtained within t
TDHF and TDDFT, respectively, approach.28–30 CASSCF
@CAS(X,Y) denotesX active electrons inY active orbitals#
Downloaded 03 Jul 2007 to 129.132.217.103. Redistribution subject to AI
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and all-electron coupled-cluster calculations are carried
with theDALTON 1.2.1 program16 by means of MCSCF~Ref.
31! and coupled-cluster~Refs. 23 and 32! linear response
theory, respectively. Besides the CCSD model, we emplo
the second-order approximate coupled-cluster singles
doubles model CC2.33

Three-point central differences formulas have been u
to calculate the numerical derivatives. The results have b
tested against five- and seven-point central differences
mulas for some molecules and proved to be numeric
stable and accurate. While the numerical techniques y
Raman activities which are in perfect agreement up
,0.05 Å4/amu when compared to analytical results~see
also comments in Sec IV!, the method-inherent approxima
tions ~like the size of the active space for CAS calculation!
may vary results by'1 Å4/amu. Therefore, we do not dis
cuss results from correlated methods for very weak bands
concentrate on the most intense peaks. All dynamic pola
abilities have been calculated for an excitation wavelength
514.5 nm. This is a standard laser wavelength and mos
the experimental data~with methane as the exception! were
measured using this excitation wavelength.

III. H2O: VALIDATION OF THE SADLEJ BASIS SET
AND CHOICE OF THE CAS SIZE

As we restrict ourselves to calculations with the Sad
basis for our complete set of test molecules, we comp
results obtained with this basis set~Tables II and III! to those
obtained with the larger correlation-consistent basis sets a
cc-pVTZ and aug-cc-pVQZ given in Table I for the wat
TABLE I. Comparison of Raman activitiesS in Å 4/amu for the normal modes of H2O obtained with different
methods. The aug-cc-pVTZ and aug-cc-pVQZ basis sets have been used.

aug-cc-pVTZ

Static

SCF BP86 B3LYP CC2 CCSD CAS~8,8!

1a1 86.2 107.3 101.7 134.6 104.8 100.9
2a1 0.9 1.0 1.0 1.3 1.1 1.1
b1 24.8 26.9 26.5 27.7 25.2 24.8

aug-cc-pVTZ

Dynamic

SCF BP86 B3LYP CC2 CCSD CAS~8,8!

1a1 93.4 120.9 113.4 150.7 115.7 111.0
2a1 0.8 0.9 0.9 1.3 1.1 1.1
b1 27.3 30.7 30.0 31.0 28.0 27.6

aug-cc-pVQZ

Static

SCF CC2 CCSD CAS~8,8!

1a1 86.3 135.0 104.4 101.3
2a1 0.7 1.0 0.9 0.9
b1 24.5 26.8 24.5 24.3

aug-cc-pVQZ

Dynamic

SCF CC2 CCSD CAS~8,8! Expt.

1a1 93.5 151.1 115.2 111.4 108614
2a1 0.7 1.0 0.9 0.9 0.962
b1 26.9 30.0 27.2 27.0 19.262
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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molecule.
Differences of results obtained with the aug-cc-pVT

and aug-cc-pVQZ basis sets are negligibly small. B
CCSD and CAS~8,8!-SCF results compare very well with th
experimental data, while the CC2 Raman activities dev
substantially. The basis set dependence of the CCSD an
CASSCF results is much smaller than for the CC2 resu
While the CAS~8,8!-SCF results obtained with Sadlej’s bas
set are in very good agreement with those obtained with
Dunning basis sets, the Sadlej-CCSD and -CC2 results d
ate little when compared to the corresponding aug-cc-pV
aug-cc-pVQZ values. In total, the results with the Sadlej
sis set compare sufficiently well with those obtained w
Dunning’s basis sets and with experiment; further investi
tions concerning this point are given at the end of Sec. I

Apart from approximations inherent in the protocol
determination of Raman intensities, each quantum-chem
method employed suffers from some sort of approximati
which have been made. In the case of DFT, the most cru
aspect is the functional itself. Since Raman intensities fr
DFT calculations are comparatively easily obtained, we g
Raman intensities for all molecules calculated with two fun
tionals, B3LYP and BP86, for comparison and internal co

TABLE II. Dependence of the Raman activitiesS in Å 4/amu obtained with
the Sadlej basis set for the normal modes of H2O on the size of the active
space in multiconfiguration self-consistent-field calculations@note that the
CAS(10,Y) calculations consider all electrons as active#. The compilation of
the experimental value have been taken from Ref. 1. The CCSD refer
data in parentheses have been taken from Ref. 4.

Sadlej

Static

CAS~8,8! CAS~8,9! CAS~10,10! CAS~10,11!

1a1 102.1 101.1 100.7 102.4
2a1 1.0 0.6 0.6 1.1
b1 23.9 21.5 20.4 24.0

Sadlej

Dynamic

CAS~8,8! CAS~8,9! CAS~10,10! CAS~10,11! Expt.

1a1 112.7 111.8 111.3 113.1 108614
2a1 1.0 0.6 0.5 1.1 0.962
b1 26.7 23.9 23.0 26.6 19.262
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sistency checks. In the case of CC, the treatment is limite
double excitations in this study.DALTON provides the possi-
bility to calculate polarizability tensors within the CCS
model and also with the CC2 approximation to CCSD. W
can thus test the reliability of CC2 compared to CCSD, b
we cannot arrive at conclusions for the role of higher ex
tations in the wave function for Raman intensities calcula
with CC methods. Since we apply the CASSCF approa
within the MC framework, the results will depend on the si
of the CAS chosen. Consequently, we increase the size o
active space in order to probe this dependence. The re
are given for the Sadlej basis set in Tables II and III. As c
be seen from this table, the choice of the CAS may cha
the results as much as the choice of the basis set. Howe
the changes in the Raman activities are still small compa
to the choice of the method such that different CAS siz
need not be taken into account in the further extended ca
lations presented in the following section. We restrict o
calculations to complete active spaces, which provide r
sonable quantum-chemical models for the molecules stud
Note that the Raman activities obtained from BP86 and p
ticularly those from B3LYP calculations compare very we
with the ab initio results.

IV. RAMAN ACTIVITIES FOR SMALL MOLECULES

In this section, results obtained for H2S, CO2, NH3,
H2CO, CH3OH, CH4, C2H2 , C2H4 , and C2H6 are pre-
sented. A general discussion follows in Sec. VI. The SCF a
B3LYP reference data from Ref. 1 and the static CCSD r
erence data from Ref. 4 were obtained with the same b
set which we use, i.e., the Sadlej basis set.

~i! Hydrogen sulfide~Table IV!. All three vibrational
modes of H2S in point groupC2v are Raman active. The
Raman activities from both density functionals compare w
with the CCSD results, while the CASSCF activities for t
two intense modes deviate significantly. These CASSCF
tivities are smaller than those from DFT and CCSD calcu
tions. CC2 gives the largest Raman activities for all thr
modes.

~ii ! Carbon dioxide~Table V!. Owing to the ‘‘rule of
mutual exclusion,’’34 only one normal vibration is Rama

ce
heses.
TABLE III. Same as Table II for DFT and CC results. SCF and B3LYP reference data are given in parent

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD ~CCSDb!

1a1 87.4 ~87.79! 108.6 102.6 ~104.35! 145.3 111.9 ~111!
2a1 0.8 ~0.83! 1.2 1.2 ~1.07! 1.2 1.1 ~1!
b1 24.2 ~24.17! 25.5 25.4 ~25.54! 28.5 25.9 ~26!

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD

1a1 94.7 ~95.16! 122.7 114.4 ~116.58! 164.0 124.4
2a1 0.8 ~0.80! 1.2 1.1 ~1.01! 1.1 1.1
b1 26.7 ~26.63! 29.1 28.8 ~29.00! 32.0 29.0

aReference 1.
bReference 4.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Comparison of Raman activitiesS in Å 4/amu for hydrogen sulfide obtained with different metho
and the Sadlej basis set. SCF and B3LYP reference data~in parentheses! have been taken from Ref. 1.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~8,8!

1a1 187.9 ~187.28! 182.7 182.2 ~181.29! 218.8 192.4 156.2
2a1 4.6 ~4.60! 4.5 4.7 ~4.78! 6.8 6.3 5.6
b1 79.9 ~79.24! 71.5 74.2 ~73.05! 83.0 74.3 65.9

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~8,8!

1a1 213.0 ~212.40! 212.1 210.0 ~209.13! 251.5 221.3 177.6
2a1 4.8 ~4.80! 4.6 4.9 ~4.90! 7.0 6.5 5.7
b1 93.6 ~92.83! 85.3 88.3 ~86.93! 97.5 87.5 76.9

aReference 1.
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active in CO2. While BP86 and B3LYP give almost the sam
Raman activities for this vibration, they are smaller by ab
10 Å4/amu ~static, about 12 Å4/amu dynamic! compared to
the CCSD value, but only 3 to 4 Å4/amu ~static and dy-
namic! relative to the CASSCF activity. The CC2 activitie
are almost twice as large as all other activity values. T
static and dynamic DFT Raman activities compare best w
the experimental value.

~iii ! Ammonia ~Table VI!. The Raman spectrum o
C3v-symmetric ammonia shows four peaks of which two b
long to twofold-degenerate vibrations. The experimen
value for the most intense peak is well reproduced by
static DFT and CCSD data as well as by the dynam
CASSCF values. Again, CC2 yields the largest values for
intense peaks.

~iv! Formaldehyde~Table VII!. All six vibrations in
C2v-symmetric H2CO are Raman active. CC2 closely fo
lowed by BP86 yields the largest activities for the two mo
intense modes, while B3LYP Raman activities are sma
and closer to the even smaller CCSD activities. CASS
gives the smallest intensities for these vibrations.

We note small deviations of our B3LYP and the B3LY
reference data for the two most intense modes, which do
come from inaccuracies of our seminumerical approach~see
the end of this section for a detailed comment!.

~v! Methanol ~Tables VIII and IX!. Methanol has been
calculated inCs symmetry, in which all 12 vibrational mode
are Raman active. DFT and CC2 give the largest activi
 2007 to 129.132.217.103. Redistribution subject to AI
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s

for all modes, while the CCSD results are smaller. The sm
est Raman activities are again obtained from the CASS
calculations.

~vi! Methane~Table X!. The Raman spectrum of CH4

shows only four peaks, of which three belong to two- a
threefold-degenerate vibrations. While the agreement for
less intense modes is as usual satisfactory for all meth
we obtain good agreement with experiment for the sta
values of B3LYP and CCSD as well as for the dynamic d
from CASSCF. However, it should be noted that the expe
mental Raman activities have been measured with an ex
tion wavelength of 488.0 nm in this case, while we calc
lated at 514.5 nm as described above in the methodol
section. Since the B3LYP reference data have also been
tained for this standard wavelength of 514.5 nm, we adop
this choice in our calculations. Additional B3LYP calcula
tions with an excitation wavelength of 488.0 nm increas
the activities for the two most intense modes by less than
compared to the data obtained for 514.5 nm, and the de
tions are even smaller for the less intense modes. Notice
the activities for thea1 mode obtained with BP86 and CC
are very similar, while B3LYP deviates from these values

~vii ! Ethine~Table XI!. Ethine has been calculated in th
point group symmetryD`h . We again restrict ourselves t
the discussion of the two most intensesg

1 modes. In this
case, all methods yield substantially different results a
each of the two vibrations needs to be discussed separa
For the firstsg

1 vibration, we find good agreement of th
ds
TABLE V. Comparison of Raman activitiesS in Å 4/amu for carbon dioxide obtained with different metho
and the Sadlej basis set. SCF and B3LYP reference data~in parentheses! as well as the compilation of the
experimental value have been taken from Ref. 1.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~12,13!

sg
1 16.4 ~16.41! 22.1 21.1 ~21.05! 55.0 32.1 24.8

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~12,13! Expt.

sg
1 17.9 ~17.91! 24.8 23.6 ~23.51! 64.2 36.1 28.1 22.2

aReference 1.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE VI. Comparison of Raman activitiesS in Å 4/amu for ammonia obtained with different methods and the Sadlej basis set. SCF and B3LYP ref
data~in parentheses! as well as the compilation of the experimental value have been taken from Ref. 1. The CCSD reference data in parentheses
taken from Ref. 4.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD ~CCSDb! CAS~8,8!

1a1 154.8 ~155.91! 181.6 179.1 ~177.78! 220.6 181.8 ~182! 164.4
2a1 0.7 ~0.62! 3.1 1.6 ~1.55! 2.1 1.5 ~2! 2.2
1e 80.6 ~81.13! 83.2 83.7 ~82.30! 85.8 78.8 ~77! 73.4
2e 2.1 ~2.15! 2.3 2.4 ~2.41! 2.8 2.7 ~3! 2.8

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~8,8! Expt.

1a1 170.7 ~172.08! 211.3 206.3 ~204.44! 255.2 207.4 187.0 18262
2a1 1.2 ~1.14! 7.2 3.8 ~4.04! 4.4 3.2 4.1
1e 92.2 ~92.87! 101.4 101.2 ~99.32! 101.3 92.8 86.4
2e 2.0 ~2.00! 2.0 2.2 ~2.14! 2.6 2.5 2.6

aReference 1.
bReference 4.
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static Raman activities from BP86 and CCSD calculatio
which compare well with experiment, while B3LYP an
CASSCF yield similar but smaller intensities; CC2 gives
much larger intensity. For the secondsg

1 mode, we have
excellent agreement of the static activities from BP86 a
B3LYP with experiment, while all other methods as well
the corresponding dynamic values are substantially differ
In this case, the CC2 activities are smaller than those fr
CCSD. The static CCSD calculation gives only 75% of t
experimentally measured activity, though the correspond
dynamic value gives almost 88%.

Comparison of our B3LYP results for thepg normal
mode with the B3LYP reference data~in parentheses! from
Ref. 1 reveals a discrepancy of about 50%, which appea
come from a missing factor of 2 for the twofold degenera
in the reference data. The comparison of our B3LYP res
with the reference data for the firstsg

1 mode is discussed a
the end of this section.
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~viii ! Ethene~Table XII!. In accordance with the rule o
mutual exclusion, only 6 of 12 vibrational modes
D2h-symmetric ethene are Raman active. For the most
tenseag mode we find similar results for BP86 and CC2 a
also for B3LYP and CCSD, while the latter are in bett
agreement with experiment. For the most intenseb1g mode,
we have similar activities for B3LYP and CC2, while BP8
gives larger and CCSD smaller intensities. Only t
CASSCF results compare well with the experimental dat

~ix! Ethane~Table XIII!. Ethane has been calculated
its staggered conformation, i.e., in point groupD3d . It is
interesting to note that we obtain similar Raman activities
DFT and CC2 for the two most intense modes, while t
CCSD results are much smaller but closer to experiment.
experimental values for these two intense modes are by
ther method well reproduced, while the rest is well rep
duced by all methods. We note for one of theeg modes that
our CCSD value of 231.3 Å4/amu deviates from the refer
3LYP
TABLE VII. Comparison of Raman activitiesS in Å 4/amu for formaldehyde obtained with different methods and the Sadlej basis set. SCF and B
reference data~in parentheses! have been taken from Ref. 1.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~12,12!

1a1 155.3 ~155.22! 218.2 198.0 ~203.37! 237.3 185.3 154.2
2a1 15.1 ~15.09! 8.2 9.5 ~9.18! 8.9 9.8 9.1
3a1 7.6 ~7.57! 8.6 8.2 ~8.25! 17.6 10.8 10.4
b2 0.0 ~0.02! 0.4 0.1 ~0.13! 0.4 0.2 0.2
1b1 69.1 ~68.76! 137.0 109.6 ~112.08! 157.6 100.5 83.2
2b1 0.8 ~0.83! 1.6 1.2 ~1.38! 2.0 1.3 1.2

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD

1a1 175.7 ~175.62! 270.3 238.6 ~248.28! 286.4 217.6
2a1 18.2 ~18.22! 10.0 11.4 ~11.01! 10.6 11.4
3a1 8.3 ~8.31! 9.3 8.9 ~9.07! 19.8 11.8
b2 0.0 ~0.04! 0.4 0.1 ~0.13! 0.4 0.2
1b1 79.7 ~79.32! 177.94 136.94 ~141.98! 199.64 122.27
2b1 0.8 ~0.84! 1.78 1.28 ~1.46! 2.17 1.36

aReference 1.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE VIII. Comparison of Raman activitiesS in Å 4/amu for methanol obtained with different methods and the Sadlej basis set. SCF and B3LYP ref
data~in parentheses! have been taken from Ref. 1.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~6,6!

1a8 60.3 ~60.14! 83.6 73.7 ~73.16! 73.5 61.4 47.55
2a8 5.3 ~5.32! 7.3 6.7 ~6.89! 6.6 6.0 5.81
3a8 0.9 ~0.95! 0.9 0.8 ~0.81! 0.9 0.9 0.83
4a8 0.8 ~0.76! 1.0 0.9 ~0.88! 0.8 0.8 0.78
1a9 64.1 ~64.05! 86.4 80.2 ~80.58! 97.6 77.2 64.22
2a9 63.7 ~63.22! 71.8 69.5 ~67.00! 64.1 57.3 50.52
3a9 175.6 ~175.13! 201.7 188.8 ~188.32! 196.3 172.4 145.47
4a9 5.3 ~5.16! 7.3 6.8 ~6.87! 7.3 6.6 5.48
5a9 0.8 ~0.97! 1.7 1.5 ~1.30! 0.9 0.9 1.35
6a9 0.6 ~0.63! 1.5 1.2 ~1.27! 1.5 1.1 0.26
7a9 8.3 ~8.30! 6.4 6.4 ~7.07! 9.0 9.5 8.44
8a9 0.7 ~0.66! 0.0 0.8 ~0.12! 2.7 0.1 0.67

aReference 1.
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ence value of 235 Å4/amu, while we find in all other case
much better agreement. This deviation by 4 Å4/amu is most
likely due to the usage ofexperimentalequilibrium struc-
tures in Ref. 4.

Since we found small differences between the Hartre
Fock data obtained in this work and the data taken from
literature,1 which was obtained with the same basis set,
tested our static Hartree–Fock data against analytically
termined SCF values with theGAUSSIAN 98 program
package35 for some critical cases and found excellent agr
ment between our numerical and the analytical val
~within ,0.05 Å4/amu). Small discrepancies might be d
to the use of different atomic masses in the calculation of
normal modes~in this study, masses of the most abunda
isotopes were used36! or to small differences in the equilib
rium structures. The deviations between our B3LYP data
the reference values from Ref. 1, which are in some cases
large to be explained by such effects might be ascribed
different implementations of the B3LYP functional. Th
view is confirmed by results ofGAUSSIAN 98 B3LYP test
calculations, which yield the same results as in Ref.
GAUSSIAN 98 uses the VWN~III ! correlation functional37 for
B3LYP while the VWN~V! correlation functional is em-
Downloaded 03 Jul 2007 to 129.132.217.103. Redistribution subject to AI
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ployed in TURBOMOLE 5.4. We can exclude that the differ
ences between theGAUSSIAN 98 and our calculations are du
to the different approaches for the calculation of static po
izabilities since the Hartree–Fock polarizabilities and Ram
activities are in perfect agreement.

The Saldej basis set is widely used and, in general, w
suited for the calculation of Raman intensities. From Tab
it can be seen that especially for density functional meth
changes will be negligible if larger basis sets are appli
which has also been noted in Ref. 38. Nevertheless, the
in Sec. III make clear that significant improvement f
coupled-cluster intensities can be achieved by using a
mented, correlation-consistent basis sets. However, calc
tions using these basis sets are not routinely feasible eve
medium-sized molecules. It is thus worthwhile to analy
Sadlej’s standard basis set by an additional basis set com
son for coupled-cluster and for DFT Raman intensities
order to clarify the potential errors caused by the sma
basis sets. Raman intensities have been recalculated for
purpose for some molecules in our test set using Dunnin
aug-cc-pVTZ basis set17,18 after the geometry optimization
and normal coordinate analyses with this basis set had b
carried out. The data for the most intense modes are give
TABLE IX. Same as Table VIII for Raman intensities obtained from dynamic polarizabilities.

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~6,6!

1a8 69.0 ~68.92! 103.7 89.0 ~88.32! 86.7 71.8 54.56
2a8 5.6 ~8.69! 8.1 7.3 ~7.54! 7.1 6.5 6.21
3a8 1.0 ~0.98! 0.8 0.8 ~0.78! 0.9 0.9 0.85
4a8 0.8 ~0.77! 1.0 0.9 ~0.88! 0.8 0.8 0.79
1a9 69.7 ~69.61! 98.3 90.0 ~90.52! 109.5 85.6 69.77
2a9 71.5 ~71.04! 83.2 79.7 ~76.92! 72.7 65.0 56.82
3a9 195.4 ~194.89! 234.0 216.1 ~215.58! 220.2 193.2 161.78
4a9 5.6 ~5.48! 8.0 7.3 ~7.39! 7.8 7.1 5.80
5a9 0.9 ~1.04! 1.8 1.6 ~1.40! 0.9 0.9 1.43
6a9 0.6 ~0.63! 1.8 1.4 ~1.41! 1.7 1.2 0.28
7a9 8.9 ~8.98! 6.9 7.0 ~7.64! 10.0 10.4 9.12
8a9 0.7 ~0.71! 0.1 0.8 ~0.12! 3.0 0.1 0.72

aReference 1.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE X. Comparison of Raman activitiesS in Å 4/amu for methane obtained with different methods and the Sadlej basis set. SCF and B3LYP referen
~in parentheses! as well as the compilation of the experimental values have been taken from Ref. 1. The CCSD reference data in parentheses have
from Ref. 4.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD ~CCSDb! CAS~8,8!

a1 236.2 ~235.06! 248.1 238.6 ~238.49! 252.1 226.4 ~226! 193.7
e 8.7 ~8.76! 9.3 9.1 ~9.50! 10.1 9.6 ~10! 10.6

1t2 153.1 ~151.8! 147.6 146.7 ~144.26! 147.2 132.6 ~133! 117.7
2t2 0.1 ~0.09! 0.3 0.3 ~0.29! 0.1 0.0 ~0! 0.0

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~8,8! Expt.

a1 261.5 ~260.24! 281.0 268.5 ~268.24! 281.0 252.5 214.5 230612
e 8.7 ~8.82! 8.9 8.9 ~9.20! 10.0 9.6 10.8 7.060.4

1t2 174.4 ~173.00! 172.8 170.5 ~168.00! 168.4 152.0 135.7 12867
2t2 0.2 ~0.20! 0.7 0.6 ~0.58! 0.2 0.1 0.0 <0.24

aReference 1.
bReference 4.
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the supplementary material for CCSD, CC2, BP86, a
B3LYP, respectively.

For all methods we observe a decrease of the Ra
activities with the exception of thesg

1 mode of CO2 calcu-
lated using the BP86 functional, which yields a slightly i
creased value. The dependence of the density functional
man activities on the basis set is in general small~between
0.1% and 6.3% for BP86, between 0.1% and 8.1%
B3LYP! when compared to the coupled-cluster results~be-
tween 3.5% and 14.3% for CCSD, between 3.8% and 17
for CC2!. The 1sg

1 mode of ethine seems to be an except
since it shows a change of more than 20% for all meth
under investigation if the aug-cc-pVTZ basis is used inst
of Sadlej’s basis set. This can be explained by the fact
the equilibrium bond lengths are very sensitive to the ba
set for this molecule: the C-H bond length changes by
pm ~for BP86, 1.4 pm for B3LYP, 2.4 pm for CCSD, 2.2 p
for CC2! and the C-C bond length by 1.8 pm~for BP86, 1.8
for B3LYP, 2.5 for CCSD, 2.5 for CC2!, while, e.g., the C-O
bond length in CO2 only changes by 0.8 pm for BP86, 0.
pm for B3LYP, 1.3 pm for CCSD, and 1.3 pm for CC2. Th
has substantial influence on the 1sg

1 mode of C2H2 , which
mainly involves a stretch of the C-H bond, while the 2sg

1
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mode, which is a C-C stretching mode, is not much affect
One major effect of the basis set change is thus the chang
the equilibrium structure for this molecule which contribut
about the same amount to the discrepancy as does the
set effect on the derivative of the polarizability for a give
structure: A calculation of the Raman intensity for thesg

1

modes of C2H2 using the BP86 functional and the Sadl
basis set, but taking the equilibrium structure obtained w
BP86/aug-cc-pVTZ, results in a Raman activity
66.2 Å4/amu ~static, 70.2 dynamic! for the 1sg

1 mode; this
is a decrease of 9.4%~static, 9.8% dynamic! only due to the
change of the geometry while the intensity for the 2sg

1 mode
changes only by about 2%. For this aug-cc-pVTZ equil
rium structure, the Raman activities decrease by 12.
~static, 13.8% dynamic! for the 1sg

1 mode if the aug-cc-
pVTZ basis set is used instead of the Sadlej basis.

V. GENERAL DISCUSSION

This systematic study has shown that static and dyna
all-electron coupled-cluster Raman intensities can be r
tinely obtained for small molecules using Sadlej’s basis s
It turned out that methods which are capable of describ
ce data
TABLE XI. Comparison of Raman activitiesS in Å 4/amu for ethine obtained with different methods and the Sadlej basis set. SCF and B3LYP referen
~in parentheses! as well as the compilation of the experimental values have been taken from Ref. 1.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD CAS~10,12!

1sg
1 44.6 ~41.31! 73.2 65.7 ~55.33! 109.0 76.3 63.4

2sg
1 152.6 ~152.12! 124.2 127.6 ~126.76! 80.0 94.3 87.2

pg 10.3 ~5.23! 6.4 6.9 ~3.66! 4.9 5.1 6.4

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD Expt.

1sg
1 46.0 ~42.57! 77.8 69.0 ~57.96! 118.4 82.6 75.6614.9

2sg
1 182.3 ~181.55! 152.0 156.3 ~154.37! 94.4 110.0 125.5611.6

pg 13.2 ~6.69! 8.7 10.3 ~4.94! 6.4 6.6 4.261.2

aReference 1.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



ce data
been taken

8631J. Chem. Phys., Vol. 117, No. 19, 15 November 2002 Coupled-cluster Raman intensities
TABLE XII. Comparison of Raman activitiesS in Å 4/amu for ethene obtained with different methods and the Sadlej basis set. SCF and B3LYP referen
~in parentheses! as well as the compilation of the experimental values have been taken from Ref. 1. The CCSD reference data in parentheses have
from Ref. 4.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD ~CCSDb! CAS~12,12!

1ag 189.1 ~187.17! 247.8 229.9 ~227.54! 258.5 224.9 ~224! 194.6
2ag 67.7 ~67.05! 35.2 39.3 ~39.48! 27.5 26.2 ~26! 18.5
3ag 57.3 ~57.39! 37.0 40.8 ~40.39! 43.3 34.3 ~34! 30.6
1b1g 118.9 ~118.34! 134.1 125.5 ~124.83! 128.2 110.4 ~109! 98.3
2b1g 0.3 ~0.23! 0.0 0.1 ~0.06! 0.2 0.2 ~0.3! 0.3
b2g 10.2 ~10.32! 4.4 5.6 ~5.23! 3.8 2.9 ~3! 2.2

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD Expt.

1ag 198.9 ~196.89! 272.2 249.8 ~247.40! 282.1 245.6 172.5626.9
2ag 97.2 ~96.39! 49.6 55.9 ~56.36! 36.6 34.1 17.6
3ag 75.9 ~75.92! 47.5 52.8 ~52.19! 54.1 42.1 26.063.3
1b1g 136.9 ~136.35! 158.1 146.8 ~146.30! 148.0 127.6 66.9614.2
2b1g 0.3 ~0.24! 0.0 0.1 ~0.04! 0.2 0.2 <2.9
b2g 14.6 ~14.72! 6.6 8.1 ~7.69! 5.5 4.2 1.6

aReference 1.
bReference 4.
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dynamic correlation lead to increased Raman activities w
compared to the SCF values~see Table XIV!. The values are
on average between 4%~CCSD, B3LYP! and 25%~CC2!
larger than the SCF intensities in the static case and betw
12% ~B3LYP! and 45%~CC2! larger in the dynamic case
The use of frequency-dependent instead of static polariza
ities increases the Raman activities for these correlated m
ods by about 20%, while the dynamic values are only 1
larger on average within Hartree–Fock theory. Similar
sults have recently been reported for CCSD calculations2 It
remains for future studies to analyze the accuracy of Ram
intensities from CCSD~T! and CCSDT calculations. Pecu
and Coriani have shown3 that the effect of triple excitations
Downloaded 03 Jul 2007 to 129.132.217.103. Redistribution subject to AI
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within the CC3 model39 is negligible for molecules like HF
or HCl, while it becomes important for N2 and CO.

The Raman activities obtained with the CC2 model a
about 19%~static, about 20% dynamic! larger on average
than the CCSD Raman activities, which they should appro
mate. As far as the calculation of Raman intensities is c
cerned the CC2 model thus appears to be a not fully sa
factory approximation to the CCSD model. This situati
does not change significantly if larger basis sets are utili
as can be seen from the tables given in the supplemen
material.46 These findings are in line with those of Pecul a
Coriani3 who recognized the same effect for diatomic mo
ecules.
erence
have been
TABLE XIII. Comparison of Raman activitiesS in Å 4/amu for ethane obtained with different methods and the Sadlej basis set. SCF and B3LYP ref
data~in parentheses! as well as the compilation of the experimental values have been taken from Ref. 1. The CCSD reference data in parentheses
taken from Ref. 4.

Sadlej

Static

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD ~CCSDb! CAS~12,12!

1a1g 354.5 ~354.11! 391.1 373.8 ~372.17! 390.1 345.4 ~345! 292.8
2a1g 0.3 ~0.34! 0.2 0.0 ~0.02! 0.1 0.1 ~0.1! 0.4
3a1g 15.3 ~15.33! 10.4 11.8 ~11.78! 14.9 13.6 ~14! 14.9
1eg 259.0 ~257.61! 278.1 266.5 ~262.17! 259.9 231.3 ~235! 205.6
2eg 19.0 ~19.00! 20.0 20.2 ~19.95! 22.0 20.7 ~21! 21.6
3eg 0.2 ~0.19! 0.4 0.2 ~0.24! 0.1 0.1 ~0.1! 0.0

Sadlej

Dynamic

SCF ~SCFa! BP86 B3LYP ~B3LYPa! CC2 CCSD Expt.

1a1g 392.5 ~392.06! 445.0 422.0 ~420.27! 435.5 385.4 360.1677.3
2a1g 0.5 ~0.48! 0.2 0.1 ~0.04! 0.2 0.1 2.262.0
3a1g 16.9 ~10.95! 11.5 13.1 ~13.09! 16.6 15.1 16.961.7
1eg 295.6 ~294.00! 329.3 312.2 ~307.36! 299.0 266.2 170642.8
2eg 20.0 ~19.96! 20.8 21.0 ~20.79! 22.9 21.6 18.364.6
3eg 0.2 ~0.22! 0.8 0.5 ~0.49! 0.2 0.1 <0.46

aReference 1.
bReference 4.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 03 Jul
TABLE XIV. List of average absolute deviationsDSexp between static and dynamic Raman activities tak
from experiment and from calculations using different quantum chemical methods and the Sadlej ba
~Refs. 19 and 20!, average absolute deviationsDSSCF between Raman activities from SCF calculations and
other quantum chemical methods, and ratiosS/S(SCF), average ratios of dynamic and static Raman activi
Sdyn /Sstat, and absolute differences in Å4/amu. For all comparisons to SCF data, i.e., forS/S(SCF) andDSSCF,
only those vibrations have been considered for which the Raman activities are larger than 1 Å4/amu.

Method

DSexp DSSCF S/S(SCF) Sdyn /Sstat

Static Dynamic Static Dynamic Static Dynamic

SCF 18.1 26.7 — — 1.00 1.00 1.14
BP86 16.5 30.2 21.8 16.2 1.07 1.17 1.21
B3LYP 14.7 26.6 14.8 11.2 1.04 1.12 1.21
CC2 23.9 35.3 28.6 23.2 1.25 1.45 1.22
CCSD 11.5 19.1 16.2 13.2 1.04 1.17 1.20
CASSCF 13.3 6.3 12.9 16.1 0.93 1.03 1.07
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The situation is different for the CASSCF data. In t
static case, the Raman intensities are about 7% smalle
average than Hartree–Fock results. They are only about
larger than SCF values for dynamic polarizabilities. Ho
ever, these are average values and a modewise compa
reveals that SCF Raman activities are considerably sm
than CASSCF values for some modes~e.g., H2O/1a1 ,
NH3/1a1) while there are other cases in which they are
far larger ~e.g., H2S/1a1 , CH4/1t2). The average ratio be
tween dynamic and static values is 1.07 for CASSCF ca
lations, which is smaller than for any other method inves
gated in this work.

VI. CONCLUSION

It should be emphasized that the comparison of exp
mental and calculated Raman intensities is not without pr
lems because of experimental uncertainties~cf. Ref. 40! and
limitations of Placzek’s polarizability theory. It is thus in
structive to compare the various theoretical approaches
though the data set obtained so far is not very large.
cases we have studied were, in the one hand, selected
cause they represent the comparatively few molecules
which detailed experimental data are available: on the o
hand, they are typical specimens of molecules which are
ficiently well described by one electronic configuration
their equilibrium ground state, such that it seems to be ju
fied to draw general conclusions from our case studies.

We thus find that dynamic correlation is important f
Raman intensities: Hartree–Fock calculations show err
mode-specific deviations from experiment, which are re
edied to a large extent in any treatment taking electron c
relation into account in the sense that in these methodssys-
tematicerrors are observed for most of the modes. This
directly linked to the capability of a quantum chemic
method to obtain reliable excitation energies, which are
turn mandatory for reliable dynamic polarizabilities.41,42

Moreover, the calculation of Raman spectra also requires
course, a reliable protocol for obtaining the vibrational fr
quencies, which is feasible only based on a method tak
electron correlation into account.

Ab initio calculations require basis sets of considera
higher quality than DFT treatments, and we found that i
proving the quality of the basis sets leads to a signific
 2007 to 129.132.217.103. Redistribution subject to AI
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decrease of the CCSD Raman intensities, while the DFT
sults are much less sensitive to the basis set quality. T
leads to a systematic overestimation of the Raman intens
calculated from dynamic CCSD polarizabilities usin
medium-sized basis sets, bringing the smaller static value
apparently better agreement with experiment.

We find that density functional theory~in particular with
the B3LYP functional! is a reliable and by far less compute
time-demanding method, which gives sufficient accura
even when medium-sized basis sets are used. Our stud
small molecules, which are of closed-shell, sing
determinant character and which do not feature compe
valence structures of ionic character, provides confidence
the use of DFT in calculations of Raman spectra for la
molecules with comparable single-determinant electro
structure. Recent studies have shown that the DFT calc
tion of field-response properties~and therefore also of thei
spatial derivatives! may fail for some special classes of larg
compounds~like polyacetylene chains and extended, pus
pull p-conjugated systems!.43–45The calculation of dynamic
Raman activities is particularly difficult for these spec
classes of compounds, since strong configurational mix
and the importance of charge-transfer states complicates
accurate prediction of excitation energies in DFT.
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