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Comparison study of the prediction of Raman intensities using electronic
structure methods
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~Received 14 June 1999; accepted 25 August 1999!

Raman intensities have been computed for a series of test molecules (N2 , H2S, H2O, H2CO, CH4,
C2H2 , C2H4 , C2H6 , SiO2 , NH3, CH2F2 , and CH2Cl2! using Hartree–Fock, second-order Mo” ller–
Plesset perturbation theory~MP2!, and density functional theory, including local,
gradient-corrected, and hybrid methods~S-VWN, B-LYP and B3-LYP, and MPW1-PW91! to
evaluate their relative performance. Comparisons were made with three different basis sets:
6-31G(d), Sadlej, and aug-cc-pVTZ. The quality of basis set used was found to be the most
important factor in achieving quantitative results. The medium sized Sadlej basis provided excellent
quantitative Raman intensities, comparable to those obtained with the much larger aug-cc-pVTZ
basis set. Harmonic vibrational frequencies computed with the Sadlej basis set were in good
agreement with experimental fundamentals. For the quantitative prediction of vibrational Raman
spectra, the Sadlej basis set is an excellent compromise between computational cost and quality of
results. © 1999 American Institute of Physics.@S0021-9606~99!30543-2#
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I. INTRODUCTION

Recent advances in Raman instrumentation, such as
man microscopy and 2D imaging, promise to increase
already widespread use of Raman spectroscopy as a
probe in modern surface chemistry and materials researc1–4

It is a standard tool for structural characterization, followi
system evolution and probing the dynamics of chemical s
tems. Despite the important role it plays in present-day a
lytical applications, very few reports of the first-princip
theoretical prediction of Raman spectra have appeared in
scientific literature. The application of the technique to co
plex systems is greatly assisted by quantum chemical ca
lations, yielding theoretical normal mode frequencies a
ground state Raman band intensities. Theoretical Ra
spectra may also be used to elucidate structure in diffi
regimes, such as solvated systems. Consider, for exam
the determination of lithium–perchlorate electrolyte ion p
geometries byab initio methods and experimental corrob
ration by Raman spectroscopy.5 It is important that quantum
chemical methods give quantitatively acceptable intensi
as well as vibrational frequencies.

The prediction of vibrational properties for polyatomi
using electronic structure methods is becoming increasin
common in the chemical literature. This can be largely
tributed to the increasing availability of robust energy d
rivative programs, in which first and second energy deri
tives are computed analytically.6 The prediction of
vibrational frequencies and infrared intensities has been
topic of numerous reports. In the computation of these pr
erties, density functional theory~DFT! outperformed tradi-
tional ab initio methods. In articles by Scott and Radom7

and Wong,8 harmonic vibrational frequencies calculated
DFT methods were found to be in better agreement w

a!Author to whom correspondence should be addressed.
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observed fundamentals.9 Recent studies of theoretical infra
red intensities compared DFT with Hartree–Fock a
second-order Mo” ller–Plesset perturbation theory~MP2!.10–12

Previous studies showed that with increasing electron co
lation the theoretical intensities converge toward experim
tal values.13 Work in our laboratory has shown that hybr
DFT gives infrared intensities in better agreement with e
periment than Hartree–Fock and MP2.14

Raman intensities depend on the square of the pola
ability derivative which requires the calculation of the thi
derivative of the system energy with respect to coordina
and electric field (]a/]Qk5]3E/]Qk]Fi]Fk). Compared to
infrared intensities~which depend on the square of the dipo
moment derivatives!, there have been very few studies of th
first-principle prediction of Raman intensities in the liter
ture. Published reports are primarily for individual mo
ecules, and usually at the SCF~self-consistent field!
level15–18 and in some cases by DFT methods.11,19,20There
seem to be no systematic surveys comparing different th
retical methods with different basis sets for a representa
collection of molecules. In part this may be due to the re
tive scarcity of reliable experimental data and because s
able computer programs have only recently become m
readily available. In the present work, Raman intensities
computed by Hartree–Fock, MP2, local, gradient-correct
and hybrid DFT methods with a number of different ba
sets, to provide an overview of relative performance. Th
methods are used to compute Raman intensities for a se
test molecules including one, two, and three heavy atom
tems (N2 , H2S, H2O, H2CO, CH4, C2H2 , C2H4 , C2H6 ,
SiO2 , NH3, CH2F2 , and CH2Cl2!.

II. METHODS

The calculations in this study were performed using
GAUSSIAN 98 suite of programs.21 Following full geometry
9 © 1999 American Institute of Physics
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optimizations at each level of theory, harmonic frequenc
and dipole moment derivatives were computed analytic
for Hartree–Fock, MP2~2nd order Mo” ller–Plesset perturba
tion theory, frozen core!22 and the various DFT methods em
ployed in this study. Polarizability derivatives were com
puted using numerical differentiation of the analytic dipo
derivatives with respect to the applied electric field. Sta
Raman intensities~zero-frequency, nonresonant! were com-
puted in the double harmonic approximation,23 ignoring cu-
bic and higher force constants and omitting second
higher polarizability derivatives. The vibrational properti
were computed for the test molecules in their ground st
enforcing their respective point group symmetry. The D
methods employed here consisted of the S-VWN local fu
tional, corresponding to the Slater–Dirac exchange fu
tional ~S! ~Ref. 24! with the Vosko–Wilk–Nusair fit for the
correlation functional ~VWN!,25 the B-LYP gradient-
corrected functional, corresponding to Becke’s gradient c
rected exchange functional~B! ~Ref. 26! with the Lee–
Yang–Parr fit for the correlation functional~LYP! ~Ref. 27!
and two hybrid functionals: B3-LYP and MPW1-PW91, co
responding to Becke’s three parameter exchange functi
~B3! ~Ref. 28! with the Lee–Yang–Parr fit for the correlatio
functional ~LYP!, and Barone’s and Adamo’s Becke-sty
one parameter exchange functional~MPW1! ~Ref. 29! with
Perdew and Wang’s gradient-corrected correlation functio
~PW91!.30 Calculations were carried out with the followin
basis sets: 6-31G(d) to evaluate the performance of the ba
set most frequently used for vibrational calculatio
~split valence double zeta augmented with one set of po
ization functions on heavy atoms!,31,32 Sadlej’s polarized
triple zeta basis set, optimized for electric propert
@5s,3p,2d/7s,5p,2d/3s,2p#,33–35 and Dunning’s augmente
correlation-consistent triple zeta basis set, aug-cc-pV
@5s,4p,3d,2f /6s,5p,3d,2f /4s,3p,2d#.36–38 Basis set depen
dence for the S-VWN and B3-LYP density functionals w
investigated by systematically adding diffuse39 and polariza-
tion functions40 to the 6-31G split valence double zeta ba
set. Complete tables of numerical data are available on
world wide web.41

III. RESULTS AND DISCUSSION

A. Large basis set „aug-cc-pVTZ … performance

When computing molecular properties using electro
structure methods, the quality of results obtained is usu
limited by shortcomings in two dimensions: incomple
treatment of electron correlation and basis set truncatio42

When comparing results obtained from different theoreti
models, use of the largest feasible basis set allows be
assessment of the methods themselves, diminishing bas
truncation effects. Previous studies have found that, for
quantitative prediction of electric field response properti
large polarized basis sets are required.43,44 This is attributed
to the need to describe the tail region of the wave funct
satisfactorily, whose electron density is less rigidly held a
therefore contributes most to the molecu
polarizability.45–47To evaluate the performance of the met
ods approaching the large basis set limit, calculations w
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carried out for the set of test molecules using the triple z
correlation-consistent polarized basis set of Dunning a
mented with a set of diffuse functions, aug-cc-pVTZ. The
results are compared with experimental intensities wh
available.48

Figure 1 shows the average absolute difference from
perimental intensities using the aug-cc-pVTZ basis set
the standard deviation for each of the methods conside
here. The average difference, average absolute differe
and standard deviation are also presented in Table I for c
parison with other basis set levels which follow in th
present work. A surprising observation is that all metho
examined here have average absolute differences that ar
markably similar when compared to experiment. Hartre
Fock falls furthest from experiment, as expected, with
average absolute difference and standard deviation of ca
and 24 A4 amu21, respectively. What is surprising is that th
effect of including electron correlation is considerab
smaller for computed Raman intensities than for infrar
intensities.14 Local and gradient-corrected DFT perform a
most identically when compared to experiment, with avera
absolute difference and standard deviation of ca. 14 and
A4 amu21. The two hybrid methods predict intensities
closer agreement with experiment than Hartree–Fo
S-VWN, or B-LYP, although the improvement is small. Th
MP2 results are in best agreement with experimental d
having the lowest absolute difference and standard deviat
however, its average absolute difference from experimen
only ca. 5 and 2 A4 amu21 closer than those of Hartree–Foc
and hybrid DFT, respectively. The vibrational mode f
which all methods considered here predicted the largest
viation from observed value is theeg CH stretching vibration
of ethane. All methods in the study overestimated the int
sity of this mode. Another vibration of note is theag CH
stretch of ethene. For this band of ethene, all correla
methods considered here predicted an intensity in wo
agreement with experiment than Hartree–Fock.

Absolute Raman intensities are more difficult to meas
experimentally than absolute infrared intensities.49 The ex-
perimental uncertainty in the bands used for the above c

FIG. 1. Average absolute difference and standard deviation from exp
mental Raman intensities with the aug-cc-pVTZ basis set.



Raman

8821J. Chem. Phys., Vol. 111, No. 19, 15 November 1999 Raman intensities
TABLE I. Average difference, average absolute difference, and standard deviation from experimental
intensities in A4 amu21.

Hartree–Fock S-VWN B-LYP B3-LYP MPW1-PW91 MP2
Rel. CPU

timea

6-31G(d) avg. diff. 1.01 21.74 21.56 22.59 23.00 28.35 1.0
avg. abs. diff. 30.31 30.96 31.22 30.17 29.70 30.15
std. deviation 50.05 49.11 49.71 49.27 48.74 50.40

Sadlej pVTZ avg. diff. 8.50 15.07 16.15 11.32 10.07 7.38 5.1
avg. abs. diff. 15.07 16.92 17.74 13.77 13.63 11.47
std. deviation 24.44 28.82 28.51 23.43 22.30 19.67

aug-cc-pVTZ avg. diff. 5.84 11.43 11.16 7.12 5.04 2.34 46.9
avg. abs. diff. 14.58 14.16 13.61 12.00 11.79 9.99
std. deviation 23.81 26.40 25.23 22.01 20.55 16.74
rel. CPU timeb 1.0 1.5 1.7 1.8 2.1 32.9

aRelative CPU time for a harmonic frequency calculation computing Raman intensities for H2CO using
B3-LYP.

bRelative CPU time for a harmonic frequency calculation computing Raman intensities for H2CO.
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parison were all greater than or equal to 10%, and for m
the uncertainty was even higher. The uncertainty in the
perimental data for the set of molecules considered may c
tribute to the apparent insensitivity to the inclusion of ele
tron correlation with the large Dunning basis set. Differenc
between experiment and theory due to the neglect of
quency dependencies of the polarizability derivatives and
brational anharmonicities in the calculations, may also m
the effect of electron correlation. An alternative means
assessing the electron correlation effect is to compare
DFT and MP2 Raman intensities directly to those obtain
from an uncorrelated method, i.e., Hartree–Fock. Table
presents the average difference, average absolute differe
and standard deviation from Hartree–Fock for the correla
methods considered here for the complete set of test m
ecules. The differences reaffirm that the inclusion of elect
correlation using density functional theory or MP2 has
relatively small effect on computed Raman intensities w
any of the three considered basis sets. An earlier stud
theoretical Raman intensities for H2O showed similar behav
ior in comparing configuration interaction calculations w
Hartree–Fock.50 The local DFT methods are furthest fro
Hartree–Fock and hybrid DFT closest, which could be ra
nalized based on inclusion of exact exchange. Note
MP2, the most often used conventional correlatedab initio
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method, gives Raman intensities only ca. 9 A4 amu21 in
difference with Hartree–Fock. This is important since MP
Raman intensities come at a much greater cost than Hart
Fock intensities~more than 32 times the relative CPU co
for a molecule as small as formaldehyde using the aug
pVTZ basis set, see Table I!.

B. Performance of the 6-31G „d … basis set

For the prediction of molecular geometries and vib
tional properties, the Pople split valence double zeta basis
with one set of polarization functions on heavy atom
6-31G(d), has become the most often used basis set. Pr
ous experience has shown that it is an economical ch
yielding harmonic vibrational frequencies which can be e
ily scaled for comparison with observed fundamentals7,8 and
infrared intensities which are qualitatively acceptable,14,44

particularly when DFT methods are used.
Figure 2 shows the average absolute difference and s

dard deviation from experiment with the 6-31G(d) basis set
for each of the methods considered here. Raman intens
computed with this basis show even less variation with
level of theory than with the large Dunning basis conside
above. All the methods perform equally well in predictin
Raman intensities with average absolute difference and s
Raman
TABLE II. Average difference, average absolute difference, and standard deviation from Hartree–Fock
intensities in A4 amu21.

S-VWN B-LYP B3-LYP MPW1-PW91 MP2

6-31G(d) avg. diff. 21.51 21.47 22.44 22.72 25.98
avg. abs. diff. 8.22 7.63 6.03 5.76 9.43
std. deviation 12.77 11.85 9.68 9.15 14.53

Sadlej pVTZ avg. diff. 5.90 6.57 2.79 1.49 0.74
avg. abs. diff. 11.90 10.82 7.13 6.51 9.56
std. deviation 21.28 18.83 12.48 11.41 17.35

aug-cc-pVTZ avg. diff. 5.41 5.31 1.83 0.30 21.09
avg. abs. diff. 11.08 9.60 6.18 5.91 8.76
std. deviation 20.01 17.32 11.50 10.41 15.84
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dard deviation from experiment of ca. 30 and 50 A4 amu21,
respectively~roughly twice as large as found with the bigg
aug-cc-pVTZ basis set!. This suggests that the basis set
fect on the absolute Raman intensities could be rather la
However, the difference between the DFT and Hartree–F
results for the 6-31G(d) is somewhat smaller than with th
Dunning basis, as shown in Table II, indicating that the
fect of electron correlation is less pronounced than w
larger basis sets.

C. Performance of Sadlej’s medium size specialized
basis set

A general trend for predicting molecular properties
that as the size of basis set is increased, the quality of re
improves because of greater flexibility in the molecular wa
function. For some properties, good results can be obta
with modest sized basis sets, provided the basis functions
developed appropriately. Sadlej has developed a med
sized basis set fit to reproduce molecular polarizabilities.33–35

It might be expected that this basis set would also perfo
well in the prediction of Raman intensities, since they d
pend on the polarizability derivatives with respect to atom
displacement.

Figure 3 shows Raman intensities computed with
dlej’s basis set compared to those obtained with the m
larger aug-cc-pVTZ basis set. Excellent agreement is fo
between Raman intensities predicted with the two basis s
The Sadlej basis was found to have an average absolute
ference and standard deviation of ca. 3 and 5 A4 amu21 from
aug-cc-pVTZ, respectively. In comparison with experimen
Raman intensities, the performance of the Sadlej basis s
similar to the aug-cc-pVTZ basis, with average absolute
ference and standard deviation from experimental val
only a little larger than for aug-cc-pVTZ. Since these calc
lations are ca. ten times faster~see Table I!, the Sadlej basis
set provides very substantial savings in computational ef
with almost no degradation in the quality of Raman inten
ties obtained.

FIG. 2. Average absolute difference and standard deviation from exp
mental Raman intensities with the 6-31G(d) basis set.
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D. Basis set dependence for local and hybrid DFT

The quality of basis set needed to predict converg
chemical properties is of great interest to researchers see
to maximize the quality of results and minimize the comp
tational effort. Since polarized split valence basis sets
double zeta quality@e.g., 6-31G(d)# represent the middle
ground in terms of cost and quality in the prediction of m
lecular properties, it represents a logical starting point to
the basis set dependence by systematically adding additi
diffuse and polarization functions.

The average absolute difference and standard devia
of S-VWN Raman intensities compared to S-VWN/Sad
intensities are shown in Fig. 4. As additional basis functio
are added to the 6-31G basis, the Raman intensities conv
towards the Sadlej and aug-cc-pVTZ values. The rate of c
vergence is slower than that observed for infrar
intensities.14 Addition of heavy atom polarization function
to the 6-311G basis set lowers the average absolute diff
ence ca. 2 A4 amu21 each time. The sensitivity to hydroge
polarization functions is a little less, lowering the avera
absolute difference ca. 1 A4 amu21. The addition of a set of
diffuse functions on hydrogens has a larger effect, lower
the average absolute difference by ca. 3 A4 amu21.51 Even

ri-

FIG. 3. Comparison of Raman intensities with Sadlej’s polarized triple z
basis set and with Dunning’s aug-cc-pVTZ basis set.

FIG. 4. The Raman intensity basis set dependence for local DFT~S-VWN!
with respect to results obtained with the Sadlej electric property basis
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with all the extra polarization and diffuse functions, th
S-VWN/6-3111G(3d f ,3pd) Raman intensities have an a
erage absolute difference and a standard deviation of c
and 12 A4 amu21, respectively, from the Sadlej basis resul

Figure 5 shows the basis set dependence of comp
Raman intensities for a hybrid density functional meth
~B3-LYP!. The convergence pattern for B3-LYP is ve
similar to S-VWN. The addition of heavy atom polarizatio
functions to the 6-311G basis set lowers the average abs
lute difference by ca. 1 A4 amu21 each time. A set of diffuse
functions on hydrogens lowers the average absolute dif
ence by ca. 2 A4 amu21. With the B3-LYP method, compari
son of the intensities with the 6-3111G(3d f ,3pd) basis
and the Sadlej basis yields an average absolute differenc
ca. 6 A4 amu21 and a standard deviation of ca. 10 A4 amu21.
Since the Sadlej basis is about the same size as the
1G(2d,2p) basis set, but performs as well as the aug-
pVTZ basis ~Fig. 3! and better than the 6-311
1G(3d f ,3pd) basis ~Figs. 4 and 5!, it is clearly the best
choice of the basis sets considered in the present work fo
prediction of Raman intensities.

E. Frequency prediction using hybrid DFT and the
Sadlej basis

It is well-known that theoretical harmonic vibration
frequencies are typically larger than the observed fundam
tals due to basis set effects, electron correlation, and neg
of anharmonicity. To improve the agreement between co
puted harmonic frequencies and observed fundamentals
computed frequencies are usually scaled for comparis
Various scaling strategies exist to help bring computed
quencies into greater agreement with observ
wavenumbers.52–55 Usually the simplest scaling strategy
adopted, that of homogeneous scaling. Previous work
Scott and Radom7, and Wong8 have shown that DFT consis
tently predicts vibrational frequencies in better agreem
with observed fundamentals than conventionalab initio
methods, with hybrid DFT having low mean absolute err
and scaling factors close to unity. Work in our lab has sho
that hybrid DFT methods are outstanding performers in p
dicting infrared intensities.14 Vibrational frequency predic-

FIG. 5. The Raman intensity basis set dependence for hybrid DFT~B3-
LYP! with respect to results obtained with the Sadlej electric property b
set.
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tion using the Sadlej basis set has not yet been address
the chemical literature. It is of interest then, to investigate
quality of vibrational frequencies predicted using the Sad
basis set and hybrid DFT~B3-LYP!.

Figure 6 shows the harmonic frequencies computed
the B3-LYP/Sadlej level compared to experimental fund
mental frequencies. The agreement is very good and the
erage difference, average absolute difference, and stan
deviation are 57, 64, and 71 cm21, respectively. The smal
difference between the average absolute difference and a
age difference suggests homogeneous scaling will be ef
tive in bringing the computed harmonics into even grea
coincidence with experimental wavenumbers. Regress
analysis for this small data set suggests a preliminary em
cal scaling factor of ca. 0.9663. After scaling, the avera
absolute difference is 36 cm21. Work is in progress to estab
lish scaling factors for the Sadlej basis set using the larger
of molecules employed by Scott and Radom.7

IV. CONCLUSIONS

The results presented here suggest that at levels
theory applicable to larger molecules, electron correlation
less significant than basis set effects in the calculation
Raman intensities. Density functional theory provides n
merical intensities comparable to MP2 at significantly le
cost. Taking into consideration the results of this study
well as those assessing DFT vibrational frequencies7,8 and
infrared intensities,14 DFT offers the most cost effective
choice for the prediction of molecular vibrational propertie
Raman intensities are quite sensitive to basis set effects
require much larger basis sets than infrared intensities to
tain quantitative results. The Sadlej electric property ba
set, although medium sized, predicts Raman intensities s
lar in accuracy to those obtained with the much larger a
cc-pVTZ basis set. Vibrational frequencies obtained us
the Sadlej basis set with the B3-LYP functional were fou
to be in good agreement with experimental fundament
Therefore, for the theoretical prediction of Raman spec
the Sadlej basis set is extremely cost-effective and yie
excellent quantitative results.

is
FIG. 6. Comparison of B3-LYP Sadlej harmonic frequencies with expe
mental fundamental frequencies.
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