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We present an extensive investigation of the dependence of the scattering intensity difference of right and
left circularly polarized light observed in vibrational Raman optical activity (VROA) on the choice of basis
set and exchange-correlation functional. These dependencies are investigated for five molecules for which
accurate experimental data are availab®:niethyloxirane, R)-epichlorhydrin, §-glycidol, (M)-spiro[2,2]-
pentane-1,4-diene, anij-o-[4]-helicene. Calculations are presented using the SVWN exchange-correlation
functional (LDA), the BLYP exchange-correlation functional, and the B3LYP hybrid functional, using six
different basis sets: the cc-pVDZ, cc-pVTZ, aug-cc-pVDZ, aug-cc-pVTZ, Sadlej’s polarized basis set, and
a minimal VROA basis set recently proposed by Zuber and Hug. It is demonstrated that results from pure
gradient-corrected and hybrid functionals are comparable and that the aug-cc-pVDZ and aug-cc-pVTZ basis
sets yield similar results. Furthermore, the combination of the small basis set by Zuber and Hug with an
accurate force field represents the best compromise between computational accuracy and computational
efficiency.

I. Introduction self-consistent field calculations (MCSCF) was presented by
Helgaker et al. in 1992jn which the gauge-origin independence
was ensured through the use of London atomic orbftalsis
approach was recently extended to also allow for frequency-

intensities for left and right circularly polarized lightThey dependent and gauge-origin independent calculations: using

found that for chiral molecules there would be a difference in density-functional theer (DF,TQFH ) )
the scattering intensity for left and right circularly polarized !N recent years an increasing number of theoretical studies
light and named the technique vibrational Raman optical activity of VROA spectra have been appearing; see refs1Bfor an
(VROA). Later, Barron, Bogaard, and Buckingham demon- account of recent theoretical studies. However, compared to the
strated the existence of VROA experiment&llgn observation explosive growth in the theoretical calculation of optical rotation
independently confirmed by Hug et &land the field has been  (see refs 1618 for some recent reviews), which use some of
growing steadily since then. However, the difference between the same second-order quantities that are of interest also for
the scattering intensities of left and right circularly polarized VROA calculations, VROA calculations remain limited to small
light is 5 orders of magnitude smaller than ordinary Raman molecules and often restricted to calculations at the Hartree
intensities, requiring very sensitive experimental equipmént.  Fock level of theory using MP2 or DFT force fields.

The ab initio calculation of VROA is still in its infancy, Very few systematic studies of the computational require-
despite its potential importance. The first calculation of the ments for VROA intensities differences exist. This is to a large
circular intensity differences observed in VROA spectroscopy extent due to the problems associated with reaching near basis
was presented by Polavarapu and co-workers as recently asset limit results for larger molecules. However, a very detailed
1990 using finite numerical differentiation of Hartre¢-ock study of the basis set requirements of VROA calculations was
(HF) linear response functions calculated in the static limit. presented by Zuber and Hifgwho also proposed a minimal
These calculations were gauge-origin dependent. A gauge-origingasis set which gives close to aug-cc-pVDZ results. No studies

independent and frequency-dependent approach to the calculagg the importance of the choice of DFT functional have to our
tion of VROA scattering intensity differences between left and knowledge been presented to date.

right circularly polarized light for HF and multiconfigurational

In the late 1960s, Barron and Buckingham derived a formal-
ism for the study of the vibrational Raman effect using circularly
polarized light and, in particular, the difference in scattering

In this work, we rectify the situation with a detailed study of
*To whom correspondence should be addressed. E-mail: the basis S.et requirements and we a.lso analy;e the. importgnce
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10.1021/jp052123h CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/30/2005




7568 J. Phys. Chem. A, Vol. 109, No. 33, 2005 Reiher et al.

and the electric-dipole/electric-quadrupole polarizability
o 3 IF R [0]u,|n|© 4|00
Aaﬁy =2 20 () ) ) )
n=

W — W
ioi ol fof HO iof with the electric-quadrupole operator
N N\ .
1 2 3 ©p, = — E Z [3rigri, — rizéﬂy]; B,y e{xyz (6)

In these sum-over-states formulas, the summation is taken over
all excited states and atomic units are used throughout. The
operator definitions contain elements of the positiprand
angular momenturh operators for electron In the equations,

o denotes the incident laser beam frequency angd the
excitation energy from the ground sta@ito the nth excited
state|n[] As the magnetic-dipole moment in the electric-dipole/
magnetic-dipole polarizability gives rise to an artificial gauge-
origin dependence in ab initio calculations employing finite basis
sets?® we use London atomic orbitals to ensure that our
calculated results are independent of the choice of gauge origin
also with the finite basis sets used in our calculatiths.

Figure 1. Optimized molecular structures fog¢methyloxirane 1), Using these property tensors, we calculate the backscattering

(R)-epichlorhydrin ), (9-glycidol (3), (M)-spiro[2,2]pentane-1,4-diene (180°) intensity difference &4
(4), and M)-o-[4]-helicene B).

molecules, recent, highly accurate, experimental data are avail- |R(180=) - |L(180<>) _1 (24,5((3')2 + 8ﬁ(A)2) 7)
able to which we can compare our resdhs! c

This paper is organized as follows: In section Il, we briefly . . . ) . )
give the necessary theoretical background for understandingWith the speed of lightt and the isotropic and anisotropic
which molecular quantities contribute to the VROA intensity Invariants of the property tensors
differences. Section Il gives the computational details for our

calculations, and section IV presents the results. In section V, o= 1 Oy (8)
we compare simulated VROA spectra based on our best 3
theoretical results with experimentally recorded spectra for the 1
three molecules with only a single conformatibrd, and5. In 02 ==(300..0... — O 0 9
section VI we give some concluding remarks. P 2( opop x ﬁﬂ) ®)
Il. Theoretical Background BG) 1(3 o G ) (10)
== (3a —q,
As shown by Barron and Buckinghamthe scattering AN oahp
intensity differences between right and left circularly polarized 1
light are det_ermlneq (vynhm the Placzgk a.ppromma%?(_))rby ﬂ(A)z = = 004605 55 (11)
the geometrical derivatives of the electric-dipole/electric-dipole 2
polarizability
(note that implicit summation over repeated indices has been
Re[[(])|ua|n|yﬁ|0|fjl used).€qy is the unit third-rank antisymmetric tensor.
A =2 ) W 1) For the vibrational Raman scattering process, we need the
= wn02 - w? vibrational transition moments, whose geometry dependence is
as usual approximated by a truncated Taylor series expansion
with the electric-dipole operator around the equilibrium geometryg?*
Ue==Y Ny oe{xyd (2) 1 (o) (30
1 @0p|aaﬂ|vlp|]]irlp|aaﬂ|vop[l=2—%) —an . —an . (12)
the electric-dipole/magnetic-dipole polarizability
ImM{CD}¢, INTB] O] g1 Tl Gl v = o | a%) (13)
U N 0pl % V1M1 o Gy Vo= 5— A
&ﬁz_za)zo o 3) p ol P 1p—1pl sl Fop 2w,\0Q, /. \ 0Q, /e
NZ (’UHOZ — (UZ 8 a AV
1 [9%p| [P€ayoNyop
with the magnetic-dipole operator E/op|O‘aﬁ|”1pm’1p|Eonya'o‘wﬂ“’opD:2_% 0Q, ).\ 8Q, )e
1 (14)
my=--%ls Be{xyz (4) , o . ,
24 with the vibrational ground state and first excited-state wave
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functions vop and vy, respectively, for mode p and the
corresponding normal coordina@, and harmonic frequency
Wp.

To analyze the wealth of computational data which results
from calculating the different property tensors, their derivatives
with respect to normal coordinates, and the intensity differences
between the right and left circularly polarized scattered light,
we adopt the strategy of Zuber and Hi¥g=or each molecule,
basis set, and functional we calculate the quantity

trial __ ref

§ P“P IP |
ref
>l

P
where 1™ and 1" refer to the intensity differences of the
computational method being evaluated and the reference
computational method, respectively. The summations run over
all vibrational modes of the molecule, and we do not distinguish
between any different kind of vibrational modes. In addition,
we report the number of modes for which there is a difference
in sign with respect to the reference intensity differences. A
large number of modes of a different sign but a sriéllj value

thus predominantly calculate an incorrect sign for weak
vibrational intensity differences, whereas a small number of
vibrational modes with opposite sign but a larg@) value
indicate that some strong intensity differences are incorrectly
predicted. Let us note, however, that differences in the force
fields may lead to a different ordering of the vibrational modes,
giving rise to apparent differences in the sign of the intensity
differences as well as artificially larg#l) values. Due to the

o) = (15)
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since Dunning’s triplez basis sets required computer resources
for this molecule beyond reasonable effort. We will instead
compare directly the B3LYP/aug-cc-pVTZ predicted spectra
with the experimental data of refs 20 and 21 to judge the quality
of these reference data.

Here we will only consider the scattering intensity differences.
The scattering intensity differences are of course intimately
connected to the quality of the force field through the trans-
formation to the normal coordinatés}3>3%and thus the results
obtained for the intensity differences may as much reflect the
quality of the force field as the quality of the intensity
differences. This has also been utilized as a means to speed up
the calculation of VROA spect®2°3”However, we will here
almost exclusively consider the calculated intensity differences
and force fields as calculated at a uniform level of approxima-
tion, that is, the property tensors and the force field are
calculated with the same basis set. The only exception to this
is the basis set of Zuber and Hug, which clearly will be too
small to provide accurate force fields, yet it is at the same time
small enough that it will allow for VROA studies of very large
molecules. For this reason we will, in addition to the data for
this basis set, also present data when this basis set is used
together with the aug-cc-pVTZ force field (aug-cc-pVDZ for
(M)-0-[4]-helicene) using the same exchange-correlation func-
tional, to see if this basis can be combined with an accurate
force field to give reliable intensity differences for large
molecules.

The above-mentioned generalized polarizabilities are available
from the Dalton progra#t both at the HF/MCSCFand at the

large amount of data collected, we have not made any attemptsDFT leveP of theory. Due to the presence of the geometrical

at analyzing the individual modes to avoid such apparently
incorrect ordering of the vibrational bands, including instead
these deviations directly in our reported number of incorrect
signs andj(1) values. All the output files from the calculations
can be downloaded from our website http://www.ipc.uni-jena.de/
reiher/vroa.html.

[ll. Computational Details

Three different exchange-correlation functionals will be
investigated: the SlatefVosko—Wilk —Nusair exchange-cor-
relation functionaf®2%the generalized-gradient functional BLYP,
using Becke’s 1988 exchange functiciatith the Lee, Yang,
and Parr correlation function&,and finally the hybrid func-
tional B3LYP using Becke’s three-parameter hybrid-exchange
functionaf® with the LYP correlation functiona® We employ
Dunning’s cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ
basis setg?31as well as the basis set introduced by Satftéj.
Following Zuber and Hug? we also augment a 3-2H-G basis
seB* by one diffuse p-type polarization function with a coef-
ficient £ = 0.2 for each hydrogen atom in order to reduce the
computational effort for the property tensor calculations.

Determining the reference intensity differences is a difficult
problem. It is difficult to extract these data directly from the
experimental data due to the overlapping of vibrational bands
and the problems in determining the integration range for

derivatives and the magnetic-dipole-moment operator defined
using London atomic orbitaf8,the implementation of analytical
third derivatives for these generalized tensors represents a
challenging task, and one is therefore, in practice, forced to
employ schemes using numerical derivatives with respect to the
geometrical distortions.

In the calculation of geometrical derivatives of molecular
properties using a numerical scheme, one is faced with the high
computational scaling of the approach since there will be a need
for at least &l property calculations for a molecule containing
N atoms. Since even a single-point calculation of a higher-order
molecular property may be rather time consuming, the additional
6N property calculations needed may render the determination
of the geometrical derivatives of these properties virtually
impossible. This is particularly important for properties such
as those determining the scattering intensity differences observed
in VROA, since they occur for chiral molecules, and the chiral
molecules are often quite large and in most cases do not possess
any molecular symmetry that could otherwise have been used
to reduce the computational cost.

All calculations reported in this paper have been obtained
using parallel software on loosly coupled computer clusters. Two
different approaches have been employed. For some of the
molecules, the VROA scattering intensity differences have been
obtained using a parallel version of the Dalton quantum

calculating the total scattering cross sections. These problemschemistry program¥ in which the calculation of two-electron

would remain also if we considered the relative intensity

integrals, the numerical integration in the evaluation of exchange-

differences, as the band shapes of the VROA and Raman band§orrelation energies and potentials, and the generation of

might be different, thus causing inaccuracies in the experimen-
tally derived quantities. For this reason, we will use as our

reference value both the aug-cc-pVTZ basis set result using the

same exchange-correlation functional, as well as the B3LYP/
aug-cc-pVTZ results, with the exception dfi)-o-[4]-helicene,

numerical grids have been parallelized following earlier imple-
mentationg'%41

In other cases, the evaluation of the VROA intensities have
been done using the SNF progréffor which a new interface
for the collection of property tensors at displaced structures has

where the aug-cc-pVDZ results will be used as reference valuesbeen implemented. The SNF program distributes the different
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distorted molecular geometries that are needed for the evaluatioriTABLE 1: Comparison of the Calculated Intensity
of the numerical derivatives of the second-order molecular '%'ffef_echeS for Left and Right Cerl_ﬂa”)I’ F;0|aflzed Light for
properties to different compute nodes. Dalton is then executed N Different Basis Sets and Functionals for 1

for each distorted geometry sent to each compute node. At the functional/  comparison to B3LYP/
end of the calculation, the data calculated for all the distorted aug-cc-pVTZz aug-cc-pvVTZ
geometries are analyzed in order to obtain the intensity no. of no. of

differences from finite-difference derivatives with respect to the functional  basisset d(l) wrongsigns o(l)  wrong signs
nuclear coordinates. In all cases, the calculated force fields have LpA  3-21++G(pp 2.020 10 1.844 7
been obtained as numerical first derivatives of analytically 3-21+_+G(p)3vc 0.536 6 1.049 1
calculated molecular gradients. A step length of 0.01 bohr has Sadlej 0.276 2 1.040 5
been used in the numerical differentiation, and the response cc-pvDZ 1.108 4 1.706 5
vectors have been converged to a threshold of 505 with cC-pVTZ 0.343 3 1.247 6
g : aug-cc-pvVDZ  0.178 0 1.052 5
respect to the norm of the response vector. Th_e numerical force aug-cc-pVTZ 1.011 5
field has been shown to give results that deviate at most by 2 BLYP  3-214++G(p)p 1.009 6 1.265 6
cm™1, usually by less than 1 cm, from those obtained using 3-214++G(py* 0.457 2 0.419 2
analytical force fields. Sadlej 0.949 2 1.091 2
While the Dalt I i th llel mod cc-pvDZ 1.241 6 1.486 4
ile the Dalton program allows one to use the parallel mode cC-pVTZ 0.882 4 0.958 2
of Dalton for the consecutive evaluation of c_hsplaced structures, aug-cc-pvDZ 0.189 2 0.811 2
the SNF program allows a parallel evaluation of the displaced aug-cc-pVTZ 0.612 2
structures running Dalton in serial mode. In view of the B3LYP 3-2H4+G(pf 1.175 6
computational effort for the present study, this strategy allows g'zcﬁ"'ﬂ' G(pPe 0649?;167 12
us to use computer resources in the most optimal way. Cf_p\%z 1371 5
Furthermore, t_his interface aI_Iows us to easily_ ex_tend_ our cc-pvTZ 0.485 2
calculations using mode selection to target specific vibrational aug-cc-pvVDZ  0.226 2

modes of large molecular complex&s*and work along these
lines is in progress.

IV. Results and Discussion

For the calculation ob(l), we used the aug-cc-pVTZ basis

aTotal number of vibrational modes is 24. For an explanation of
the different quantities, see teXtUsing a single polarization function
with exponent 0.2 for hydrogens only, as suggested by Zuber ané®Hug.
¢ Using the LDA/aug-cc-pVTZ force field, see teftUsing the BLYP/
aug-cc-pVTZ force field, see textUsing the B3LYP/aug-cc-pVTZ
force field, see text.

set and always the same functional as reference method. In

addition, we compared the intensity differences obtained with
LDA and BLYP via 6(1) with B3LYP/aug-cc-pVTZ as the
reference. (Note that for the largest molecule, that is, for the

TABLE 2: Comparison of the Calculated Intensity
Differences for Left and Right Circularly Polarized Light for
the Different Basis Sets and Functionals for 2

helicene5, we always used the aug-cc-pVDZ basis set as functional/  comparison to B3LYP/
reference.) aug-cc-pvTZ aug-cc-pvVTZ

The results for methyloxirang show that the Zuber & Hug ) ) no. of no. of
and cc-pVDZ basis sets yield the largegt) values and also ~ functional  basisset o(I) wrongsigns (1)  wrong signs
the largest number of wrong signs when compared with the aug- LDA  3-21++G(p) 0.693 7 0.965 9
cc-pVTZ basis set using the same functional (see Table 1). 3-21++G(py*© 0.493 3 0.730 7

The Sadlej and cc-pVTZ basis sets yield improved results, ?ggl\%z 8 g’fg f f §1219 g
but the best agreement with the aug-cc-pVTZ reference scat- cc-pvTZ 0.283 3 0.827 7
tering intensity differences is obtained with the aug-cc-pvDZ aug-cc-pvDZ  0.080 0 0.494 4
basis set. Also the small Zuber & Hug basis set in combination aug-cc-pvTZ 0.495 4
with the aug-cc-pVTZ force field yields remarkably good results.  BLYP  3-21++G(pp 0.730 7 0.838 8
The comparison of the LDA and BLYP data with the B3LYP/ g'ﬁ:f G(py: 064235006 33 00'531056 60
aug-cc-pVTZ reference demonstrates that the LDA data deviates CC_pVJDZ 0.749 9 0.855 8
the most, while in the case of the BLYP functional, the number cc-pvTZ 0.195 2 0.317 5
of wrong signs is comparatively small for all basis sets and aug-cc-pvVDZ  0.203 3 0.262 0
also thed(l) values are quite small. However, significant aug-cc-pvVTZ 0.213 3
deviations occur also for the largest basis sets aug-cc-pVDZ B3LYP 3-2H+G(pp 0.721 10

. o X 3-21++G(ppe 0.392 4

and gug-cc-pVTZ in combination with the LDA and BLYP Sadlej 0.436 1
functionals. cc-pvDZ 0.606 3

The epichlorhydrine molecul2 possesses the same number cc-pvTZ 0.211 1
of normal modes as methyloxirariebut some modes involve aug-cc-pvDZ  0.169 0

the motion of the chlorine atom, which substitutes a hydrogen
atom in the methyl group df. The general picture is thus similar
for 1 and2 (see Table 2).

However, there are important differences. When LDA and
BLYP are compared with the B3LYP/aug-cc-pVTZ reference,
larger deviations with respect to the number of wrong signs
occur for most functional/basis-set combinations. Exceptions

aTotal number of vibrational modes is 24. For an explanation of
the different quantities, see teXtUsing a single polarization function
with exponent 0.2 for hydrogens only, as suggested by Zuber ané®Hug.
¢ Using the LDA/aug-cc-pVTZ force field, see teftUsing the BLYP/
aug-cc-pVTZ force field, see textUsing the B3LYP/aug-cc-pVTZ
force field, see text.

a single wrong sign and also have a sndgl) value. For2, the

are the BLYP/Sadlej and BLYP/aug-cc-pVDZ (and also to a Zuber & Hug basis set with a high-quality force field (aug-cc-
certain degree the LDA/aug-cc-pVDZ and LDA/aug-cc-pVTZ pVTZ) performs less satisfactory than the aug-cc-pVDZ data,
combinations). These two computational models do not show both when the B3LYP/aug-cc-pVTZ results are used as a
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TABLE 3: Comparison of the Calculated Intensity
Differences for Left and Right Circularly Polarized Light for
the Different Basis Sets and Functionals for 8
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TABLE 4: Comparison of the Calculated Intensity
Differences for Left and Right Circularly Polarized Light for

the Different Basis Sets and Functionals for &

functional/  comparison to B3LYP/ functional/  comparison to B3LYP/
aug-cc-pvVTZ aug-cc-pvVTZ aug-cc-pvTZ aug-cc-pVTZ
no. of no. of no. of no. of
functional basisset d(I) wrongsigns o6(I)  wrong signs functional basisset d(I) wrongsigns o6(l)  wrong signs
LDA 3-21++G(py 1.257 10 1.030 7 LDA 3-21++G(py 0.275 5 0.364 4
3-21++G(pp° 0.505 3 0.839 6 3-21++G(p)c 0.109 3 0.265 2
Sadlej 0.448 4 0.492 5 Sadlej 0.161 1 0.323 2
cc-pvDz 0.807 6 0.963 7 cc-pvDZ 0.589 11 0.744 10
cc-pVTZ 0.321 2 0.824 7 cc-pVTZ 0.349 5 0.467 4
aug-cc-pvDZ 0.282 3 0.707 6 aug-cc-pvDZ 0.150 0 0.303 3
aug-cc-pVTZ 0.600 7 aug-cc-pvVTZ 0.280 3
BLYP 3-214++G(pP 1.293 12 1.266 10 BLYP  3-21++G(pp 0.309 7 0.484 8
3-21++G(p)d 0.526 5 0.602 7 3-214++G(p)¢ 0.102 0 0.211 1
Sadlej 0.691 4 0.686 4 Sadlej 0.217 4 0.402 3
cc-pvDZ 0.937 9 0.988 7 cc-pvDZ 0.608 9 0.791 8
cc-pVTZ 0.333 5 0.589 7 cc-pVTZ 0.334 4 0.467 3
aug-cc-pvVDZ 0.438 6 0.507 6 aug-cc-pvDz 0.079 1 0.245 2
aug-cc-pvVTZ 0.315 4 aug-cc-pvVTZ 0.219 1
B3LYP 3-214-+G(pP 1.090 9 B3LYP 3-21--+G(pp 0.341 8
3-21++G(p)* 0.384 5 3-21++G(p)© 0.113 1
Sadlej 0.473 4 Sadlej 0.109 1
cc-pvDz 0.568 5 cc-pvDZ 0.641 8
cc-pvVTZ 0.295 2 cc-pVTZ 0.336 2
aug-cc-pvVDZ 0.420 3 aug-cc-pvDzZ 0.072 0

@ Total number of vibrational modes is 27. For an explanation of
the different quantities, see teXtUsing a single polarization function
with exponent 0.2 for hydrogens only, as suggested by Zuber and®Hug.
¢ Using the LDA/aug-cc-pVTZ force field, see teftUsing the BLYP/
aug-cc-pVTZ force field, see text.Using the B3LYP/aug-cc-pVTZ
force field, see text.

reference and when the aug-cc-pVTZ basis set with the same
functional is used as a reference. It is furthermore interesting

aTotal number of vibrational modes is 39. For an explanation of
the different quantities, see teXtUsing a single polarization function
with exponent 0.2 for hydrogens only, as suggested by Zuber ané®Hug.
¢ Using the LDA/aug-cc-pVTZ force field, see teftUsing the BLYP/
aug-cc-pVTZ force field, see textUsing the B3LYP/aug-cc-pVTZ
force field, see text.

TABLE 5: Comparison of the Calculated Intensity
Differences for Left and Right Circularly Polarized Light for
the Different Basis Sets and Functionals for %

to note that thej(l) values are in general smaller f@rthan
those forl.

The results for glycidoB show the same trends as already
noted forl—apart from the fact that the number of wrong signs
is now slightly larger for each entry, which may be due to the
larger total number of normal modes (compare Table 3). In
particular, the Zuber & Hug basis set with a high-quality force
field performs as good as the aug-cc-pVDZ (independent of
the reference method).

Coming to the larger molecules of different structure, we note
that the spiro compound possesses more normal modes but
not a significantly increased number of wrong signs (see Table
4). Remarkably, the Zuber & Hug basis set with a high-quality
force field and all calculations with the aug-cc-pVDZ basis show
excellent agreement with the aug-cc-pVTZ data (independently
of the reference functional used). Also, the cc-pVDZ data shows
the largest deviations from the reference data followed by the
Zuber & Hug basis property calculations in combination with
the Zuber & Hug force field. For the largest molecule, the
helicene 5, we used the aug-cc-pVDZ basis set for the
calculation of the reference data. This is justified in view of
the excellent results obtained for the aug-cc-pVDZ basis set
for the smaller moleculed—4. In contrast with the smaller
molecules, we now observe many more wrong signs (compare
Table 5). However, when all the data in Tables5l are

functional/ B3LYP/
aug-cc-pvVDz aug-cc-pvVDzZ
no. of no. of
functional basisset  d(I) wrongsigns 6(I) wrong signs
LDA 3-21++G(pf 0.271 8 0.646 12
3-214++G(ppc 0.098 2 0.595 10
Sadlej 0.134 3 0.657 15
cc-pvDzZ 0.317 10 0.813 12
aug-cc-pvVDz 0.639 12
BLYP 3-214++G(pp 0.734 13 0.781 10
3-21++G(p)yd 0.092 4 0.202 7
Sadlej 0.156 9 0.244 8
cc-pvVDZ 0.318 8 0.495 9
aug-cc-pvDZ 0.256 7
B3LYP 3-2H-+G(pP 0.717 9
3-21++G(pPe 0.088 1
Sadlej 0.127 2
cc-pvVDzZ 0.319 8

aTotal number of vibrational modes is 57. For an explanation of
the different quantities, see teXtUsing a single polarization function
with exponent 0.2 for hydrogens only, as suggested by Zuber and®Hug.
¢ Using the LDA/aug-cc-pVTZ force field, see teXtUsing the BLYP/
aug-cc-pVTZ force field, see textUsing the B3LYP/aug-cc-pVTZ
force field, see text.

V. Comparison to Experiment

In this section, to verify the adequacy of the use of the
B3LYP/aug-cc-pVTZ computational level as a benchmark for

compared, it is encouraging to note that the basis set by Zuberour calculations, we will compare the simulated VROA spectra

& Hug in combination with the aug-cc-pVTZ (aug-cc-pvVDZ
for 5) force field appears to perform better the larger the
molecule becomes, lending further support to the use of this
small basis set in combination with a high-quality force field.

with recent experimental specif&? of three of the molecules

in this study. The three molecules ai®-(nethyloxirane 1),
(M)-spiro[2,2]pentane-1,4-diend)( and (M)-o-[4]-helicene b).

We do not compare the experimental and theoretical data for
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Figure 2. Theoretical (B3LYP/aug-cc-pVTZ, top) and experimental
(bottom) intensity differences for backscattering VRORK() — "~
(7)) of (§-methyloxirane, arbitrary units.

(R)-epichlorhydrin 2) and ©-glycidol (3), as these molecules
have several conformational minima, and a proper Boltzmann
averaging over the different structures would be required in order
to reproduce the experimental data. All the simulated spectra
have assumed a Lorenztian band shape with a bandwidth of 15
cm~t and have been multiplied with the factes - wp)(1 —
exp[—hw/kT]) without the speed of light.

In Figure 2 we report the simulated spectrumfaralculated
using B3LYP and the aug-cc-pVTZ basis set as well as the
experimentally recorded spectrum. The agreement between
experiment and this selected theoretical level is extraordinary
good. With the exception of the very weak structure at about
206 cnt?, all signs of the intensity differences agree between
theory and experiment. A few differences in the relative

intensities do exist, such as the two peaks at 1042 and 1128 “20

cm!, as well as a few small off-sets in the vibrational
frequencies, but the overall features of the experimental
spectrum are very well reproduced, and the absolute configu-
ration can be determined unambiguously. As such, the use of
the B3LYP/aug-cc-pVTZ results as a benchmark appear well
justified.

In Figure 3 we report the simulated and experimental
spectrum ford. This molecule was recently synthesized by de
Meijere et al.# and the VROA spectrum of this molecule was
recently recorded by Huf.Whereas the overall features of the
experimental VROA spectrum also in this case are well

Reiher et al.
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Figure 3. Theoretical (B3LYP/aug-cc-pVTZ, top) and experimental
(bottom) intensity differences for backscattering VRCO#x(r) — M-
(7)) of (M)-spiro-[2,2]pentane-1,4-diene, arbitrary units.
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Figure 4. Theoretical (B3LYP/aug-cc-pVDZ, top) and experimental
(bottom) intensity differences for backscattering VRO(r) — "l.-
(7)) of (M)-o-[4]-helicene. Arbitrary units.

reproduced, the deviations are much larger between theory and Clearly, the B3LYP/aug-cc-pVTZ level does not fully match

the experiment for this molecule. The overall structure of the
VROA spectrum is well reproduced for bands at shorter
wavenumbers than 500 crh However, the fine structure of
the bands between 650 and 700¢ris missing, with only one
of the vibrational bands having significant intensity. The

the experimental spectrum. However, these differences may not
only arise from limitations in the computational model but also
arise from the lack of anharmonic contributions as well as
solvent effects in the theoretical calculations. Still, the absolute
configuration of the molecule is easily determined from the

theoretical spectrum shows several negative bands between 90@redicted theoretical spectrum.

and 1000 cm?, whereas this fine structure is not evident from

Finally, in Figure 4, we show the theoretical and experimental

the experimental data. The small negative feature at about 1450spectrum fors. As for 4, the general structure of the spectrum

cm! in the experimental spectrum is not visible in the

is clearly reproduced by the theoretical calculations. However,

theoretical spectrum. However, the theoretical spectrum grosslyit is important to realize that for this molecule, only the aug-

exaggerates the VROA intensity differences around 180¢-cm

cc-pVDZ basis set was used, and thus the force field may be
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