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Abstract

A new ab initio calculational method for simulations of the Raman optical activity spectra is proposed. The method is
Ž . Ž .based on the sum-over-states formalism SOS . Unlike the finite difference coupled-perturbed calculations CP used

previously, the new scheme provides analytical derivatives of the polarization tensors and is less demanding with respect to
the computer power. Although the new method is not suitable for accurate benchmark calculations, similar accuracy of the
SOS and CP results was observed for the spectra of a-pinene and trans-pinane. q 1998 Elsevier Science B.V. All rights
reserved.

1. Introduction

w xAs pointed out in previous studies 1,2 , ab initio
calculations are essential for correct interpretation of
the vibrational optical activity measured either as the

Ž .vibrational circular dichroism VCD or the Raman
Ž .optical activity ROA . While the ab initio modelling

of VCD requires only modest increase of the compu-
tational time if compared with calculation of the
force field, ROA simulations are based on a time-

w xconsuming numerical differentiation 3 . The finite
difference method is clearly not appropriate for larger
systems like peptides, nucleic acids or polysaccha-
rides, spectra of which have been measured recently
w x Ž .3–6 . Sum-over-states SOS methods in conjunc-

Ž .tion with the density functional theory DFT were
successfully used as a computationally cheaper alter-

Ž .native to coupled-perturbed CP methods for the

) Corresponding author. Fax: q420-2-2431-0503.

w xsimulations of NMR spectra 7 . Previously, we pro-
Ž .posed an analogous excitation scheme EXC for

w xcalculations of polarizabilities 8 and VCD spectra
w x9 . Although the SOS results are not generally trans-

w xlationally and rotationally invariant 10 , the accu-
racy of the calculations done on common systems
was found to be comparable with the CP techniques.
As shown below, this also applies for the ROA
calculations, where the SOS approach is the only
analytical method available.

2. Theory

General theory of the ROA phenomenon can be
w xfound elsewhere 11,12 . Here only the computation

of the molecular property tensors will be discussed.
For molecules the spectral response is determined by

Ž X.the polarizability, the optical activity tensor G and
Ž .the dipole–quadrupole polarizability A . The polar-

Ž .izability can be expressed in the length a or

0009-2614r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Ž z.velocity a forms, not equal for finite precision
calculations. These tensors can be written in a gen-

Ž .eral notation in atomic units, for real states :

² < < :² < < :T s f n x j j y n , 1Ž .Ýab jn
j/n

where the symbols are defined as follows

T x y fjn

i 2 2 y1Ž .a m m syÝ r 2v v yva b i b jn jn
Õ i 2 2 y1Ž .a m = sÝ = 2 v yva b i b jn

X i 2 2 y1Ž .G rv m yim syÝ M y2 v yva b i b jn
i 2 2 y1Ž .A m u sÝ Q 2v v yva bg i bg jn jn

= , m, m and u are the gradient, electric dipole,
magnetic dipole and electric quadrupole moments,

i Ž .Ž . i irespectively; M s y 1r2 r = = and Q sb b bg

Ž .Ž 2 . iy 1r2 3r r yr d ; r is the radius vector ofig i b i gb

an electron i. The excitation energy v sv yv isjn j n
Ž . Ž .related to the ground n and an excited j elec-

tronic state, v is the frequency of the incident light
Žcorresponding to the wavelength of 514 nm for the

.calculations presented below, except for Table 5 .
Ž .A derivative of Eq. 1 with respect to an ´-coor-

dinate of an atom l is

l l² < < :ErER T s f EnrER x jŽ . ŽÝ´ a b jn ´

j/n

² < < l: ² < < :q n x E jrER j y n.´

² < < : ² l < < :q n x j E jrER y nŽ ´

l² < < :q j y EnrER .´

lq E f rEv Ev rERŽ . Ž .Ý jn jn jn ´

j/n

² < < :² < < := n x j j y n . 2Ž .
Ž < X:² X < .XA second sum over excited states Ý j j s1j

can be inserted into the expression so that
X Xl l² < :² < < :ErER T s f EnrER j j x jŽ . ŽÝ Ý´ a b jn ´

Xj/n j

² < < X:² X < l: ² < < :q n x j j E jrER j y n.´

² < < : ² l < X:² X < < :q n x j E jrER j j y nŽ ´

X X l² < < :² < :q j y j j EnrER .´

lq E f rEv Ev rERŽ . Ž .Ý jn jn jn ´

j/n

² < < :² < < := n x j j y n . 3Ž .

Ž² < :Finally, using the normalization condition j n s
² l < : ² < l:d so that E jrER j s 0, j EnrER sjn ´ ´

² l < : ² l < :.EnrER j sy E jrER n and the generalized´ ´

w x Ž² l < :Hellmann–Feynman theorem 13 EnrER j s´
y1 ² < < : Ž l. ² < < : ² < < :v j o n , Ev rER s n o n y j o j ,jn jn ´

where osyEHrERl is the derivative of the Hamil-´

tonian; note that symbols o comprises the indices l

.and ´ , the wavefunction derivatives are removed

Xl y1² < < :XErER Ts f v j o n�Ž . Ý Ý´ jn j n
X Xj/n j /n , j /j

² X < < :² < < := j x j j y nŽ
² < < :² < < X:q n x j j y j .

y1² X < < :² < < X:X Xq f y f v j o j n x jŽ .jn j n j j

y1² < < : ² < < :4= j y n y f v n o j�Ý jn jn
j/n

² < < : ² < < : ² < < := n x n y j x j j y nŽ .
² < < : ² < < : ² < < :q n x j n y n y j y jŽ .

² < < := E f rEv n o n iŽŽ .jn jn

² < < : ² < < :² < < :y j o j n x j j y n . 44 Ž ..
Here only closed shell systems and singly excited

Ž . w xspin adapted excited states D 14 will beK ™ J
w xconsidered. As discussed before 8 , multiple excita-

Ž .tions do not explicitly enter formula 4 since x, y
Žand o are one-particle operators xsÝ X , ysÝYi i i i

.and osÝ O . Thus the working relation isi i

ErERl TŽ .´ a b

K Js2 E f rEv O yOŽ .Ž .�Ý Ý jn jn
K J

² < < :² < < : y1² < < := K X J J Y K y f v K O Jjn jn

K J K J² < < : ² < < :X yX J Y K q K X J Y yYŽ . Ž .
X Xy1² < < : ² < < :² < < :Xq f v J O K J X J J Y KŽÝ jn j n

XJ /J

² < < :² < < X:q K X J J Y J .
X Xy1² < < :² < < :² < < :X Xq f y f v J O J K X J J Y KŽ .jn j n j j

X Xy1² < < : ² < < :² < < :Xq f v J O K K X K J Y KŽÝ jn j n
XK /K

² < < :² < < X: y1
X Xq K X J K Y K q f y f v. Ž .jn j n j j

² X < < :² X < < :² < < :x= K O K K X J J Y K . 54 Ž .
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Letters K , K X are reserved for occupied and J, J X

for virtual orbitals. It should be emphasized that
Ž .while Eq. 4 is exact for exact wavefunctions, Eq.

Ž .5 is an approximation further dependent on the
model of the closed shell determinant. In accord with

w xprevious works 7–9 the excitation energies were
approximated as

v s´ y´ q2 K yJ , 6aŽ .jn J K JK JK

or

v s´ y´ , 6bŽ .jn J K

where ´ , ´ are the SCF orbital energies, and KJ K JK

and J the exchange and Coulomb terms, respec-JK
Ž . Ž .tively. The approximations 6a and 6b can be

thought of as the Hartree–Fock and an independent
electron limits, respectively. The latter is more desir-
able for DFT calculations since the Kohn–Sham
energies are given by the computationally least de-
manding single point energy calculation, but the

w xformer lead to more accurate results in Ref. 8 .
The dependence of A and GX on the coordinate

w xsystem 12,15 can be used to improve the quality of
the calculations in two ways. Firstly, a distributed
origin gauge ensures the origin-independence of the
GX tensor for any basis set used:

GX SOS vy1 sGX 0 vy1Ž . Ž .ab a b

q 1r2 ´ Y l a Õ ya ,Ž . Ž .bgd g ad ad

7Ž .

where Y l is the equilibrium position of an atom l
XŽ . Ž .and G 0 was calculated according to Eq. 5 . Sec-

ondly, only local parts of GX and A can be calcu-
lated by the SOS formalism and combined with a
obtained by CP calculations which gives the final
form of the tensors and their nuclear derivatives

GX
vy1 sGX SOS vy1 q 1r2 ´ Y l

Da ,Ž . Ž .ab a b bgd g ad

8aŽ .

A sA SOS y 3r2Ž . Ž .a , bg a , bg

l l l= Y Da qY Da yY Da d ,b ag g a b d ad bg

8bŽ .

Ž . Ž .where Da sa SOS ya CP .ad ad ad

3. Computation

w xThe program Gaussian 94 16 provided the SCF
energies, optimized geometries, second derivatives

Ž . w xand polarizability a derivatives while the Roa 8
program was used for the SOS calculations. Nuclear
derivatives of A and GX were obtained by the CAD-

w xPAC 17 program using the CHF method and a
differentiation step of 0.005 bohr.

4. Results and discussion

4.1. H O2

For the test calculations, the BPWr6-311G))

w Ž .o p tim iz e d g e o m e try O 0 , 0 , 0 .1 2 0 7 ,1
Ž . Ž .H 0, 0.7582, y0.4828 , H 0, y0.7582, y0.4828 ;2 3

˚ xcoordinates in A was used. In Table 1 diagonal
polarizability components are given, calculated with

Ž .the 6-311G)) and AUG-cc-pVTZ AUG bases;
Ž .using the Hartree–Fock HF , local spin density

Ž .approximation LDA , Becke88rPerdew-Wang 91
Ž . Ž .BPW and Becke3LYP B3LYP DFT functionals
as provided by the Gaussian package. The results are
compared to the CP values obtained with CADPAC
at the HF level. To quantify the comparison, all

Žnon-zero components of a i.e., also those not
.shown in the table were fitted to the CP HFrAUG

Ž .calculation a saa , see the fitting and corre-calc. CP

lation coefficients at the bottom of the table. The CP
calculation is least dependent on the size of the basis

Ž .set as0.99 for the 6-311G)) basis , nevertheless
for individual polarizability components quite large
differences can be observed. The SOS results appear
a rather poor approximation for the CP values, for

Ž .example the best HFr6-311G)) SOS calculation
approximates the target values only by 68% on

Ž .average as0.68 . Nevertheless, most of the SOS
components approximately match the sign and rela-

Žtive magnitude of the CP results. The DFT LDA,
.BPW and B3LYP methods give qualitatively similar

results, slightly worse than the HF calculation if
compared to the CP standard. The B3LYP values are
least dependent on the formula used for molecular
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energies which is convenient since the calculations
Ž .of the Coulomb and exchange terms in Eq. 6a

become unnecessary.
A significantly better performance of the SOS

X Žmethod can be observed for the tensors G static
.limit and A listed in Tables 2 and 3, respectively.

While the CP calculation of these tensors becomes
more sensitive with respect to the size of the basis
Žcf. coefficient as0.99 for a in Table 2 with the
values of 0.77 and 0.78 for GX and A in Tables 2

.and 3, respectively, for the 6-311G)) basis , rela-
tive precision of the SOS calculations increases. For
example, the SOSrHFr6-311G)) calculation gives

Žan even better approximation of the tensor A as
.0.97 in Table 3 than the corresponding CP computa-

Ž .tion as0.78 , although the correlation coefficient
remains lower.

4.2. H O2 2

For hydrogen peroxide both the Raman and back
Žscattering ROA 180 degrees, incident circular polar-

Ž w x.ization ICP, 12 intensities were calculated; the
B3LYPr6-31G)) optimized geometry and force
field were used. As apparent from Table 4 and in
accord with the findings for water, the SOS method
is not suitable for calculation of Raman intensities.
For example, the intensity of the first mode is more
than three times overestimated, if compared to the
CP result. However, the ROA intensities are more
consistent with respect to their relative intensity pat-

Table 1
Polarizability components for water

Ž . Ž .Basis: 6-311G)) 31 bf AUG 105 bf
aa HF LDA BPW B3LYP CP HF LDA BPW B3LYP CP

1 z, xx 0.9 1.3 1.3 1.3 0.0 1.2 1.9 1.6 1.8 1.4
b 0.3 2.6 2.5 1.7 0.6 3.8 3.8 2.5

2 y, xx 1.5 1.5 1.5 1.5 y0.4 4.9 7.2 7.0 6.9 1.1
b 0.6 2.4 2.3 1.7 2.6 12.3 12.2 8.4

2 z, xx y1.3 y1.4 y1.3 y1.4 0.0 y4.0 y5.9 y5.8 y5.6 y0.7
b y0.6 y2.2 y2.1 y1.5 y2.1 y10.2 y10.1 y6.9

1 z, yy 2.6 y2.4 y2.6 0.7 5.0 4.0 y0.2 y0.5 1.2 5.6
b 1.4 y4.0 y4.5 y0.9 3.0 y2.3 y3.0 0.7

2 y, yy 9.1 10.6 10.8 10.5 4.9 9.8 13.4 13.3 12.7 4.7
b 4.4 15.0 15.1 11.3 5.7 19.9 19.8 14.9

2 z, yy y6.1 y7.6 y7.7 y7.4 y2.5 y5.9 y8.8 y8.6 y8.2 y2.8
b y2.7 y11.3 y11.2 y8.1 y3.3 y13.7 y13.6 y9.9

1 z, zz y0.8 y5.8 y6.1 y4.8 6.0 y8.7 y20.4 y20.1 y18.2 5.1
b 0.4 y11.8 y11.8 y5.2 y3.5 y32.1 y38.6 y23.3

2 y, zz 4.3 4.8 4.9 4.9 1.0 35.8 8.2 8.0 7.8 2.3
b 1.8 8.6 8.4 5.8 3.2 14.3 14.0 9.9

a 0.68 0.23 0.20 0.38 0.99 0.64 0.22 0.20 0.34 1.00
b 0.38 0.21 0.15 0.29 0.49 y0.10 y0.20 0.28

cc 0.55 0.21 0.20 0.29 0.96 0.44 0.17 0.16 0.22 1.00
b 0.66 0.14 0.13 0.30 0.56 0.07 0.06 0.18

a Ž .l´ , abs the derivative of the ab component with respect to an ´-coordinate of the atom l, in atomic units, only diagonal components
listed.
b Ž .Second line for an SOS calculations with MO energies according to Eq. 6b .

Ž .a, ccs the coefficient and correlation coefficient, respectively, of a linear fit ysaPx with respect to the last CPrAUG calculation; fit
Ž .done for all components also off-diagonal not shown here .
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Table 2
Optical activity tensor of water

XG rv 6-311G)) AUG

HF LDA BPW B3LYP CP HF LDA BPW B3LYP CP

2 x, xx y0.1 y0.1 y0.1 y0.1 0.3 y0.2 y0.2 y0.2 y0.2 0.2
0.0 y0.1 y0.1 y0.1 y0.1 y0.3 y0.2 y0.2

2 x, yy y0.1 y0.2 y0.3 y0.2 y0.3 y0.3 y0.5 y0.5 y0.5 y0.2
0.0 y0.5 y0.5 y0.2 y0.1 y0.8 y0.9 y0.5

2 x, zz 0.2 0.3 0.3 0.2 0.0 0.2 0.6 0.6 0.5 0.0
0.1 0.4 0.4 0.2 0.2 0.9 0.9 0.6

a 0.20 0.58 0.61 0.51 0.77 1.1 1.5 1.6 1.40 1.00
0.14 0.92 1.0 0.48 0.5 2.3 2.4 1.6

cc 0.28 0.48 0.48 0.46 0.96 0.76 0.75 0.75 0.76 1.00
0.60 0.40 0.43 0.40 0.78 0.68 0.69 0.73

Table organized analogous to Table 1.

tern and exhibit reasonable basis set dependence,
except for the intensities of the modes 3 and 4,
which oscillate around zero. The quality of the CP
and SOS approach cannot be further compared, since
experimental values are not available.

Traditionally, the dependence of Raman intensi-
ties on the frequency of the exciting light have been
mostly ignored. It can be easily included in the SOS
approach, at least formally, as shown in Table 5
where the spectral intensities for H O are calcu-2 2

Table 3
Dipole–quadrupole polarizability of water

A 6-311G)) AUG

HF LDA BPW B3LYP CP HF LDA BPW B3LYP CP

1 x, xxx 14.1 16.6 16.4 16.1 8.4 23.0 33.1 31.3 29.0 14.0
5.3 27.7 27.0 16.9 13.1 48.9 46.4 32.0

2 x, xxx 0 y0.2 y0.2 y0.1 y0,4 2.3 3.1 3.1 3.0 0.8
0 y0.3 y0.4 y0.2 1.1 4.8 4.7 3.5

1 y, yyy 23.0 32.7 33.5 30.4 y3.2 36.7 53.8 53.3 49.4 0.2
10.6 46.5 46.9 31.5 20.8 77.0 76.6 55.8

2 y, yyy 8.0 9.3 9.5 9.3 9.2 8.5 11.5 11.5 10.9 9.3
4.2 12.9 13.0 9.9 5.2 16.1 16.2 12.5

1 z, zzz 10.5 12.1 12.0 11.3 6.2 36.1 55.9 53.6 50.6 8.4
5.5 18.3 17.7 13.4 21.4 87.7 83.4 60.2

2 z, zzz 2.0 2.0 2.0 1.9 2.6 6.1 8.6 8.3 8.1 4.4
1.2 2.5 2.4 2.1 3.5 14.0 13.3 9.8

a 0.97 1.1 1.1 1.1 0.78 2.0 2.9 2.8 2.6 1.00
0.48 1.7 1.7 1.2 1.20 4.3 4.1 3.0

cc 0.57 0.49 0.49 0.51 0.94 0.69 0.66 0.66 0.66 1.00
0.61 0.48 0.48 0.51 0.70 0.63 0.63 0.65

Table organized in an analogy to Tables 1 and 2.
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lated for three frequencies. Although the changes are
minor given the expected error, the dependence can
be crucial for other systems closer to the resonance
range and would certainly deserve a more detailed
analysis in the future.

4.3. a-Pinene and pinane

Ž .In Fig. 1 ROA spectra ICP, back scattering for
a-pinene and trans-pinane are plotted as calculated
by the SOS and CP methods and compared to the

w xexperiment from Ref. 1 . In the same reference,
details about the CP calculation and the mode as-
signment can be also found. For all calculations the
B3LYPr6-31G)) level of approximation was used,
only the numerical differentiation for the CP method
had to be done using the HFr6-31G model because
of computer limitations. A general agreement be-
tween the calculated and experimental spectra can be
observed in Fig. 1 for both molecules, yet several
bands are calculated with incorrect signs. The most
obvious miscalculations are marked by ‘=’. For
a-pinene, both the CP and SOS methods fail most

y1 Žoften in the region about 800–1000 cm com-
.plicated ring and C–H bending deformations . Here

the SOS method gives a rather unrealistic representa-

Table 5
The dependence of spectral intensities on the excitation wave-
length for H O2 2

Ž .Mode l nm

414 514 614

Raman:

1 342 329 321
2 75 72 71
3 98 95 93
4 6 6 6
5 523 516 513
6 4 4 4

ROA :180

1 837 794 771
2 y265 y252 y246
3 y144 y139 y136
4 122 119 117
5 351 333 323
6 y30 y27 y26

tion of the experimental spectrum. In the C–H bend
Ž y1 .experimentally about 1450 cm and ring breath-

Ž y1 .ing 500–750 cm regions both methods repro-
duce well the observed sign pattern. Relative intensi-
ties are slightly better matched with the CP calcula-

Table 4
Calculated Raman and ROA intensities for H O a

2 2

Ž . Ž . Ž .6-31G 22 bf 6-31G)) 40 bf AUG 160 bf

v HF B3LYP CP HF B3LYP CP HF B3LYP CP

Raman:

1 3644 349 306 116 328 318 99 347 690 105
2 3643 89 74 56 72 70 43 27 63 28
3 1383 50 41 9 94 92 7 154 244 5
4 1279 0 0 4 6 5 2 11 15 1
5 897 151 310 39 516 701 33 830 1642 41
6 370 1 2 12 4 6 7 8 22 2

ROA:

1 534 430 518 506 423 465 210 249 322
2 y134 y150 y390 y136 y141 y354 y104 y121 y256
3 y40 y41 6 y24 y21 2 3 9 1
4 12 43 y18 16 43 y12 y7 15 y6
5 43 98 13 35 59 9 15 59 9
6 y75 y84 y98 y52 y45 y62 y18 y6 y20

a Ž . y1 Ž .Frequencies B3LYPr6-31G)) in cm , intensities in atomic units, ROA I y I , ICP back scattering multiplied by 1000.R L
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Žtion only calculated spectra are plotted with the
.same scale . For trans-pinane the CP and SOS spec-

tra differ less than for a-pinane, if judged from a
visual comparison and occasional disagreements can
be observed for both methods rather outside the
‘fingerprint’ region 800–1000 cmy1. For most of the
transitions the SOS method yields slightly bigger
absolute intensities than CP, thus exaggerating the
errors.

To compare calculational times, a trial calculation
on a-pinane was performed on one SGI processor
Ž .190 MHz where 2.5 days of the CPU time were
needed for estimation of the second derivatives
Ž . ŽB3LYPr6-31G)) . The CP differentiation HFr6-

.31G took an additional 2.3 days, while the SOS
calculation at the same level finished within 5.5 h.
The CPU times are obviously dependent on the
actual implementation, for example, 5 h of the SOS
calculation were spent on the re-calculation of the

Ž .two-electron integrals needed in Eq. 6a . Note, how-
ever, that the SOS method is in principle less de-
manding on computer resources since the ‘coupled-
perturbed’ terms are realised via inexpensive one-
electron integrals. For example, no additional two-

electron integrals are needed if compared with a
single point energy calculation. Current implementa-
tion of the method also requires significantly less

Ž .disk space 7 Mbytes if compared to the CP ap-
Ž .proach 209 Mbytes . Obviously, more sophisticated

Ž .SOS methods based on the expression 4 would
require more computer resources than the closed
shell approximation pursued here. However, the CP
approach could become faster when an analytical
expression of the tensor derivatives is found and
implemented.

4.4. R-methyloxirane

ŽFor R-methyloxirane the SOS method at the
.BPWr6-31G)) level is compared to a ‘be-

nchmark’ calculation with an MP2 force field and a
Ž .gauge invariant atomic orbital GIAO, aug-cc-pVDZ

w xbasis 18 . The frequencies and ROA circular inten-
sity differences for right-angle scattering are given in

ŽTable 6. The SOS method gives signs of 7 modes of
.the total of 18 wrong and its performance, espe-

cially for the lower frequency modes, is quite poor.
Even the most advanced CPrGIAO method predicts

Ž . Ž . Ž . Ž . Ž .Fig. 1. Calculated and experimental ROA spectra for 1S - y -a-pinene top and y -trans-pinane bottom . Raw back-scattering
w xintensities plotted, theoretical spectra on the same scale; see Ref. 1 for details on the experiment. Calculated bands with wrong signs are

marked by ‘=’.
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Table 6
Comparison of the SOS and GIAO calculations of ROA intensi-

Ž y1 .ties for R-methyloxirane the frequencies are in cm
a a a aŽ . Ž . Ž .v v v D SOS D GIAO D expMP 2 BPW exp 90 90 90

1659 1504 1498 3.6 6.2 1.0
11595 1471 1460 y1.2 y7.2 y2.7
1578 1456 1450 y2.3 2.2 0.8
1561 1409 1403 4.5 2.6 3.1
1504 1371 1365 2.4 y1.8 –
1392 1266 1262 2.9 y1.0 –
1291 1153 1163 8.9 8.4 4.0
1274 1130 1140 1.9 0.5 y3.3
1158 1113 1135 11.5 y7.3 y3.8
1117 1098 1101 y18.0 y2.7 1.2
1123 1010 1020 y10.5 y1.3 y5.1
1059 955 946 y24.8 y2.2 8.3
973 881 892 6.0 2.6 4.6
929 834 824 y0.9 1.5 1.5
844 761 742 y7.0 0.8 y3.1
439 398 419 48.4 0.8 5
394 353 360 y39.7 2.9 2.5
225 211 200 29.8 2.1 q

a w xRef. 18 .
D is the dimensionless circular intensity difference for right-an-90

gle scattering.

the signs of four modes incorrectly thus revealing the
limitations of the theoretical modelling of ROA.
Fortunately, the electronic structure of the oxirane
ring is rather exceptional and a better performance of
both the SOS and CP methods was observed for
other systems. In the author’s opinion, the implemen-
tation of GIAOs is not crucial for the modelling of
the vibrational optical activity, since the origin-inde-
pendence of the VCD and ROA intensities can be
insured by the distributed origin gauge, unlike for the
modelling of NMR spectra, for example.

5. Conclusions

The simulation of Raman optical activity based on
the sum-over-states expansion can be used as an
alternative to the coupled-perturbedrfinite difference
methods used previously. While the former approach
is computationally substantially cheaper and thus
suitable for bigger systems the latter exhibits better
numerical stability and convergence behaviour.
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