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Abstract

We present the first implementation of gauge-origin independent electronic circular dichroism (ECD) at the density functional

theory level in the length-gauge formulation, where gauge origin independence has been ensured through the use of London atomic

orbitals. We investigate the dependence of the rotatory strengths on the choice of gauge formulation, the size of the basis set, and on

the choice of density functional for several selected small molecules. The ECD parameters are also calculated for a few larger

molecules, and the results are compared with experiment where available, as well as with previously published theoretical numbers.

Using the length-gauge formulation instead of the velocity-gauge gives in general better basis set convergence. However, large basis

sets are still needed in order to get reliable ECD results, and a double set of diffuse functions are in general required.

� 2004 Published by Elsevier B.V.
1. Introduction

Electronic circular dichroism (ECD) spectroscopy,

which measures the differential absorption of left and

right circularly polarized light in electronic transitions, is

one of the most important spectroscopic methods based

on natural chiroptical phenomena [1]. It has for a long

time been used to assign the configuration of optically

active molecules and, more recently, also for confor-
mational studies, in particular those of biomolecules

[2,3]. Both these applications are based on correlations

between the main ECD parameter, the rotatory

strength, and the molecular structure. However, the re-

lation of the rotatory strength to the molecular confor-

mation is complex and simple empirical correlations are

in many cases insufficient. A computationally inexpen-

sive and reliable method of a priori prediction of ECD
spectra would therefore be of great value for these ap-

plications.
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Ab initio calculations of the scalar rotatory strength
have a long history and a large number of different

computational methods have been used [4–9]. However,

there are some factors that still prevents routine calcu-

lations of this property. First, as with all calculations of

excitation energies, the best performing computational

methods, which are based on multireference wave

functions, cannot be extended to large molecules. Sec-

ond, the appearance of a gauge origin in the definition of
the magnetic dipole operator leads to an arbitrariness in

the calculated results if finite basis sets are used in se-

lected gauge representations [6,10]. The lack of gauge

invariance is particularly difficult to overcome when

non-variational methods (such as coupled cluster the-

ory) are used, though suggestions as to how this prob-

lem can be overcome have been proposed [5].

Density functional theory (DFT) is a low-scaling and
increasingly popular method for the prediction of mo-

lecular properties. DFT is variational (in a sense that the

Kohn–Sham energy is minimized with respect to the

orbital rotations), and gauge-origin independence can

thus be achieved for instance through the use of London

atomic orbitals (LAOs) [11] instead of standard atomic

orbitals. Still, there has not yet been reported any im-

mail to: mpecul@chem.uw.edu.pl


M. Pecul et al. / Chemical Physics Letters 388 (2004) 110–119 111
plementation of ECD at the DFT level using LAOs, and

in this Letter we will rectify this situation.

The main purpose of this Letter is to present the new

implementation ofDFTusingLAOs in the calculations of

electronic circular dichroism, and to investigate its per-
formance.The results obtained inboth velocity-gauge and

length-gauge formulations will be discussed, the latter

obtained with and without using LAOs. We will focus on

the convergence of the calculated rotatory strengths with

respect to the size of the one-electron basis set. Whenever

possible, our calculated numbers will be compared to

experiment and to the results of previous calculations.

The systems chosen for this purpose are small opti-
cally active molecules such as hydrogen dioxide H2O2,

hydrogen disulfide H2S2, methyloxirane and dimethy-

loxirane, two medium-size molecules with non-optically

active chromophores (carbonyl group): norcamphor and

norbornenone, and finally 4,5-dimethylphenantrene, a

molecule with an inherently chiral chromophore and

which can be considered as the smallest model of a he-

licene [4]. Most of these molecules have been chosen as
test cases for the implementation of DFT for ECD

calculations by Diedrich and Grimme [4] in the velocity

gauge, and proved to be challenging cases, most prob-

ably because of the Rydberg and charge-transfer char-

acter of many of the lowest-lying excited states.
2. Theory

For a sample of randomly oriented molecules, the

difference in the absorption coefficients of left and right

circularly polarized light for the nth electronic transition
– the scalar rotatory strength – can be obtained as a

scalar product of the electric dipole and magnetic dipole

transition moments. The scalar rotatory strength in the

velocity gauge formulation nRv can be calculated as the

residue of the linear response function [10,12], and for a

transition from the ground state j0i to an excited state

jni it is given by

nRv ¼ 1

2xn
h0jpjni � hnjLj0i

¼ 1

2xn
Tr lim

x!xn
xð

�
� xnÞhhp;Liix

�
; ð1Þ

while in the length gauge formulation it is given as

nRr ¼� i

2
h0jrjni � hnjLj0i ¼ Tr lim

x!xn
xð

�
�xnÞhhr;Liix

�
:

ð2Þ
In the above equations r, p, and L are the electronic

position, momentum and orbital angular momentum

operators, respectively, �hxn is the excitation energy of
the nth electronic transition, and hh; ii is used to denote

the linear response function [12].
For the scalar rotatory strength there is no contri-

bution from the product of the electric dipole and

electric quadrupole transition moments since such a

contribution is purely anisotropic. However, it will

contribute to the rotatory power of oriented samples [6].
The velocity and the length gauge formulations are

equivalent for exact wave functions and for variational

wave functions in the limit of complete basis sets. In

finite basis set calculations, the two formulations are not

equivalent. In contrast to the length gauge formulation,

the velocity gauge formulation is independent of the

choice of the magnetic gauge origin.

Since the rotatory strength for the transition j0i ! jni,
can be evaluated from the residue of the linear response

function [10] (see Eq. (2)), electronic circular dichroism

can be treated as the absorption counterpart of optical

rotation. We note that the imaginary part of the linear

response function provides us with the mixed electric di-

pole–magnetic dipole polarizability tensorG 0, the trace of
which is proportional to the specific optical rotation. The

DFT implementation of rotatory strength calculations in
the DALTONALTON program uses LAOs and makes use of the

same features as the DFT implementation of the fre-

quency-dependent optical rotation [13]. We will not

elaborate on the details of the implementation, since it

requires only minor changes to the DALTONALTON Hartree–

Fock electronic circular dichroism code [10] and the

DFT optical rotation code [13], and the theoretical as-

pects of that have been extensively discussed in [10,13].
The present implementation of electronic circular di-

chroism at the DFT level using London orbitals is

therefore a straightforward extension of our previous

implementation of ECD using London orbitals at the HF

level [10], and the DFT optical rotation implementation

of [13].

The use of LAOs ensures the independence of the

optical rotatory strength on the choice of magnetic
gauge origin for variational wave functions also in finite

basis sets. The LAOs are defined as [14]

naðBÞ ¼ exp

�
� 1

2
iB � RAO � r

�
va rAð Þ; ð3Þ

where va rAð Þ is a Gaussian atomic orbital and RAO is the
position of nucleus A relative to the gauge origin O. The
consequences of the explicit dependence of theLAOsonB
are discussed in [13]. Ref. [10], where the Hartree–Fock

formulation is described, provides the expression for the

angular momentum operator in LAOs and the discussion

of gauge origin independence of the rotatory strength in

the length gauge formulation when using LAOs. The case

of the complete basis set limit is examined in [6].
3. Computational details

The geometry parameters of the molecules under

study were optimized by means of the DFT method with
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the hybrid B3LYP [15] functional and the TZVP [16,17]

basis set. This should facilitate comparison with the

results of [4], where the same procedure was used. For

the calculations of the ECD spectra, the local density

approximation (LDA), the gradient corrected BLYP
and the hybrid B3LYP functionals were used. For

comparison, Hartree–Fock calculations of the rotatory

strengths have also been performed. A series of corre-

lation-consistent basis sets aug-cc-pVXZ and daug-cc-

pVXZ, X¼D, T, Q, 5 [18–21] have been used in order to

investigate the basis set convergence of the excitation

energies and rotatory powers.

The calculations were carried out using a local ver-
sion of the DALTONALTON program [22], containing the DFT

code, which has been extended to include LAO calcu-

lations of ECD at the DFT level. Scalar rotation

strengths were calculated in the length-gauge formula-

tions using LAOs unless otherwise noted. In the cases

where LAOs were not used, the gauge origin was placed

in the center of mass of the system.
4. Results and discussion

4.1. Hydrogen dioxide

The excitation energies and scalar rotatory strengths

calculated for the four lowest electronic transitions in

hydrogen dioxide H2O2 are summarized in Table 1.
The main purpose of these calculations was to compare
Table 1

Basis set convergence of excitation energies DE (in eV) and optical rotatory
nRr

LAO denote optical rotatory strength calculated in velocity gauge formulatio

respectively

DE nRv nRr

2A

aug-cc-pVDZ 5.453 )9.83 )8.90
daug-cc-pVDZ 5.450 )9.80 )8.77
taug-cc-pVDZ 5.451 )9.82 )8.75
aug-cc-pVTZ 5.500 )8.86 )8.62
daug-cc-pVTZ 5.499 )8.89 )8.61
taug-cc-pVTZ 5.499 )8.90 )8.60
aug-cc-pVQZ 5.505 )8.61 )8.59
daug-cc-pVQZ 5.504 )8.63 )8.57
taug-cc-pVQZ 5.504 )8.64 )8.57
aug-cc-pV5Z 5.506 )8.57 )8.56

1B

aug-cc-pVDZ 6.217 )11.36 )11.35
daug-cc-pVDZ 6.198 )10.72 )10.51
taug-cc-pVDZ 6.206 )10.73 )10.56
aug-cc-pVTZ 6.240 )10.86 )10.78
daug-cc-pVTZ 6.229 )10.33 )10.24
taug-cc-pVTZ 6.229 )10.34 )10.27
aug-cc-pVQZ 6.242 )10.59 )10.63
daug-cc-pVQZ 6.237 )10.28 )10.27
taug-cc-pVQZ 6.236 )10.27 )10.26
aug-cc-pV5Z 6.239 )10.43 )10.40
basis set convergence of the scalar rotatory power

obtained in different gauge formulations, since the

small size of this molecule allows us to use large basis

sets.

For the lowest transition 2A (HOMO!LUMO), the
basis set convergence is visibly faster when the length

gauge formulation (with or without LAOs) is used (nRr

and nRr
LAO results), than in the case of velocity gauge

formulation (nRv results). This is also the case for the 1B

(HOMO!LUMO+1) and 2B (HOMO) 1!LUMO)

transitions. In contrast, there is not much difference in

the convergence of nRr, nRr
LAO and nRv results with the

basis set expansion for the 3A (HOMO!LUMO+2)
transition, and for small basis sets the nRv results seem to

be closer to the numbers obtained with larger basis sets.

However, in this case, the basis set limit is clearly not

reached: even for the largest basis sets, the effect of

adding a second set of diffuse functions is extremely

large. It is also worth noting that the aug-cc-pVXZ

(X¼D, T, Q, 5) series seems to approach the basis set

limit from above for 3A, while the doubly and triply
augmented series, daug-cc-pVXZ and taug-cc-pVXZ

(X¼D, T, Q) approach the basis set limit from below,

and the basis set limit is still far away. The slow basis set

convergence and the extreme sensitivity of the results on

the inclusion of diffuse functions is probably connected

with the diffuse character of the 3A state. Unfortunately,

linear dependency problems precluded us from carrying

out the calculations for H2O2 with the daug-cc-pV5Z
basis set.
strength (in 10�40 esu2 cm2) of H2O2. B3LYP calculations: nRv, nRr,

n, length gauge formulation, and length gauge formulation with LAOs,

nRr
LAO DE nRv nRr nRr

LAO

3A

)8.93 7.281 3.64 3.76 3.89

)8.80 7.184 0.41 0.41 0.40

)8.79 7.204 0.37 0.38 0.41

)8.62 7.282 2.63 2.68 2.72

)8.62 7.223 0.29 0.29 0.29

)8.62 7.225 0.20 0.20 0.20

)8.58 7.277 1.90 1.92 1.98

)8.57 7.239 0.43 0.43 0.42

)8.57 7.235 0.40 0.40 0.40

)8.56 7.265 1.40 1.40 1.39

2B

)11.47 6.994 16.02 15.03 15.05

)10.49 6.988 15.46 14.44 14.51

)10.55 6.990 15.44 14.34 14.41

)10.83 7.036 14.75 14.42 14.38

)10.23 7.032 14.37 14.06 14.08

)10.26 7.032 14.38 14.05 14.08

)10.65 7.039 14.34 14.29 14.26

)10.27 7.037 14.11 14.03 14.03

)10.26 7.036 14.11 14.03 14.04

)10.41 7.039 14.21 14.18 14.18
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As expected on theoretical grounds, for the largest

basis sets, aug-cc-pV5Z and even aug-cc-pVQZ, there is

practically no difference between the results for the ro-

tatory power calculated in the length and velocity gauge

formulations. This could be interpreted as an indication
that the results are close to the basis set limit. However,

this is not necessarily the case, as the lack of basis set

convergence of the rotatory power for the 3A transition

clearly illustrates.

4.2. Hydrogen disulfide

4.2.1. Basis set convergence

A study of the basis set convergence of the scalar

rotatory power calculated using different gauge formu-

lations has also been carried out for hydrogen disulfide

H2S2, with the dihedral angle of the molecule set to

)56.5�, following [4]. The results, shown in Table 2, do

not exhibit regular trends as far as the basis set con-

vergence is concerned, but on the whole the length gauge

formulation seems to be the one with the faster basis set
convergence. This is particularly evident for the

2A (HOMO!LUMO+1) transition. For the 3A

(HOMO) 1!LUMO) transition, the basis set conver-

gence seems somewhat faster in the velocity gauge

formulation. However, even for the largest basis sets

aug-cc-pV5Z and taug-cc-pVQZ a discrepancy remains

between the nRv and nRr (or nRr
LAO) results for the 3A

transition, suggesting that the basis set limit is still not
achieved.
Table 2

Basis set convergence of excitation energies (in eV) and optical rotatory stren

denote optical rotatory strength calculated in velocity gauge formulation,

respectively

DE nRv nRr nRr
LAO

2A

aug-cc-pVDZ 4.782 )14.25 )15.71 )15.62
daug-cc-pVDZ 4.767 )16.24 )16.91 )16.88
taug-cc-pVDZ 4.767 )16.23 )16.91 )16.88
aug-cc-pVTZ 4.774 )16.09 )15.98 )15.90
daug-cc-pVTZ 4.766 )16.62 )16.43 )16.39
taug-cc-pVTZ 4.766 )16.60 )16.42 )16.38
aug-cc-pVQZ 4.759 )16.37 )16.22 )16.17
daug-cc-pVQZ 4.755 )16.56 )16.39 )16.35
taug-cc-pVQZ 4.755 )16.56 )16.38 )16.34
aug-cc-pV5Z 4.743 )15.97 )16.01 )16.00

1B

aug-cc-pVDZ 3.722 )6.53 )6.44 )6.76
daug-cc-pVDZ 3.719 )6.30 )6.39 )6.70
taug-cc-pVDZ 3.719 )6.31 )6.39 )6.69
aug-cc-pVTZ 3.736 )5.90 )6.28 )6.43
daug-cc-pVTZ 3.735 )5.83 )6.27 )6.41
taug-cc-pVTZ 3.735 )5.84 )6.27 )6.42
aug-cc-pVQZ 3.726 )6.00 )6.25 )6.38
daug-cc-pVQZ 3.726 )5.98 )6.24 )6.36
taug-cc-pVQZ 3.726 )5.98 )6.24 )6.37
aug-cc-pV5Z 3.715 )6.11 )6.28 )6.30
In general, the basis set convergence for the rotatory

powers in H2S2 is fast, except for the above-mentioned

case of the 3A transition. The effects of double and triple

augmentation are usually small, with the exception of

the rotatory power obtained with the smallest basis set
aug-cc-pVDZ. The sensitivity of the aug-cc-pVDZ set to

additional diffuse functions is probably due to the fact

that these diffuse orbitals act as higher-angular mo-

mentum functions on the different atoms, rather than

helping in the description of the excited states. For this

reason, no such sensitivity is observed for the TZ, QZ

and 5Z basis sets. The effect of adding a second set of

diffuse functions is much larger for the 2B transition
(HOMO!LUMO+2) state, but not to the same extent

as was observed for the diffuse states in H2O2.

4.2.2. Performance of different DFT functionals

It is also of interest to compare the relative perfor-

mance of different DFT functionals in ECD calcula-

tions. The excitation energies and scalar rotatory powers

of H2S2 calculated using exact exchange (HF), the local
functional LDA, the gradient-corrected BLYP func-

tional and the hybrid functional B3LYP are collected in

Table 3, which also contains the literature MRCI

numbers. However, it should be taken into account that

the MRCI numbers were obtained with a smaller basis

set than the present DFT numbers, which may influence

the comparison.

For the excitation energies, the B3LYP functional
usually gives results closest to the MRCI ones, with the
gth (in 10�40 esu2 cm2) of H2S2. B3LYP calculations: nRv, nRr, nRr
LAO

length gauge formulation, and length gauge formulation with LAOs,

DE nRv nRr nRr
LAO

3A

5.082 10.06 10.74 11.18

5.079 10.16 10.97 11.33

5.079 10.17 10.99 11.34

5.100 9.32 10.03 10.21

5.099 9.43 10.21 10.38

5.099 9.42 10.20 10.37

5.091 9.33 9.80 9.97

5.090 9.38 9.88 10.04

5.090 9.39 9.88 10.04

5.079 9.31 9.58 9.59

2B

5.825 )31.29 )30.28 )30.46
5.782 )34.22 )32.91 )32.65
5.781 )34.32 )33.03 )32.80
5.805 )32.80 )31.78 )31.66
5.780 )34.37 )33.65 )33.36
5.779 )34.40 )33.74 )33.44
5.783 )33.72 )33.14 )32.90
5.770 )34.46 )33.90 )33.67
5.769 )34.46 )33.89 )33.66
5.766 )33.18 )32.94 )32.87



Table 3

Excitation energies (in eV) and optical rotatory strength (in 10�40 esu2 cm2) of H2S2, obtained by means of daug-cc-pVQZ calculations with different

exchange-correlation functionals

HF LDA BLYP B3LYP B3LYPa MRCIa

Excitation energy DE
2A 5.60 4.50 4.37 4.76 4.78 5.16

3A 6.12 4.83 4.82 5.09 5.10 5.37

4A 7.40 5.93 5.66 6.22 6.74 7.30

5A 7.59 6.11 5.80 6.36 7.02 7.54

1B 4.38 3.53 3.54 3.73 3.74 4.00

2B 6.59 5.55 5.35 5.77 5.82 6.23

3B 7.56 5.84 5.69 6.20 6.24 6.81

4B 7.80 6.14 5.84 6.42 7.17 7.70

5B 7.91 6.15 5.92 6.55 – –

Rotational strength nRr
LAO

2A )7.1 )17.5 )17.1 )16.3 )13.3 )15.1
3A )8.2 12.4 13.8 10.0 8.8 3.4

4A )21.5 )3.4 )3.1 )7.5 )4.1 )4.1
5A )0.8 )7.0 )5.8 )5.1 )17.6 )21.8

1B )10.0 )4.1 )5.6 )6.4 )6.3 )8.2
2B )0.1 )51.0 )47.9 )33.7 )29.9 )5.6
3B 34.9 66.3 61.3 56.2 46.4 35.5

4B 104.1 2.9 5.1 )4.1 12.9 14.9

5B )23.1 4.0 4.0 25.6 – –

aResults from [4], obtained with aug-cc-pVTZ basis set (cc-pVTZ on H atoms).
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HF method overestimating, and functionals without

exact exchange underestimating them. This is in agree-

ment with previous observations for excitation energies

[4,23,24], and we will not dwell on this. The differences

between our numbers and literature B3LYP excitation

energies are due mainly to different basis set used (see

Table 2). Differences in the DFT grid may also con-
tribute, although the effect of the grid should in general

be minor.

In the case of the scalar rotatory power of H2S2, the

BLYP and the B3LYP functionals perform similarly,

both giving results close to MRCI in some cases (2A,

4A, 1B, 3B), and with fairly large discrepancies in others

(the 2B state in particular). The results might indicate

that mixing in a different amount of exact exchange into
the functional than that in B3LYP might improve the

agreement further. However, the good performance of

B3LYP for various properties is well established in the

literature and such ad hoc corrections are therefore not

desirable.

4.3. Methyloxirane

Methyloxirane is a molecule of a slightly larger size

than H2O2 and H2S2, so calculations with basis set close

to the basis set limit have not been possible. The largest

basis sets used for methyloxirane is aug-cc-pVQZ.

The excitation energies and optical rotatory powers

calculated using different basis sets for the lowest elec-

tronic transitions in (S)-methyloxirane are collected in
Table 4. The first transition (to the 2A state) is a

HOMO!LUMO transition, the following transitions

(3A, 4A, 5A) constitute a Rydberg transition to a p

orbital, and the last transition under study is a

HOMO) 1!LUMO transition (6A). Only small dif-

ferences between the velocity gauge and the length gauge

results for the rotatory powers of methyloxirane are
observed. The rotatory powers are extremely sensitive to

the number of diffuse functions in the basis set: the ad-

dition of a second set of diffuse functions significantly

lowers the rotational strengths. The numbers obtained

using the singly augmented basis sets seem to approach

the basis set limit from above, whereas the doubly

augmented series approaches the basis set limit from

below. However, the results of both series are still far
from convergence.

Similar patterns in the basis set convergence can be

observed for the excitation energies: the calculated ex-

citation energies seem to be overestimated for the singly

augmented basis sets and underestimated for the doubly

augmented sets. The reason for this behavior probably

originates from the diffuse character of the excited

states, which is difficult to describe by means of
Gaussian basis sets because of their incorrect asymptotic

behavior (too fast decay for large distances).

The optical rotatory powers obtained with the doubly

augmented basis sets are consistently smaller and closer

to experiment than for the other basis sets. However,

one should keep in mind that this comparison does not

take into account neither the experimental errors nor the



Table 4

Excitation energies DE (in eV) and optical rotatory strength (in 10�40 esu2 cm2) of (S)-methyloxirane, obtained using B3LYP functional. Basis set

effects

DE nRv nRr nRr
LAO

2A

aug-cc-pVDZ 6.504 19.27 19.53 19.46

daug-cc-pVDZ 6.440 16.53 16.71 16.74

aug-cc-pVTZ 6.526 18.63 18.63 18.62

daug-cc-pVTZ 6.487 16.91 16.94 16.94

aug-cc-pVQZ 6.523 18.26 18.25 18.25

Experimenta 7.12 (7.07) 11.8 ()12.56)
3A+4A+5Ab

aug-cc-pVDZ 6.982 )17.27 )17.74 )17.61
daug-cc-pVDZ 6.867 )11.76 )12.06 )12.10
aug-cc-pVTZ 6.992 )16.09 )16.11 )16.18
daug-cc-pVTZ 6.919 )12.46 )12.50 )12.51
aug-cc-pVQZ 6.981 )15.38 )15.38 )15.41
Experimenta 7.75 (7.70) )10.8 (6.98)

6A

aug-cc-pVDZ 7.352 )9.21 )8.90 )8.94
daug-cc-pVDZ 7.291 )7.88 )7.56 )7.52
aug-cc-pVTZ 7.345 )8.53 )8.53 )8.54
daug-cc-pVTZ 7.310 )7.86 )7.77 )7.76
aug-cc-pVQZ 7.340 )8.35 )8.39 )8.40
Experimenta (8.5) ()4)
aAll experimental data taken from [25]. Results for (R)-methyloxirane in parentheses.
bRydberg transition to p orbital. Theoretical excitation energy is given for the central transition, and the theoretical rotatory strength is summed

over all three components.
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errors inherent in the DFT/B3LYP method. In principle,

the absolute values for the experimental rotatory powers

for (S)-methyloxirane and (R)-methyloxirane should be

the same, and the fact that they differ significantly [25]

indicates that the experimental error bar is substantial.

Furthermore, solvent and vibrational effects have not

been taken into account in our calculations, and DFT/

B3LYP approximation may introduce errors by itself
(vide infra).

The excitation energies and scalar rotatory powers of

methyloxirane calculated by using different DFT func-

tionals are compared with experiment in Table 5. As

also previously observed [4,23,24], excitation energies

are closest to experiment when calculated using the

B3LYP functional, but the situation is less clear in the
Table 5

Excitation energies (in eV) and optical rotatory strength (in 10�40 esu2 cm2) o

exchange-correlation functionals

HF LDA B

Excitation energy DE
2A 8.814 5.769

4Ab 9.211 6.200

6A 9.349 6.553

Rotational strength nRr
LAO

2A 1.67 17.49

3–5Ab 24.23 )11.87 )
6A 5.31 2.87

aAll experimental data taken from [25]. Results for (R)-methyloxirane in
bRydberg transition to p orbital. Theoretical excitation energy is given for

over all three components.
case of the rotatory powers: for most transitions, BLYP

appears to perform the best. We note that at the B3LYP

level the 6A transition is predicted to have a different

sign for the rotatory power than that obtained for the

other functionals (and Hartree–Fock) as well as exper-

iment.

4.4. Dimethyloxirane

The calculated parameters of the ECD spectrum of

dimethyloxirane are shown in Table 6, together with the

experimental and theoretical results from the literature.

Both the increase in the cardinal number from daug-cc-

pVDZ to daug-cc-pVTZ and the addition of a second

set of diffuse functions have relatively minor effects on
f (S)-methyloxirane. daug-cc-pVDZ basis set. Comparison of different

LYP B3LYP Experimenta

5.492 6.440 7.12 (7.07)

5.902 6.867 7.75 (7.70)

6.321 7.291 (8.5)

14.90 16.74 11.8 ()12.56)
10.21 )12.10 )10.8 (6.98)

2.77 )7.52 ()4)

parentheses.

the central transition, and the theoretical rotatory strength is summed



Table 6

Excitation energies (in eV) and optical rotatory strength (in 10�40 esu2 cm2) of dimethyloxirane. aX and daX denote aug-cc-pVXZ and daug-cc-

pVXZ (X¼D,T) sets, respectively

B3LYP/daD B3LYP/aT B3LYP/daT BLYP/daD LDA/daD HF/daD B3LYPa MRCIa Experimentb

Excitation energy DE
2A 6.68 6.78 6.73 5.67 5.98 8.67 6.91 7.25 7.35

3A 6.72 6.83 6.77 5.75 6.05 9.16 6.98 7.57 –

1B 6.35 6.43 6.39 5.36 5.65 8.99 6.55 6.91 6.97

2B 6.91 7.11 6.95 5.96 6.26 9.15 7.27 7.50 7.56

Rotational strength nRr
LAO

2A 11.18 13.71 11.33 )3.01 )0.22 )20.20 16.8 16.5 0.1

3A )3.01 )4.20 )3.15 9.87 8.64 )13.81 )6.1 )5.9 –

1B )11.03 )12.46 )11.14 )8.80 )10.89 )13.44 )13 )12.1 )9.5
2B )5.86 )8.82 )5.82 )4.35 )4.61 )9.05 )13.0 )10.5 )6.2
aResults from [4], obtained with aug-cc-pVTZ basis set (cc-pVTZ on H atoms).
b Cited after [4].
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DE and nR, with the exception of those for the 2B

transition. The slow basis set convergence for the 2B

state probably originates once again from the more

diffuse character of the 2B state, although all transitions

in dimethyloxirane which we study here have diffuse

character.

There are large discrepancies between the rotatory

powers obtained using different DFT functionals (or
using Hartree–Fock exchange only). The B3LYP results

are closest to the MRCI numbers. In particular, only

B3LYP gives the same sign for both the 2A and the 3A

rotatory powers as MRCI. The difference between our

B3LYP results and those of Diedrich and Grimme [4]

can be attributed to differences in the basis set, since

much smaller basis sets with less diffuse functions were

used in [4], and to the differences in the gauge formu-
lation, the length gauge formulation using LAOs in the

present work and the velocity gauge formulation in the

work of Diedrich and Grimme [4].

The agreement with experiment for nR is satisfactory

for the 1B and 2B states, but not for the 2A and 3A

states. However, it is possible that the experimental

numbers are less accurate in the case of the 2A and 3A
Table 7

Excitation energies (in eV) and optical rotatory strength (in 10�40 esu2 cm2)

pVXZ (X¼D,T) sets, respectively

B3LYP/aD B3LYP/daD B3LYP/aT BLYP/aT

Excitation energy DE
2A 4.22 4.22 4.24 4.04

3A 5.51 5.47 5.53 4.60

5Ac 6.10 5.99 6.10 5.20

Rotational strength nRr
LAO

2A 0.6 0.6 0.7 )1.3
3A )1.6 )1.4 )1.6 0.7

4–6Ac 9.8 7.8 9.2 7.9

aResults from [4], obtained with aug-cc-pVTZ basis set (cc-pVTZ on H a
bFrom [26].
c Rydberg transition to p orbital. Theoretical excitation energy is given for

over all three components.
states: these bands are close to each other and may not

have been sufficiently resolved.

4.5. Norcamphor and norbornenone

The calculated parameters of the ECD spectrum of

(R)-norcamphor are shown in Table 7. The lowest

transition, to the 2A state, is a n ! p� transition, while
the following transitions, to much higher energy states,

are a Rydberg series. All the transitions considered here

can be interpreted as predominantly one-electron tran-

sitions from the HOMO non-bonding orbital.

The basis set effects do not seem to be large. The effect

of adding a second set of diffuse orbitals is more sub-

stantial than that of an increase in the cardinal number

of the basis set (from aug-cc-pVDZ to aug-cc-pVTZ),
especially for transitions to diffuse orbitals. This is

consistent with the results for H2O2 and oxiranes dis-

cussed above, and as was the case for these systems, the

addition of a second set of diffuse orbitals decreases the

calculated value of the rotatory power.

Similarly as for dimethyloxirane, there are certain

transitions (here the 2A state), for which B3LYP re-
of (R)-norcamphor. aX and daX denote aug-cc-pVXZ and daug-cc-

LDA/aT HF/aT B3LYPa MRMP2a Experimentb

3.98 4.94 4.22 4.02 4.03

4.83 7.95 5.65 6.03 6.23

5.48 8.55 6.24 6.51 6.77

0.0 0.2 1.0 )0.5 0.82

)0.4 )2.7 )1.6 )1.2 )3.0
8.0 20.0 9.7 6.6 14.1

toms).

the central transition, and the theoretical rotatory strength is summed



Fig. 1. The structures of the molecules under study.
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produces the experimental sign of the rotatory power,

while LDA and BLYP do not. However, it should be

noted that in the case of the 2A state, MRMP2 gives

results with a sign inconsistent with experiment, so the

agreement with experiment does not necessarily support
the supposition that B3LYP is the best-performing

functional, since many effects affecting the experimental

result, such a molecular vibrations and solvent effects,

have not been accounted for in our calculations.

Moreover, the sign of the rotatory power of the 2A

transition is consistent with experiment also at the HF

level, which is most probably coincidental.

The parameters of the calculated ECD spectrum of
(R)-norbornenone are collected in Table 8. The nor-

bornenone molecule differs from norcamphor only in

having the a carbon–carbon double bond (see Fig. 1),

and the character of the electronic transitions is there-

fore very similar: the lowest transition 2A is an n ! p�

transition, and the rest of the transitions are relatively

low-lying Rydberg transitions. However, the 4A transi-

tion is (at the DFT level) a transition to a valence state,
p ! p�.

In the case of norbornenone, HF gives results for the

rotatory powers that apparently differ dramatically from

the B3LYP results. This is connected to the fact that at

the HF level, the sequence of some of the transitions is

reversed.

The basis set effects on ECF spectrum of norborne-

none are small when going from aug-cc-pVDZ to aug-
cc-pVTZ, but larger when adding a second set of diffuse

functions, similarly as for norcamphor.

4.6. 4,5-dimethylphenantrene

The calculated excitation energies and optical rota-

tory powers of 4,5-dimethylphenantrene are tabulated in

Table 9. Unlike for the molecules discussed above, none
of the transitions in this molecule, even the lowest ones,
Table 8

Excitation energies (in eV) and optical rotatory strength (in 10�40 esu2 cm2) o

(X¼D,T) sets, respectively

B3LYP/aD B3LYP/daD B3LYP/aT

Excitation energy DE
2A 4.06 4.06 4.08

3A 5.26 5.23 5.28

4A 5.50 5.47 5.51

5A 5.71 5.71 5.72

6A 5.90 5.79 5.90

7A 5.94 5.82 5.93

Rotational strength nRr
LAO

2A )57.4 )56.2 )56.6
3A 0.8 2.9 1.8

4A 0.1 )2.4 )0.1
5A 17.7 15.2 16.9

6A )0.6 )0.9 )1.4
7A 0.3 1.5 0.9
can be described in terms of single electron excitations.
This probably influences the accuracy of the DFT re-

sults for this molecule.

Table 9 contains the excitation energies and optical

rotatory powers of 4,5-dimethylphenantrene calculated
f (R)-norborene. aX and daX denote aug-cc-pVXZ and daug-cc-pVXZ

HF/aT LDA/aT BLYP/aT

4.91 3.69 3.77

6.60 4.51 4.49

6.79 4.94 4.70

7.43 5.10 5.11

7.46 5.49 5.14

7.57 5.53 5.18

)45.0 )69.3 )68.1
)13.2 3.8 2.0

4.9 5.3 6.1

1.2 30.0 13.1

4.3 )0.7 7.9

38.2 )0.3 5.2



Table 9

Excitation energies (in eV) and optical rotatory strength (in 10�40 esu2 cm2) of 4,5-dimethylphenantrene. aX denotes aug-cc-pVXZ (X¼D,T) sets

B3LYP/aD B3LYP/aT HF/aD LDA/aD BLYP/aD B3LYPa MRMP2a Experimenta

Excitation energy DE
2A 3.74 3.73 4.48 3.42 3.42 3.85 3.57 (3.60)b

3A 4.41 4.40 5.58 3.95 3.96 4.57 4.95 4.58

1B 3.87 3.87 4.27 3.57 3.56 4.01 4.46 4.05

2B 4.76 4.76 5.42 4.38 4.38 4.94 5.18 5.00

Rotatory strength nRr
LAO

2A 0.8 0.9 0.6 0.9 0.7 0.9 0.3 –

3A 103.8 103.6 43.2 72.3 74.9 109.1 153.1 67.8

1B )28.2 )27.8 )15.5 )26.4 )25.8 )21.3 )24.8 )19.5
2B )83.4 )83.4 )9.5 )46.3 )43.9 )73 )97.2 )24.4
a From [4], double-zeta basis set.
b From [4], value extrapolated from that for phenanthrene.
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using different basis sets and different DFT functionals,

as well as available experimental results. Differences

between aug-cc-pVDZ and aug-cc-pVTZ results are

small. However, as shown before, it is the addition of

diffuse orbitals which influences the quality of the cal-

culated optical rotatory power the most. Unfortunately,

the addition of second set of diffuse orbitals to the aug-

cc-pVDZ basis led in this case to numerical instabilities
in the DFT calculations.

As usual, the excitation energies are rendered most

correctly using the B3LYP functional. However, the

functionals without exact exchange, BLYP and LDA,

apparently perform best for the rotatory powers.

B3LYP tends to overestimate the rotatory powers,

whereas HF underestimates them. However, it should be

taken into account that a comparison with experiment is
of limited value since solvent effects and vibrational

corrections may significantly influence the calculated

rotatory power.
5. Conclusions

We have presented the first implementation of gauge-
origin independent ECD at the DFT level in which

gauge origin independence has been ensured through the

use of LAOs. The dependence of the rotatory strengths

on the choice of gauge formulation, the size of the basis

set, and the choice of density functional have been in-

vestigated for a few selected small molecules: hydrogen

dioxide H2O2, hydrogen disulfide H2S2, methyloxirane

and dimethyloxirane. Furthermore, the ECD parame-
ters have been calculated for a few larger molecules:

norcamphor, norbornenone, and 4,5-dimethylphenant-

rene, and the results are compared with experimental

data when available, as well as with previously pub-

lished theoretical numbers.

As expected, there is practically no difference between

the results for the rotatory power calculated in the

length and velocity gauge formulations for the largest
correlation-consistent basis sets. However, the results

obtained in different gauge formulations become iden-

tical before the basis set limit is reached, which for some

transitions seems still to be far away even when basis

sets as large as aug-cc-pV5Z and daug-cc-pVQZ are

used. The slow basis set convergence is probably con-

nected to the diffuse character of many of the excited

states in the molecules studied here. Double and even
triple augmentation of the basis sets are of paramount

importance in calculations of optical rotatory power. It

is also worth noting that in most cases the aug-cc-pVXZ

series seems to approach the basis set limit from above,

while the doubly and triply augmented series, daug-cc-

pVXZ and taug-cc-pVXZ, approach the basis set limit

from below.

The advantage of using the length gauge formulation
instead of the velocity gauge one is primarily the faster

(in most cases) convergence of the calculated rotatory

power with the basis set size. There does not seem to be

any large differences between the results obtained in the

length gauge formulation using a common gauge origin

and those with LAOs, and in some cases the basis set

convergence is actually faster when LAOs are not used.

However, LAOs, gives results which are independent of
the choice of gauge origin, and thus strongly preferred

from the theoretical point of view.

As far as the performance of different DFT func-

tionals is concerned, the B3LYP functional usually gives

excitation energies closest to MRCI results, whereas the

HF method overestimates them and the functionals

without exact exchange underestimate them. However,

the performance of the B3LYP functional for the rota-
tory powers is less predictable, and in some cases func-

tionals without exact exchange, such as BLYP and

LDA, apparently perform best, at least as far as a

comparison with experimental results goes. It should be

taken into account that a comparison with experiment is

however of limited value since solvent and vibrational

effect, which may both be substantial, have not been

accounted for in our calculations.
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