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Abstract

We present ab initio calculations of the optical rotation of S-propylene oxide in both gas phase and solution using the coupled

cluster methodology combined with a dielectric continuum description of the solvent. The coupled cluster calculations are per-

formed using the CCS, CC2, CCSD and CC3 methods. None of the presented gas phase results are in accord with the experimental

sign of the optical rotation at 355 nm. Thereby, the experimental sign change between the gas phase and the cyclohexane solution

optical rotation at 355 nm is not reproduced theoretically. The vibrational effects are considered to be significant and may be of

crucial importance in order to bring accordance between the calculated and the experimentally established sign of the gas phase

optical rotation at 355 nm.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

In units of deg [dm g/cm3]�1, the specific optical

rotation (OR) of a sample of chiral molecules is defined

as

½a�~m ¼ 28800p2NAa40
~m2b0ðxÞ

M
; ð1Þ
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where NA is Avogadro�s number, a0 is the bohr radius

in cm, ~m is the frequency in cm�1, M is the molecular

weight in g/mol, and b 0(x) (in atomic units, a40) is de-

fined in terms of the trace of the frequency-dependent

electric dipole–magnetic dipole polarizability according

to

b0ðxÞ ¼ �Im
Trhhl;miix

3x
: ð2Þ

The vector l (m) is the electric (magnetic) dipole opera-

tor. The expression for b 0(x) in Eq. (2) is derived using

the common length gauge (LG). However, this expres-

sion may be transformed to the (equivalent) velocity
gauge expression. For exact theory the two expressions

would yield identical results, whereas approximate theo-

ries generally are gauge-dependent. Here, it is sufficient

to state that the coupled cluster (CC) results for the

length and velocity gauge specific rotations only are
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equivalent in case of an untruncated cluster operator

combined with a complete basis set [1]. As a conse-

quence, the LG results suffer from origin-dependence

[2]. That is, for a translation of the origin along a

(r ! r�a), the LG specific rotation transforms as

½a�~m ! ½a�~m þ a � D, where the origin-dependence vector
D is proportional to the response function ÆÆr,pææx and

where r (p) is the electronic position (momentum) oper-

ator, see e.g. [2,3] for further details. As discussed in [2],

the origin-dependence may be removed without recourse

to London orbitals (LAOs, or gauge including atomic

orbitals, GIAOs) by using the modified velocity gauge

(MVG) formulation. The latter approach consists of

subtracting from the conventional velocity gauge expres-
sion the static limit, i.e. b 0(x) is calculated as

b0ðxÞ ¼ Re
Trhhp;miix � Trhhp;mii0
� �

3x2
: ð3Þ

For details we refer to [2]. In this Letter, we shall employ

both the LG and MVG expressions for optical rotation.

Amos [4] was the first to implement an ab initio the-
ory of optical rotatory dispersion (ORD). With the pur-

pose of avoiding the sum over excited states, Amos used

the approximation

b0ðxÞ � b0ð0Þ ¼ � lim
x!0

Im
Trhhl;miix

3x

� �
; ð4Þ

which can be computed from static wave function deriv-

atives. Using the static limit approach for the calculation

of b 0 combined with Eq. (1), an approximate expression

for the specific rotation is obtained, where the entire fre-
quency-dependence resides in the ~m2 factor. Clearly, the
applicability of the static approach is limited to trans-

parent regions near zero frequency. Thus, for calcula-

tions of the specific rotation at the sodium D-line

(589.3 nm), the static approach usually produces results

in fairly good agreement with the full dynamical one (i.e.

relying on the dynamical response function method),

whereas at shorter wave lengths the results obtained
by these two schemes must diverge [5]. This reflects the

rather general rule that since the optical rotation must

vanish at zero frequency, experimental results at longer

wave lengths are easier to reproduce, at least qualita-

tively, than those at shorter wave lengths.

In recent years, there has been an increasing amount

of theoretical work focused on the prediction of optical

rotation, see e.g. [2,3,6–16]. One of the favorite mole-
cules in these studies has been propylene oxide (also

known as methyl oxirane) [2,6,7,10–16]. There are two

reasons for this. First, propylene oxide is sufficiently

small to allow for application of highly sophisticated

ab initio or density functional theory (DFT) models in

conjunction with fairly large basis sets. Second, experi-

mental optical rotations have been measured in a range

of solvents [17,18] and in the pure liquid state [17,19] as
well as in gas phase [18]. In particular, Müller et al. [18]
reported the first measurement of the specific rotation of

S-propylene oxide at 355 nm to 10.2 ± 2.9 deg [dm g/

cm3]�1 in gas phase and �26.4 deg [dm g/cm3]�1 in

cyclohexane solution. In the pure liquid state at 16 �C,
the specific rotation at the sodium D-line was reported

to be �12.53 [dm g/cm3]�1 in [17], while a value of
�14.90 [dm g/cm3]�1 was reported in [19].

The availability of an experimental gas phase specific

rotation at 355 nm of S-propylene oxide seems to have

reinforced the interest in this system. Thus, Giorgio

et al. [15] were able to reproduce the experimental order

of magnitude as well as sign using DFT/B3LYP theory.

Subsequently, using approximate as well as full coupled

cluster singles and doubles theory and large basis sets,
neither Pedersen et al. [2] nor Tam et al. [10] obtained

the correct sign. As suggested by Tam et al. [10], this

is most likely due to the fact that the lowest excitation

energy calculated at the DFT/B3LYP level is too small,

thereby forcing the ORD curve to change sign at a too

large wave length. In this Letter, we elaborate on the

work of the Crawford group by taking into account

the effect of triples excitations in the CC treatment and
eliminating the origin-dependence by using the MVG

formulation. We calculate the gas phase optical rotation

using the coupled cluster hierarchy CCS, CC2 [20],

CCSD [21], and CC3 [22,23] of CC response functions.

The effect of triples as included in the CC3 model is

important for obtaining quantitative agreement with

experiment. This has been demonstrated for a variety

of molecular linear and non-linear optical properties.
In fact, when triples are considered the accuracy often

surpass the one obtained by experiment. It is therefore

interesting to explore if triples can lead to an accordance

between the calculated and experimental OR.

Experimentally, Kumata et al. [17] and Müller et al.

[18] have observed substantial solvent effects at 589.3

and 355 nm, respectively, showing that theoretical

modeling of such effects is imperative. In this Letter,
therefore, we present CC calculations of solvent effects

on the optical rotation of S-propylene oxide and com-

pare them to available theoretical as well as experimen-

tal results. We carry out condensed phase calculations

using the CC2 and CCSD models combined with a

(non-equilibrium) single center multipole based spheri-

cal cavity dielectric continuum (DC) model for the sol-

vent. Recently, we have applied this combined coupled
cluster/dielectric continuum (CC/DC) [24] model to

study solvent effects on rotatory strength tensors of

formaldehyde as well as to the n ! p* electronic tran-

sition in cyclopropanone and related natural optical

active molecules (see [25]).

Due to the complete neglect of structural effects in the

DC model, this description of the environment may be

expected to underestimate the solvent effects (see for
example the discussion in [25]). Thereby, solvent

descriptions based on explicit models, for example
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combined quantum mechanics and molecular mechanics

(QM/MM) methods, are generally considered as supe-

rior to the DC models. However, due to the significant

number of solute-solvent configurations needed in the

statistical analysis of solvent effects based on the

QM/MM models (and thereby a drastic CPU time
requirement), we find that the DC model may be used

as a preliminary study of the solvent effects on the

ORD of S-propylene oxide.
2. Computational details

We have calculated the ORD of S-propylene oxide in
gas phase and in solution using a local version of the

DALTONALTON program package [26]. Due to the rigidity of

S-propylene oxide, conformational averaging over

molecular geometries is neglected. Furthermore, in the

condensed phase calculations we do not consider geo-

metrical distortions due to the perturbation of the sol-

vent, i.e. we use the gas phase geometry. In all the

correlated property calculations the lowest orbitals of
1s character on carbon and oxygen have been frozen.

The geometry of S-propylene oxide has been optimized

at the DFT level using the B3LYP functional and the cc-

pVTZ basis. Furthermore, in order to explore the effect

of changes in the molecular geometry on the ORD, we

have also geometry optimized S-propylene oxide using

B3LYP/6-31G* and Møller-Plesset second order pertur-

bation theory (MP2) combined with the cc-pVTZ basis
set (MP2/cc-pVTZ). Fig. 1 shows the geometry of S-

propylene oxide.

The basis sets used in the property calculations are the

Sadlej basis set (which amounts to a total of 150 con-

tracted Gaussian functions) and a basis set denoted A.

The A basis set consists of the aug-cc-pVDZ basis set

for carbon, the aug-cc-pVTZ basis set for oxygen, and

the d-aug-cc-pVDZ basis set for hydrogen. It has been
chosen from a basis set convergence analysis of the lower
Fig. 1. Geometry and definition of atomic labels for S-propylene

oxide.
excitation energies of ethylene oxide (C2H4O), which is

similar to but smaller and more symmetric (C2v) than

propylene oxide. In the largest calculations on ethylene

oxide, an all-atom d-aug-cc-pVTZ basis set computation

was performed (using the CCSD method), and for the

four lowest excitation energies the deviations in this cal-
culation and the one using the A basis set were at most

0.2 eV. We note that the four lowest excitations in ethyl-

ene oxide are Rydberg-like excitations, which usually im-

ply that a double augmentation in the basis set is crucial.

Furthermore, the inclusion of diffuse functions has previ-

ously been found to be important for calculating the elec-

tric dipole–magnetic dipole polarizability, see e.g. [13]

(limited to the static approach for calculation of b 0)
and the discussion in [10]. However, as stated above,

including only a double augmentation in the hydrogen

basis set reproduces the all-atom d-aug-cc-pVTZ basis

set calculation with sufficient accuracy, thereby leading

to a medium sized basis set (193 contracted Gaussians)

to be used in the property calculations. The calculations

employing the Sadlej basis set have been performed,

since this basis set in combination with DFT/B3LYP pre-
viously has predicted the specific rotation of S-propylene

oxide at 355 nm successfully [15].

In the solvent calculations local field factors are

assumed to be equal to unity. In these calculations the

cavity radius is equal to the distance from the center-

of-mass to the most distant hydrogen atom plus the

van der Waals radius of hydrogen, i.e. 6.701 a.u., and

the multipole expansion of the solute molecular charge
distribution is truncated at a maximum of Lmax = 10 if

not stated differently.
3. Results and discussion

3.1. Gas phase results

As discussed in Section 1, the central molecular quan-

tity in connection with ORD is the electric dipole–

magnetic dipole polarizability. It is well known that this

response function has (first order) poles at the position

of the electronic excitation energies, and that the corre-

sponding residues are directly related to the isotropic

rotatory strengths. Furthermore, the polarizability is of-

ten dominated by the contributions due to the lowest
electronic transitions, a point which has been utilized

in the so-called few-states models. Correspondingly, an

accurate prediction of the polarizability, and thereby

the ORD, usually requires an elaborate pole structure

of the electric dipole–magnetic dipole polarizability.

In Table 1, we have shown the four lowest electronic

excitation energies together with the corresponding

oscillator and rotatory strengths. Experimentally, the
lowest excitation (nO ! 3s) is found to be located in

the region of 174.2–175.4 nm (7.12–7.07 eV) in the gas



Table 1

The four lowest electronic excitation energies, Eex (eV), of propylene oxide

Basis set Model Eex
nfr

nfv
nRr

nRv

Sadlej CC2 6.38 0.016 0.015 18.24 17.76

6.81 0.008 0.008 �6.63 �6.20

6.88 0.020 0.020 �0.31 �0.05

7.02 0.023 0.022 �5.42 �5.26

CCSD 7.14 0.012 0.011 17.41 17.32

7.43 0.016 0.019 5.22 5.98

7.59 0.017 0.017 �9.48 �9.48

7.80 0.022 0.022 �7.38 �7.49

CC3 7.17 0.014 0.013 20.15 19.78

7.47 0.013 0.014 3.54 4.04

7.64 0.018 0.017 �9.63 �9.49

7.82 0.024 0.024 �8.75 �8.71

A CC2 6.52 0.015 0.014 16.54 15.95

6.92 0.006 0.006 0.18 0.64

6.97 0.019 0.019 �5.70 �5.58

7.13 0.019 0.018 �4.82 �4.65

CCSD 7.31 0.011 0.010 16.39 16.17

7.55 0.015 0.018 5.20 5.86

7.75 0.015 0.015 �8.47 �8.39

7.95 0.019 0.020 �6.76 �6.85

Experimental [27] nO ! 3s 7.12 0.025 11.8

Experimental [27] nO ! 3p 7.75 ðEexÞ 0.062 (
Pnf) �10.8 (

PnR)

Experimental [28] nO ! 3s 7.07 – 12.56

Experimental [28] nO ! 3p 7.70 ðEexÞ – �6.98 (
PnR)

Also given are the dimensionless oscillator strength (using length and velocity gauges, nfr and
nfv), and the rotatory strength (in 10�40 cgs, using length

and velocity gauges, nRr and
nRv). The origin is in the center of mass and the structure used is B3LYP/cc-pVTZ. The symbol Eex is the mean

excitation energy while the symbol
Pnf (

PnR) represents the total oscillator (rotatory) strength of the three nO ! 3p excitations.
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phase absorption spectrum [27,28]. For this excitation,

an oscillator strength of 0.025 and rotatory strengths

around 11.8–12.56 · 10�40 cgs have been reported

[27,28]. As seen from Table 1, the theoretical predictions

of the oscillator strengths are thus too small and the

rotatory strengths are slightly overestimated compared

to experimental data. The deviations between the length

and velocity gauges are rather small, and deviations, as
compared to experimental data, are probably due to ba-

sis set and electron correlation effects. Concerning the

theoretical prediction of the lowest electronic excitation

energy, we find that the CCSD method compares excel-

lently with experimental data, while the CC2 model

underestimates the electronic excitation energy by 0.6–

0.7 eV. Experimentally, the three nO ! 3p excitations

are found around 160–161.1 nm (7.70–7.75 eV) in the
gas phase absorption spectrum and the corresponding

(total) oscillator strength is approximately 0.062, while

the rotatory strength has been reported to be around

�6.98 to �10.8 · 10�40 cgs [27,28]. From the results in

Table 1, we find a relatively good prediction using

CCSD (a mean excitation of 7.61 eV for the Sadlej basis

set and 7.75 for the A basis set) while, again, the CC2

results are underestimated as compared to experiment.
As with the first excitation, the deviations between the

length and velocity gauges are minor, and in all cases

a (total) negative rotatory strength is predicted for the

three nO ! 3p excitations. The magnitude of the total
rotatory strength is in the intervals from �9.38 to

�11.6 · 10�40 cgs for CCSD and �9.59 to

�12.43 · 10�40 cgs for CC2 using either basis set. From

the results in Table 1 we hence conclude that the CCSD

results for the four lowest electronic excitations together

with the oscillator and rotatory strengths compare fairly

well with experimental data. In addition, the electronic

excitation energies compare well with the CCSD results
of [10] and the DFT results of [29] using the SAOP

Kohn–Sham potential. Comparing the experimental re-

sults and the B3LYP/Sadlej results of [15] (Eex = 6.56,

Rr = 20 · 10�40 cgs, and a group excitations at 7.05–

7.43 eV with a total rotatory strength of �27 · 10�40

cgs) with our CCSD predictions, we find that the CCSD

results are superior. In addition to the presented CC2

and CCSD results in Table 1, we have also used the
CC3 model to estimate the effects of including triples

excitations. While all CC3 results for the Sadlej basis

set are computed, we only calculate the excitation ener-

gies with the A basis set (Eex = 7.27, 7.53, 7.73, 7.91 eV).

Hence, the triples effects on the excitation energies are

found to be small ([0.6%), thus supporting the high

accuracy of the CCSD results. With the Sadlej basis

set, Table 1 shows that the triples effects on the oscillator
and rotatory strengths are modest, and the sum of the

four lowest rotatory strengths is decreased by approxi-

mately 10% going from CCSD to CC3 in either gauge

formulations.
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Turning now to the gas phase OR, Table 2 reports the

CCS, CC2, CCSD, and CC3 specific rotation as well as

the origin-dependence for S-propylene oxide using the

B3LYP/cc-pVTZ structure. The coordinate system to

which the origin-dependence vector refers is identical

to that of [2]. For the LG results we use the center of
mass as origin. The origin-dependence of the LG specific

rotation is significant for both basis sets, even with the

CC3 model, and increases as the wave length decreases.

In fact, at 355 nm, the CC2 LG specific rotation would

be positive using the Sadlej basis with the origin located

at C4 (see Fig. 1). Note that the components of D vary

non-smoothly with respect to both the basis set and

the level of electron correlation. In the present case,
the overall origin-dependence follows the pattern

CCS � CC2 � CCSD > CC3 in accordance with the

fact that the correlation description is improved and

the origin-dependence vanishes in a full correlation

treatment using a complete basis set. We also note that

the CC2/A results in this work compare well with the

CC2/d-aug-cc-pVQZ results reported in [2] using Chole-

sky decomposition-based CC2 linear response theory
[3], and exactly the same structure of S-propylene oxide

as in this work. This clearly indicates the high flexibility

of the A basis set used in this study. Also, we find that

the origin-dependence at the CCSD level is of the same

magnitude as reported by Tam et al. [10]. The effect of

coupled cluster triples excitations is a decrease of the

magnitude of the LG specific rotation as compared to

the CCSD results. On the other hand, a quite large in-
crease is observed for the MVG results going from

CCSD to CC3 with the Sadlej basis set at 355 nm. Using

both the LG as well as the origin invariant MVG formu-

lation, all models beyond the Hartree–Fock-like CCS
Table 2

The MVG and LG specific rotation (deg [dm g/cm3]�1) of S-propylene oxide c

vector (deg [dm g/cm3]�1 bohr�1)

Wave length Basis set Model ½a�~m
MVG

355 Sadlej CCS 33.7

CC2 �18.4

CCSD �11.3

CC3 �24.0

A CCS 22.0

CC2 �56.2

CCSD �35.1

CC3 –

589.3 Sadlej CCS 5.7

CC2 �26.8

CCSD �15.0

A CCS 1.7

CC2 �35.1

CCSD �21.2

CC3 –

The origin is in the center of mass and the structure used is B3LYP/cc-pVT
method predict a sizable negative specific rotation at

355 nm in contrast to the experimental result of Müller

et al. [18] and the DFT/B3LYP results of Giorgio et al.

[15] and Tam et al. [10]. Since self-consistent-field (SCF)

calculation predicts the specific rotation to be �14.4 deg

[dm g/cm3]�1 (LG at the center of mass and using the A
basis set), it is noteworthy that electron correlation as

described by CC theory tends to increase the disagree-

ment with experiment.

In addition to the results presented in Table 2, we

have also performed calculations of the OR using CCSD

combined with either the A or Sadlej basis sets including

additional diffuse functions placed at the center-of-mass

(CM). The diffuse CM basis functions were added sys-
tematically using sets of s,p,d and potentially f primitive

functions, e.g. CM2 (2s2p2d), CM2f (2s2p2d2f), CM3

(3s3p3d) and CM3f (3s3p3d3f). The exponents were

chosen in an even-tempered way using 0.0100, 0.0033

for the CM2 (f) sets and 0.0100, 0.0033, 0.0011 for the

CM3 (f) sets [30]. However, the specific rotations calcu-

lated using these extended basis sets deviated only slightly

from the results presented in Table 2. Also, the four low-
est excitation energies and the corresponding oscillator/

rotatory strengths were effectively unchanged upon

including the extra sets of diffuse functions. Thereby,

we conclude that the A basis set possesses the flexibility

to describe the excited Rydberg states of S-propylene

oxide.

The CC results presented here do not include the ef-

fect of zero point vibration. Using SCF theory, the zero
point vibrational effect has been estimated by Ruud

et al. [31] to be 3.62 deg [dm g/cm3]�1 at 589.3 nm, seem-

ingly too small to account for the different signs of the

experimental and theoretical results at 355 nm.
alculated at different wave lengths (nm) and the LG origin-dependence

D

LG x y z

�8.9 9.1 98.0 43.6

�1.6 �9.0 11.4 �0.7

�18.2 �2.4 21.3 0.0

�17.0 �2.3 �0.6 �6.1

�5.3 �70.1 13.7 �80.2

�24.7 �5.5 6.3 �1.0

�29.9 �10.7 2.2 �12.6

�23.2 6.0 4.1 3.7

�7.3 2.8 32.9 14.8

�21.6 �2.3 3.3 �0.1

�16.5 �0.8 7.0 0.1

�6.3 �23.7 4.7 �26.7

�25.9 �1.3 2.4 �0.5

�19.2 �3.5 0.8 �4.1

�17.7 2.0 1.4 1.3

Z.
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However, further investigations where the zero point

vibrational effect is considered at a correlated level of

theory are clearly desirable.

In this Letter, we shall limit ourselves to an investiga-

tion of the dependence of the specific rotation on the

molecular structure. Fig. 2 depicts the CC2/A and
CCSD/A LG ORD curves for S-propylene oxide for

three different geometries optimized at the MP2/cc-

pVTZ, B3LYP/6-31G*, and B3LYP/cc-pVTZ levels. In

all cases, the origin is in the center of mass. The molec-

ular structures only deviate negligibly from each other,

the largest difference being in the C2C5 bond distance

(0.011 Å) and in the H6C4H7 angle (1.1�), and all struc-

tures compare well with experimental data [32]. As seen
from Fig. 2, the ORD curves for different geometries

deviate most as the wavelength is decreased, and around

355 nm the CC2 results deviate �7 deg [dm g/cm3]�1.

For comparison, the corresponding deviations at 589.3

nm are �2.5 deg [dm g/cm3]�1. Thus, as previously ob-

served in [10], the geometry has a significant effect on

the computed specific rotations. Thereby, vibrational

effects may be crucial.
Summarizing, we state that in light of the high quality

of the coupled cluster results, it is difficult to perceive

how an agreement in sign can be obtained between the

experimental and wave function based calculated OR

without considering vibrational contributions. This

should particular be seen in the light of the large shift

in the OR with only small perturbations in the molecular
-40
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Fig. 2. LG optical rotatory dispersion (deg [dm g/cm3]�1) curves of S-propyle
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geometry (Fig. 2). Thus, the effect of zero point vibra-

tional contribution at 355 nm and at a correlated level

of theory is desirable.

3.2. Condensed phase results

Turning now to the question of solvent effects, we

note that these have traditionally been included by cal-

culating local field factors based on the Lorentz ap-

proach [33]. However, as seen in for example [6],

inclusion of these field factors may lead to results which

are actually further away from the experimental con-

densed phase results than the vacuum values. Conse-

quently, solvent effects require special attention.
In Table 3, we report the LG specific rotation for S-

propylene oxide (B3LYP/cc-pVTZ structure) calculated

at 355 nm using CC2 combined with the A basis set

for different orders of truncation of the multipole expan-

sion. The solvent is CH3CN. From this table, we first

observe that including only the l = 1 term, which is

equivalent to the Onsager solvation model [33], leads

to a significant solvent effect. However, going beyond
this approach reduces the solvation effect and a rather

slow convergence is observed, leading to the conclusion

that Lmax . 9–10 should be used in order to obtain con-

verged results. The conclusion concerning the rather

large magnitude of Lmax when modeling magnetic prop-

erties has also been observed in for example [34]. Sec-

ond, we observe that the effect of the solvent is to
0  500  550  600  650

th (nm)

ne oxide calculated using CC2/A and CCSD/A and different molecular

cc-pVTZ) and CCSD(B3LYP/6-31G*) nearly falls on the same curve.

): CC2 (MP2/cc-pVTZ) (Æ– Æ– Æ–): CCSD (MP2/cc-pVTZ); (- - - -): CC2



Table 3

The LG specific rotations (deg [dm g/cm3]�1) of S-propylene oxide calculated at 355 nm using CC2 with the A basis set and different orders of the

multipole expansion (Lmax)

Lmax 0 1 2 3 4 5 6 7 8 9 10

[a] (355 nm) �24.7 �48.8 �33.5 �34.6 �34.2 �33.7 �34.2 �33.3 �32.9 �32.7 �32.7

The solvent is CH3CN (�st = 36.64 and �op = 1.806). The origin is in the center of mass and the structure used is B3LYP/cc-pVTZ.
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enhance the magnitude of the specific rotation. For S-

propylene oxide in CH3CN, the solvent effect is thus

�8 deg [dm g/cm3]�1.

Table 4 gives the LG specific rotation for S-propyl-

ene oxide calculated at 355 nm and at 589.3 nm using

CC2 and CCSD in vacuum and in seven representative

solvents ordered according to polarity. The results are

computed with the A basis set. In addition, we have
included condensed phase results obtained by employ-

ing the Lorentz local field factors. We note that sol-

vent effects based on the Lorentz model may be

attributed to two effects: (i) the cavity-field and (ii)

the reaction field. Thereby, the derived quantities are

termed effective properties. In contrast, the DC model

provides solute properties (including only the effect of

the reaction field) and the two kinds of properties
(effective and solute) are thereby not directly compara-

ble. Finally, we tabulate the results computed by Men-

nucci et al. [14] using the DFT dynamical approach

implemented in combination with the polarizable con-

tinuum model (PCM) [35], and report the available

experimental data. From Table 4, we first observe that

for the ab initio CC2 and CCSD results, respectively,

the results for the specific rotation are very similar
for the apolar solvents. Likewise, the specific rotation

give almost identical results in the two high dielectric

constant (polar) solvents. This trend has also been ob-

served in [14]. Going from vacuum to the first solvent

leads to an increase in the magnitude of the specific

rotation. Passing to the solvents CCl4 and C6H6 the

magnitude of the specific rotation is increased further.

Note that benzene is the solvent with the largest opti-
cal dielectric constant. Continuing to the more polar
Table 4

The LG specific rotation (deg [dm g/cm3]�1) of S-propylene oxide calculated

[a] Vacuum C6H12

CC2 (355 nm) �24.7 �38.0

CC2 (589.3 nm) �25.9 �30.1

CCSD (355 nm) �29.9 �37.5

CCSD (589.3 nm) �19.2 �22.0

Lorentz corrected CCSD (355 nm) – �40.1

Lorentz corrected CCSD (589.3 nm) – �25.8

Experimental (355 nm) [18] 10.2 ± 2.9 �26.4

Experimental (589.3 nm) [17] – �11.9

B3LYP/aug-cc-pVDZ PCM (589.3 nm) [14] �17.5 �14.7

The basis set used is the A basis set. The origin is in the center of mass and the

�st = 2.028 and �op = 2.028; CCl4: �st = 2.228 and �op = 2.129; C6H6: �st = 2

�st = 20.70 and �op = 1.841; CH3OH: �st = 32.63 and �op = 1.758. H2O: �st = 7
solvent CHCl3, the magnitude of the specific rotation

decreases and this decrease continues as the solvents

become more polar. In the apolar solvents, the effect

of the environment is more significant at 355 nm than

at 589.3 nm and, in general, the effect is rather small

for the polar solvents. The Lorentz corrected results

are seen to overestimate the effect of solvation as com-

pared to available experimental data. Also, in the very
polar solvents, the Lorentz model may lead to results

for the specific rotation which exhibit solvent effects

in qualitative disagreement with the CC/DC descrip-

tion as compared to the specific rotation of S-propyl-

ene in vacuum, e.g. for the polar solvents the

Lorentz model predicts an increase in the magnitude

of the specific rotation whereas the CC/DC model pre-

dicts a decrease.
Considering the different solvent models it is worth

noting that, even though most of the signs of the calcu-

lated OR�s are in accord with the experimental data, nei-

ther of them is capable of reproducing the relative

experimental shifts when the solvent change. Specially,

the solvent models are not capable of reproducing the

experimentally established sign change in the 589.3 nm

OR in the case of an aqueous solution. All models pre-
dicts an almost monotonical behavior of the specific

rotation as a function of the solvent polarity. Further

for the DC and PCM models, the vacuum contribution

dominate, and the solvent contribution represents only a

small perturbation. In contrast, we have in the experi-

mental results (at 355 nm) a sign change in the OR going

from vacuum to the condensed phase. Agreement in sign

between the DC solvent model and experiment can thus
not be used to justify the reliability of the solvent model.
at different wave lengths (nm) and for different solvents

CCl4 C6H6 CHCl3 (CH3)2CO CH3OH H2O

�38.7 �39.6 �37.1 �33.3 �32.2 �32.1

�30.2 �30.6 �29.0 �27.2 �26.7 �26.7

�37.6 �38.4 �33.7 �28.7 �27.6 �27.3

�22.0 �22.3 �20.6 �18.8 �18.5 �18.4

�41.2 �42.3 �40.7 �38.3 �37.5 �37.7

�26.4 �27.2 �26.1 �24.6 �24.1 �24.2

– – – – – –

�18.7 �30.6 �8.5 �8.2 �7.2 +4.3

�14.2 �14.1 �11.6 �9.2 �8.9 –

structure used is B3LYP/cc-pVTZ. The dielectric constants are C6H12:

.247 and �op = 2.244; CHCl3: �st = 4.900 and �op = 2.085; (CH3)2CO:

8.54 and �op = 1.778.
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4. Concluding remarks

In this Letter, we have presented calculations of the

optical rotatory dispersion of S-propylene oxide in

both gas and condensed phases. The electronic struc-

ture method used is the coupled cluster hierarchy
including the highly correlated CC3 method. In con-

trast to the experimentally established positive sign of

the specific rotation of S-propylene oxide in gas phase

at 355 nm, all methods (beyond CCS) used in this Let-

ter yield negative values for the specific rotation (using

the center of mass as origin for the LG results). At the

same time, the predicted results for the lowest elec-

tronic excitation energies and the corresponding (iso-
tropic) rotatory strengths are in line with the

experimental results. Considering the high quality of

the CC3 model makes it difficult to perceive how an

agreement can be obtained between the signs of the

experimental and wave function based calculated OR

without considering vibrational effects. A reinvestiga-

tion of the zero point vibrational contribution at 355

nm at a correlated level is therefore desirable. Concern-
ing the condensed phase calculations, the solvent has

been modeled as a dielectric continuum. The calculated

solvent contributions are found to be rather small com-

pared to the vacuum contribution. Furthermore, the

solvent contributions are unable to reproduce the rela-

tive experimental shifts as the solvent changes. We

attribute this to the complete neglect of structural ef-

fects in the dielectric solvent model. It is well known
that a chiral solute will induce a chiral solvent structure

even if the individual solvent molecules are achiral.

This means that one part of the observed ORD is

due to the chiral solvent shell, and another part origi-

nates from the chiral solute molecule. In the DC

description, the solvent is treated as a homogeneous

medium, and the contribution from the solvent shell

to the ORD is not accounted for. Thereby, calculations
using more elaborate solvent models where structural

effects are considered in detail would be desirable to

shed some light on the controversy between the calcu-

lated and experimental observed OR for S-propylene

oxide.
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