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ABSTRACT 

We have calculated the electronic optical rotation (ORP) for 9 three membered 

heterocyclic derivatives (oxirane or aziridine) using time dependent density functional 

theory (TDDFT) with the B3LYP, CAM-B3LYP, KT3 and PBE0 exchange-correlation 

functionals utilizing the aug-pc-n (n=0, 1, 2, 3 and 4) and for one molecule also the aug-

cc-pVXZ (X=D, T, Q and 5) basis sets. Our results illustrate that the aug-pc-3 or aug-

cc-pVQZ basis sets provide the optical rotation in good agreement with the larger basis 

sets. Solvent effects were taken into account utilizing the PCM model both in the 

integral equation formalism (IEFPCM) and the SMD variants at the B3LYP/aug-pc-3, 

CAM-B3LYP/aug-pc-3 and PBE0/aug-pc-3 levels for λ = 355 and 589.6 nm, and 

compared with experimental data when they are available. The comparison of the 

results of the two solvent models, IEFPCM and SMD, exhibits rather large differences 

in the predicted solvent effects. In consequence, we studied for one molecule, (S)-2-

methyloxirane, the effect introduced by the radii of the cavity induced by these two 

models. Comparison with the experimental values shows no uniform picture, but for the 

majority of the compounds and solvent pairs the combination of the PBE0 exchange 

correlation functional and the SMD solvent model gives the best agreement with 

experiment. 
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1. Introduction 

The majority of molecules of biological importance and many pharmaceuticals 

contain stereogenic centers leading to two or more chiral molecules (enantiomers and 

diastereomers). Often one enantiomer fulfils the required properties or functions and the 

other might be dangerous, or in the best possibility, it might have no effect.1 The precise 

elucidation of the absolute configuration is thus of utmost importance and tells which 

enantiomer is suitable for a required application. The standard technique for structure 

determination of organic molecules, NMR, cannot be used for this purpose as two 

enantiomers give the same signal by NMR spectroscopy, although this could be 

changed by applying an additional static electric field,2 but enantiomers are sensible to 

circular polarized electromagnetic fields as e.g. in electronic or vibrational circular 

dichroism.3 

Probably the oldest method for measuring the enantio purity of chemical 

compounds or the concentration of one enantiomere is optical rotation or optical 

activity, i.e. the ability of a crystal or a solution to rotate the plane of linear polarized 

light.4 The precise determination of optical activity in chiral molecules is very important 

in experimental chemistry and has fundamental consequences in medical, biochemical 

and industrial applications.5,6,7 The optical rotatory power (ORP) of a molecule depends 

on the frequency (wavelength) of the incident light and shows opposite sign for two 

enantiomers of a chiral molecule. 

However, the measurement of chiroptical properties alone is almost meaningless 

for identifying the stereochemical configuration without knowing, in advance, the sign 

of the response for a given enantiomer. Hence computational calculations of chiroptical 

properties is an almost unavoidable step, which can provide a reference point on this 

respect,8 making the combination of experimental measurements and theoretical 

calculations a useful tool for the determination of the absolute configuration.9,10 

Theoretical calculations of ORP have been made with many quantum chemical 

methods11,12,13,14: Hartree-Fock (HF) calculations employing polarized, medium and 

large basis sets show reasonable accuracy,15,16,17 while correlated post-HF methods, i.e. 

density functional theory (DFT),10,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34 second order 

polarization propagator (SOPPA)35 and coupled cluster (CC)22,23,24,26,27,30,33,36,37,38,39 

approaches, lead often to better agreement with experimental data. Nevertheless, the 

most employed approach is DFT with the B3LYP functional. Several comparisons of 
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the performance of different exchange-correlation functionals have been published. To 

mention some of them, B3LYP in combination with aug-cc-pVTZ or similar basis sets 

was found to give deviations from experiment of 20-25 deg (dm g/cm3)-1 for 30 

molecules including several oxirane and aziridine derivatives,17 while B3LYP in 

combination with double zeta basis sets gave for 65 molecules a root mean square 

deviation of 28.9 deg (dm g/cm3)1.10 Srebro et al.21 proposed a test set of 45 molecules 

called the OR45 benchmark set and compared the performance of B3LYP with PBE0 

and BHLYP and the range-separated functionals CAM-B3LYP and LC-PBE0. They 

observed that the range-separated functionals on average do not give better agreement 

with the solution experimental values than B3LYP or PBE0. Haghdani et 

al.32,33compared the performance of CAM-B3LYP with CC2 for 14 larger pyrrole 

containing molecules or 45 fluorinated compounds and found that the results from both 

methods are very similar. For 5 small and 2 medium size molecules at three frequencies, 

they found that CAM-B3LYP results are in better agreement with the CCSD results as 

B3LYP results.31 

Several groups have also studied another important ingredient of calculations of 

optical rotations, the one-electron basis set. At the Hartree-Fock and DFT/B3LYP level 

the performance of many Pople basis sets and the correlation consistent basis sets were 

studied for (S)-2-methyloxirane and trans-dimethylthiirane by Cheeseman et al.16 

concluding that diffuse and polarization functions are important. One can furthermore 

note in their study, that converged results are obtained at the aug-cc-pVQZ level. Other 

types of basis sets were also investigated27,28,30 including also basis sets especially 

optimized for these types of calculations.20 Campos et al.28 tested the AXZP basis sets 

in DFT calculations with the B3LYP, PBE0, M06 and M06-2X functionals on 13 three- 

and four-membered rings and extrapolated to the basis set limit with an inverse cubic 

formula with the conclusion that quadruple zeta basis sets give results close to the basis 

set limit. Baranowska-Łaczkowska and co-workers20,27,34 investigated both the 

performance of the LPol-n basis sets and of the especially for optical rotation optimized 

ORP basis set20 at the DFT/B3LYP level, in the latter case for 31 small and medium-

size molecules. They showed that the ORP and LPol-ds and LPol-dl basis sets give 

results comparable to much larger quadruple zeta basis sets. Later Mach et al.29 could 

show that also at the CC2 and CCSD level the LPol-ds basis set performs as good as 

larger correlation-consistent basis sets. Hedegård et al.30 investigated different basis set 

extrapolation schemes using the aug-cc-pVXZ and the aug-pcS-n in DFT/B3LYP and 
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DFT/CAM-B3LYP calculations on as subset of 9 small or medium sized molecules of 

the OR45 test set. Overall they found that the aug-pcS-n basis sets, originally optimized 

for nuclear magnetic shielding calculations, produce results closer to the converged 

results as the corresponding aug-cc-pVXZ basis sets. Furthermore, the double zeta basis 

sets like aug-cc-pVDZ and aug-pcS-1 lead to significant deviations from the basis set 

limit values, while for shorter wavelengths even triple zeta results show significant 

deviations. Finally, Haghdani et al.31 studied the basis set dependence of both Coupled 

Cluster calculations using CC2 and CCSD as well as of DFT calculations with the 

B3LYP and CAM-B3LYP functionals for 5 small and 2 medium size molecules at three 

frequencies and the aug-cc-pVXZ basis sets. They could confirm that converged results 

are obtained with the aug-cc-pVQZ basis set, but reasonable results are already obtained 

with the aug-cc-pVTZ basis set. 

Vibrational effects40,41 were found to play an important role for optical rotations, 

in particular in the cases of small angles of rotation. 23,26,42,43,44,45,46,47,48,49,50,51,52,53  One 

spectacular case is the optical rotation of (S)-2-methyloxirane at 355 nm, where even 

CC3 calculations38 give the wrong sign compared to the gas-phase measurements.54 

However, adding zero-point vibrational corrections at the DFT/B3LYP level are enough 

to solve the problem with the wrong sign.44,47 In a study on 7 small or medium size 

molecules, it was later confirmed that adding B3LYP zero-point vibrational corrections 

to Coupled Cluster equilibrium geometry values is a valuable approach.52 

How the optical rotatory power (ORP) is influenced by e.g. the effect of the 

molecular aggregation of the chiral molecule with itself,55,56,57 with the solvent53,58,59,60, 

or with electrolytes61 has also been investigated. Computationally solvent effects are 

mostly treated by continuum models such as PCM,23,50,62 CPCM26 and COSMO25 

mostly in combination with DFT and the B3LYP functional but also in combination 

with Coupled Cluster methods.38 Combined classical quantum approaches to solvation 

were furthermore employed by Lipparini et al.53 and Mukhopadhyay and co-workers63,64 

at the DFT level. Mukhopadhyay and co-workers64 and also Neugebauer65 suggested, in 

their highlight on Mukhopadhyay’s work, that the fact that chiroptical properties are 

dominated by the response of non-chiral solvent with a locally chiral structure induced 

by the solute could exceed the contribution of the solute itself. They also considered that 

the implicit solvent models’ lake of the inclusion of the explicit electronic structure 

could be the reason of the failure in reproducing such possible effect and care has to be 

paid to consider them and, naturally, a further studies should be carried out. 
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Figure 1: Schematic representation and systematic names of the nine oxirane and 

aziridine derivatives studied in this work. 

 

In the present work, we present the results of calculations of the optical rotatory 

power of nine oxirane and aziridine derivatives, shown in Figure 1, at the density 

functional theory level with several exchange-correlation functionals, basis sets and 

different solvent models whose performance in the calculation of optical rotation has 

not been thoroughly investigated so far. In particular we investigate the performance of 

the original polarization-consistent basis sets aug-pc-n (n = 0, 1, 2, 3, and 4)66 and 

compare it to the performance of the correlation-consistent basis sets aug-cc-pVXZ 

(with X = D, T, Q and P).67 We test in addition to the often employed B3LYP68 and 

CAM-B3LYP69 functionals also PBE070 and the KT371 functional. Finally, we compare 

the performance of the two versions of the polarizable continuum model (PCM): the 

integral equation formalism formulation (IEFPCM)72 and the SMD variation73. We do 

not include any vibrational corrections, as these are normally too expensive to calculate 

in standard applications to larger molecules. 
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The selected molecules represent a good benchmark set for to comparison with 

experimental studies, as the set includes molecules with different sizes, functionalities 

and experimental optical rotation values where available. In addition, the N-aziridine 

derivatives show different conformations that allow exploring the effect of this property 

on the chirality of the systems. Thus, by choosing properly the substituent one can cover 

a wide range of steric and electronic characteristics. In addition, these systems are of 

interest due to the wide used of some oxirane derivatives in industries and biology. As 

an example for the latter we can mention its usage as antimicrobial and antiparasitic.74 

Furthermore, the (R)- and (S)-2-methylaziridine are useful intermediates for the 

synthesis of alcohols, amino acids, and nitrogen-containing heterocycles.75 The optical 

rotation of (S)-2-fluorooxirane, (S)-2-methyloxirane have been studied extensively, 

both theoretically,10,19,35 and experimentally.53,57,76 and several of the other compounds 

were after their synthesis characterized by measuring the optical rotation in some 

solvent.77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93 

This article is organized as follows. In section 2, we describe the underlining 

theory of ORP and the chosen computational methods. In section 3, we present and 

discuss the obtained results and finally we summarize our results and give concluding 

remarks in section 4. 

 

2.  Methodology 

2.1 Tensors related to the optical rotation 

The optical rotation is experimentally3 measured in terms of the specific rotation 

of a macroscopic sample [𝛼]𝜔 in deg (dm g/cm3)-1. Neglecting any solvent or 

environment effects the macroscopic quantity can be calculated from a linear response 

property 𝐺′(𝜔) of a single molecule by 

[𝛼]𝜔 = 72.0 × 106  
ℏ2𝑁𝐴

𝑐2𝑚𝑒
2𝑀

𝜔
1

3
∑ 𝐺𝛼𝛼

′ (𝜔)

𝛼=𝑥,𝑦,𝑧

 

 (1) 

where 𝑀 is the molar mass of the molecule of interest, 𝑚𝑒 the mass of an electron, 𝑁𝐴 

the number of molecules per mol, 𝑐 the speed of light and 𝜔 the angular frequency (in 

atomic units) of the plane polarized light used for the experiment, which is often the 

sodium D line, λ=589.6 nm although in some experiments also λ=355 nm has been 

used. 
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The molecular linear response property 𝐺′(𝜔) is best called a mixed electric 

dipole-magnetic dipole polarizability in the length gauge with tensor elements defined 

as94,95,96 

𝐺𝛼𝛽
′ (𝜔) = −

2𝜔

ℏ
∑ Im (

⟨Ψ0
(0)

|𝜇𝛼|Ψ𝑛
(0)

⟩⟨Ψ𝑛
(0)

|𝑚𝛽|Ψ0
(0)

⟩

𝜔n0
2 − 𝜔2

) = −

𝑛≠0

Im(〈〈𝜇𝛼; 𝑚𝛽〉〉𝜔) 

 (2) 

where Im takes the imaginary part of the term within brackets, 𝜔n0 = (𝐸𝑛
(0)

− 𝐸0
(0)

)/ℏ 

are the natural transition frequencies of the molecule in the reference state |Ψ0
(0)

⟩, with 

energy eigenvalue 𝐸0
(0)

 and excited state energies 𝐸𝑛
(0)

, determined by solving the 

Schrödinger equation for the unperturbed Hamiltonian H(0). 〈〈𝜇𝛼; 𝑚𝛽〉〉𝜔   is the linear 

response function or polarization propagator of cartesian components of the electronic 

electric and magnetic dipole moment operators 

𝜇𝛼 = −𝑒𝑅𝛼(𝑟0) = −𝑒 ∑(𝑟𝑖𝛼

𝑛

𝑖=1

− 𝑟0𝛼) 

 (3) 

𝑚𝛼 = −
𝑒

2𝑚𝑒
𝐿𝛼(𝑟0) = −

𝑒

2𝑚𝑒
∑ 𝑙𝑖𝛼

𝑛

𝑖=1

(𝑟0) = −
𝑒

2𝑚𝑒
∑ 𝜀αβγ ∑(𝑟𝑖𝛽

𝑛

𝑖=1

− 𝑟0𝛽)𝑝𝑖𝛾

𝛽,𝛾

 

 (4) 

of a molecule with n electrons with charge −𝑒 and coordinates 𝒓𝑖 respect to an arbitrary 

origin 𝒓0, the canonical and angular momentum operators of the i-th electron are 

indicated by 𝒑𝑖 and 𝒍𝑖, while 𝑹 , 𝑷 and 𝑳 are the corresponding total operators of all 

electrons. One should note that the 𝑹 and 𝑳 operators are defined with respect to an 

explicit origin 𝒓0 of the coordinate system. εαβγ is the Levi-Civita unit tensor. The mixed 

electric dipole-magnetic dipole polarizability tensor is closely related to two other 

tensors 𝐺𝛼𝛽
′ (𝜔) = 𝜔𝜅αβ(𝜔) = −𝜔𝛽αβ(𝜔) frequently encountered in the literature.97,98 

The trace of these tensors are pseudoscalars, changing sign under inversion of the 

coordinate system because 𝝁 and 𝒎, are a polar and an axial vector, respectively.  

Using the equation of motion of the linear response function of two operators 𝑂1  

and 𝑂2
92 

ℏ𝜔〈〈𝑂1; 𝑂2〉〉𝜔 = 〈〈[𝑂1, H(0)]; 𝑂2〉〉𝜔 + ⟨Ψ0
(0)

|[𝑂1, 𝑂2]|Ψ0
(0)

⟩ 
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 (5) 

Together with the operator relations [𝑅𝛼, H(0)] =
𝑖ℏ

𝑚𝑒
𝑃𝛼  and [𝑅𝛼, 𝐿𝛼] = 0 one obtains an 

alternative expression for 𝐺𝛼𝛽
′ (𝜔) in the velocity gauge or (P, L) formalism19,94 

𝐺𝛼𝛽
′ (𝜔) = −

𝑒

𝜔𝑚𝑒
Re(〈〈𝑃𝛼; 𝑚𝛽〉〉𝜔) 

 (6) 

or the modified velocity gauge formalism36 

𝐺𝛼𝛽
′ (𝜔) = −

𝑒

𝜔𝑚𝑒
Re(〈〈𝑃𝛼; 𝑚𝛽〉〉𝜔 − 〈〈𝑃𝛼; 𝑚𝛽〉〉0) 

 (6) 

The two commutator relations are only exactly fulfilled in the case of a complete one-

electron basis set, while Eq. (5) holds exactly for optimal variational wave functions. 

While the mixed electric dipole-magnetic dipole polarizability 𝐺𝛼𝛽
′ (𝜔) in the length 

gauge depends on the choice of the arbitrary origin 𝒓0, the trace of the tensor in the 

velocity gauge or modified velocity gauge is invariant to a change in the origin in any 

approximate calculation. Origin independence can also be obtained for 𝐺𝛼𝛽
′ (𝜔) in the 

length gauge by using London or gauge-including atomic orbitals (GIAO)99 as, for 

example, implemented in Dalton programme.100 

 

2.2 Computational details 

The geometry of the nine molecules shown in Figure 1 were optimized at 

density-functional theory (DFT) level using the B3LYP68 functional with the Pople style 

basis set 6-31+G(d,p)101. A systematic conformational analysis of those compounds 

with rotatable bonds has been carried out at the same computational level. Frequency 

calculations have been also carried out to confirm that the structures obtained 

correspond to stable energetic minima. The number of minima located for each 

compounds are: 3 for the 2-(fluoromethyl)oxirane (1), 8 for the oxiran-2-ylmethanol 

(glycidol) (4), 2 for the 1-(oxiran-2-yl)ethan-1-one (5), 4 for the oxirane-2-carboxilic 

acid (6) and only one for the rest of the compounds. The most stable conformer for all 

the compounds has been used in the present study. All these calculations have been 

performed with the Gaussian-09 package.102 

The calculations of optical rotatory power (ORP) have been evaluated with 

Dalton program96,103,104 using the DFT functionals B3LYP,68 CAM-B3LYP,69 KT371 

and PBE0.70 The CAM-B3LYP extension of the B3LYP functional was tailored 
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explicitly to treat Rydberg-type and diffuse excitations and the functional was 

recommended for excitation energy calculations,105 while the KT3 functional is a 

general gradient approximation functional tailored for the calculation of molecular 

properties. For the basis set study both the correlation-consistent basis sets aug-cc-

pVXZ (with X = D, T, Q and P),67 and the polarization-consistent basis sets aug-pc-n (n 

= 0, 1, 2, 3, and 4)66 were employed. All the calculations of the optical rotation were 

carried out in the length gauge with London orbitals. 

For the calculations in a solvent the polarizable continuum model PCM in the 

integral equation formalism variant (IEFPCM)72 and the SMD variation73 as 

implemented in the Gaussian 09 package were employed. For the analysis of the solvent 

effect due to the IEFPCM and SMD models, we have also varied the radii of the cavity. 

The IEFPCM (or PCM) model has two contributions, one electrostatic from the bulk 

and one from the cavity-dispersion solvent-structure term that represents the interaction 

solvent-solute in the first solvation shell and depend on the geometry of the solute; 

while the SMD model uses the full solute electron density instead of the partial atomic 

charges with non-electrostatic terms. 

 

3. Results and discussion 

3.1. Basis set study 

To analyze the effect of the basis set on the ORP we compare results calculated 

with London atomic orbitals, for (S)-2-methyloxirane (2) with the different sets chosen 

here for the calculations. When they all tend to coincide, the basis set is assumed to be 

converged. 
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Figure 2: Optical rotation, ()D [deg (dm g/cm3)-1] at λ= 589.6 nm, of (S)-2-

methyloxirane (2) calculated with the B3LYP, CAM-B3LYP, KT3 and PBE0 

exchange-correlation functionals and the aug-cc-pVXZ (denoted as cc and with solid 

lines) and aug-pc-n basis sets (denoted as pc and with dashed lines) as a function of the 

cardinal number X or n, where X = n + 1. 

 

In Figure 2 the results of our basis set study for (S)-2-methyloxirane (2) are 

shown for the correlation-consistent basis sets aug-cc-pVXZ (X = D, T, Q and P) and 

for the polarization-consistent basis sets aug-pc-n (n = 1, 2, 3 and 4) with all the four 

exchange-correlation functionals, B3LYP, CAM-B3LYP, KT3 and PBE0. Table S1 in 

supplementary material contains all the calculated values shown in Figure 2 and in 

addition some aug-pc-0 results. From Figure 2 it becomes quite clear that despite the 

rather large differences in the results between the different exchange-correlation 

functionals, which will be discussed later, their dependence on the basis sets is rather 

similar and in parts even identical. On the other hand, there are significant differences in 

the double and triple zeta results between the correlation- and polarization consistent 

basis sets. In particular, the aug-pc-2 results deviate consistently from the otherwise 

monotonic increase of the optical rotation with increasing cardinal number as seen in 

the Figure 2. A similar behavior of the polarization-consistent basis sets has previously 

-20.00

-15.00

-10.00

-5.00

0.00

5.00

D/1 T/2 Q/3 P/4
Cardinal number

cc: B3LYP cc: CAM-B3LYP cc: PBE0 cc: KT3

pc: B3LYP pc: CAM-B3LYP pc: PBE0 pc: KT3
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been seen also for NMR shielding constants.106 At the end, i.e. for the quadruple and 

pentuple zeta basis sets, the results of the correlation- and polarization consistent basis 

sets coincide however anyway. Furthermore, Figure 2 shows that the optical rotation as 

a function of the basis set size converges with respect to the cardinal number at the 

quadruple zeta level, X=Q and n=3, i.e for the aug-cc-pVQZ or aug-pc-3 basis sets. 

 

 

Figure 3: Optical rotation, ()D [deg (dm g/cm3)-1] at λ= 589.6 nm, of all nine 

derivatives of aziridine and oxirane calculated at the DFT level using the CAM-B3LYP 

exchange-correlation functional and different polarization-consistent basis sets, aug-pc-

n. For the names and structures of the molecules 1 – 9 see Figure 1. 

 

Based on the fact that the polarization-consistent basis sets are optimized for 

DFT calculations, we decided to continue with those for the other 8 molecules. In 

Figure 3 and Table S3 in the supplementary material CAM-B3LYP results with the 

aug-pc-n (n = 1, 2, 3) basis sets for the optical rotation ()D of all nine derivatives of 

oxirane and aziridine are shown. Corresponding values for the B3LYP exchange-

correlation functional are given in Table S2 in the supplementary material. All the 

molecules exhibit a very similar behavior on increasing the basis set. The differences 

between the aug-pc-2 and aug-pc-3 results are less than 1.5 deg (dm g/cm3)-1 apart from 

-140.00

-120.00

-100.00

-80.00

-60.00

-40.00

-20.00

0.00

20.00

40.00

0 1 2 3
n
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(R)-oxiran-2-carboxilate (7) where the difference is 5.2 deg (dm g/cm3)-1, which 

however amounts also only 5% and is thus not larger than for the other molecules in 

relative terms. We can therefore safely assume that all the optical rotation of all 

molecules behaves like for (S)-2-methyloxirane (2) and that the results are therefore 

converged at the quadruple zeta level, i.e. for the aug-pc-3 basis set. We will therefore 

in the following employ this basis set. But we note also the triple zeta results are only 

about 5 to 10% different. Both these findings correspond well to what was observed in 

previous studies.16,28,30,31 

 

 

Figure 4: Optical rotation, ()D [deg (dm g/cm3)-1] at λ= 589.6 nm, of all nine 

derivatives of aziridine and oxirane calculated at the DFT level using the four exchange-

correlation functionals B3LYP, CAM-B3LYP, PBE0 and KT3 and the aug-pc-3 basis 

set. For the names and structures of the molecules 1 – 9 see Figure 1. Note, that the 

results for molecule 7 were scaled down by a factor 10 and the results for molecule 9 by 

a factor 2 in order to keep them in the figure. 

 

3.2. Functional study 

The optical rotation for all nine molecules at the sodium D line, ()D, (λ=589.6 

nm) obtained with the DFT functionals B3LYP, CAM-B3LYP, PBE0 and KT3 and the 

aug-pc-3 basis set are gathered in Figure 4 and all numerical values are included in 
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Table S4 of the supplemental material. The results obtained with the CAM-B3LYP and 

the PBE0 functionals are in general closest with the exception of trans-(S)-2-

methylaziridine (8), where the CAM-B3LYP and B3LYP results are almost identical. 

The B3LYP results differ somewhat more from the CAM-B3LYP and PBE0 results. 

Apart from (R)-oxirane-2-carboxilic acid (6), where the three functionals give almost 

the same results, the differences are between 2 and 9 deg (dm g/cm3)-1 which amounts to 

between 7 and 49%, depending on the compound. The KT3 functional, on the other 

hand, exhibits in general values very far from those of CAM-B3LYP, PBE0 and also 

B3LYP. The differences are in particular large for (S)-2-methyloxirane (2) and (R)-1-

(oxiran-2yl)-ethane-1-one (5), where KT3 actually predicts the opposite sign of the 

optical rotation than the other three functionals, and for (R)-oxiran-2-carboxilate (7) and 

(S)-oxiran-(2ylmethanol) (4), where KT3 predicts either a much too large or much too 

small value compared to all the three other functionals. In general, one observes that 

although the nine molecules are quite similar apart from different substituents, there is 

no common trend for which functional will lead to larger values and which to smaller 

values. In the following we will investigate the effect of solvents on the B3LYP, CAM-

B3LYP and PBE0 results. 

 

3.3. Solvent effects and comparison with experiment 

Most experimental studies are carried out in a solvent and solvent effects are 

known to have significant effects on properties like the optical 

rotation23,25,26,48,52,57,58,59,61. We have therefore also carried out calculations in the 

solvents employed in the experimental studies. Results for λ= 589.6 nm, obtained at the 

DFT level with the B3LYP, CAM-B3LYP and PBE0 functionals and the aug-pc-3 basis 

set are shown in Table 1 for the compounds, for which we could find experimental 

values. Additional results for λ= 355 nm are given in Table S5 in the supplemental 

material. The solvents are described by the Polarizable Continuum Model both in the 

IEFPCM72 and the SMD versions73 as implemented in the Gaussian 09 package.102  
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Table 1: Optical rotation, ()D [deg (dm g/cm3)-1] at λ= 589.6 nm calculated at the DFT 

level using the B3LYP, CAM-B3LYP and PBE0 exchange-correlation functionals using 

the aug-pc-3 basis set and the PCM models in the IEFPCM and SMD versions for the 

given solvents. The SMD results are given in parentheses. 

# Solvent 
()D [deg (dm g/cm3)-1] at 589.6 nm 

B3LYP CAM-B3LYP PBE0 Exp. 

2 vacuum -7.89 -10.11 -11.12 -12.53a)/-11.6b) c) 

 C6H12 -4.64 (-9.63) -5.80 (-10.38) -7.72 (-13.00) -11.9a) 

 CCl4 -4.28 (-9.41) -5.34 (-10.05) -7.35 (-12.80) -18.55d)/-18.7a) c)/-20.2e) 

 C6H6 -4.26 (-9.58) -5.30 (-10.17) -7.35 (-13.00) -30.6a) 

 CHCl3 -1.68 (-4.07) -2.24 (-4.18) -4.64 (-7.29) -8.5a)/-8.21d)/-10.8g) h) 

 CH2Cl2 -0.20 (-3.25) -0.53 (-3.25) -3.12 (-6.55) -5.5a)/-7.57f) 

 (CH3)2CO 0.93 (-3.30) 0.73 (-3.29) -1.95 (-6.66) -8.2a) 

 CH3OH 1.27 (7.45) 1.11 (7.83) -1.59 (5.01) -7.2a) 

 H2O 1.61 (7.92) 1.51 (8.33) -1.25 (5.48) 4.3a) 

3 vacuum -28.42 -31.66 -32.32  

 CHCl3 -21.74 (-7.43) -24.08 (-10.55) -25.67 (-12.06) -4.1c) 

 CH3OH -17.32 (-5.56) -19.48 (-8.04) -21.47 (-9.87) -6.1i) 

4 vacuum -27.96 -36.58 -34.92  

 CHCl3 -26.00 (-7.23) -33.10 (-15.56) -32.75 (-15.00) -23.1j) 

 H2O -20.95 (-16.72) -27.70 (-22.85) -27.89 (-23.50)  

5 vacuum -13.70 -19.23 -16.40  

 CH2Cl2 -8.06 (4.96) -10.94 (1.26) -10.67 (2.54) 116.1k) 

 CH3OH -7.96 (7.71) -10.24 (5.06) -10.50 (4.15) -72c)/-108.9l) 

 H2O -7.91 (8.10) -10.06 (5.53) -10.44 (4.52)  

7 vacuum -160.88 -107.73 -125.41  

 CH3OH -52.40 (-11.29) -32.57 (0.68) -41.04 (-4.35) 17.7m) 

 H2O -50.41 (-9.06) -30.92 (2.58) -39.33 (-2.36) 33n)/-11.7o)/31.8p) 

8 vacuum 22.37 22.72 17.91 

-12.4p) q) 
 C2H5OH 36.38 (41.63) 35.48 (40.48) 31.28 (35.95) 

9 vacuum -72.76 -63.57 -67.77 

 C2H5OH -55.33 (-64.39) -48.04 (-56.13) -52.34 (-61.06) 
 

a) Ref.76; b) Ref. 77; c) Ref. 78; d) Ref. 79; e) Ref. 80; f) Ref. 81; g) Ref. 82; h) Ref. 83; i) 

Ref. 84; j) Ref. 85; k) Ref. 86; l) Ref. 87; m) Ref. 89; n) Ref. 90; o) Ref. 89; p) Ref. 90; q) Ref. 

91 

 

Comparing the results for ()D obtained with the two versions of the PCM 

model, IEFPCM and SMD, shows quite large differences in the predicted values. For 

(S)-2-methyloxirane (2) and (S)-2-methylaziridine (8 & 9) the SMD values are 

consistently larger in absolute values by roughly 5 deg (dm g/cm3)-1 independent of the 
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functional and with only small variation due to the solvents. For the other compounds, 

(R)-2-(fluoromethyl) oxirano (3), (S)-oxiran-(2ylmethanol) (4), (R)-1-(oxiran-2yl)-

ethane-1-one (5) and (R)-oxiran-2-carboxilate (7), on the other hand, the SMD results 

are in absolute values always smaller for all three functionals and the variation in the 

difference between the results for water as solvent and organic solvents is also larger 

than for the other molecules. This implies also that the solvent shifts predicted by the 

two solvent models are quite different and in the case of (S)-2-methyloxirane (2) and the 

more apolar solvents, cyclohexane, tetracholoromethane and benzene, even differ in the 

sign. For the more polar solvents and the other compounds SMD then predicts larger 

solvent shifts. With a few exceptions, the solvent shifts are large, on average 47% for 

the B3LYP and CAM-B3LYP exchange-correlation functionals using the IEFPCM 

solvation model but only 34% for PBE0. For the SMD solvation model they are on 

average even larger with 66% for the B3LYP and CAM-B3LYP functionals and only 

53% for PBE0, despite the fact, that for some of the molecules and solvents the changes 

are smaller with the SMD model. 

In Table 1 also experimental values are listed for the given solvents and in the 

case of the gas phase values the neat experimental values are listed. One notes that the 

different experimental values are not always in agreement with each other and that the 

differences between the experimental values are sometimes larger than the differences 

between the different theoretical predictions as e.g. in the case of (R)-1-(oxiran-2yl)-

ethane-1-one (5) and (R)-oxiran-2-carboxilate (7). Nevertheless, using these 

experimental values in order to judge the performance of the different combinations of 

exchange-correlation functionals and solvent models gives a rather non-uniform picture. 

For (S)-2-methyloxirane (2), PBE0 with the SMD model leads with the exception of 

methanol as solvent to the best agreement with differences of below 2 deg (dm g/cm3)-1 

for cyclohexane, trichloromethane, dichloromethane, acetone and water as solvents and 

6 deg (dm g/cm3)-1 or 18 deg (dm g/cm3)-1 for tetrachloromethane and benzene, 

respectively. For (R)-2-(fluoromethyl) oxirano (3) in trichloromethane or methanol, (R)-

1-(oxiran-2yl)-ethane-1-one (5) in dichloromethane and for (R)-oxiran-2-carboxilate (7) 

in methanol, B3LYP and again the SMD model give the smallest deviations. For the 

other combinations of compounds and employed solvents, the IEFPCM model leads to 

smaller deviations, but not with a different functional in each case. It is there not really 

possible to say which of the different functional and solvent model combinations 

performs best apart from that there is a preference for the SMD solvent model. 
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However, we do observe that in the majority of the cases using a solvent model 

improves the agreement with the experimental values. In the remaining cases, (S)-2-

methyloxirane (2) with trichloromethane, acetone or methanol as solvent, the solvent 

calculations overestimate the solvent effects. Looking at the mean or mean absolute 

deviations from the experimental values, again PBE0 in combination with the SMD 

solvation model performs best. The mean deviation is only 2.3 deg (dm g/cm3)-1 and the 

mean absolute deviation is 19.3 deg (dm g/cm3)-1. However, mean absolute deviations 

for the other functional/solvent model combinations are only marginally larger, ranging 

from 19.8 deg (dm g/cm3)-1 (B3LYP/SMD) to 23.9 deg (dm g/cm3)-1 

(B3LYP/IEFPCM). 

Several factors might contribute to deviations of calculated values from 

experimental data. As already commented on, the accuracy of the experimental values 

of ()D for the compounds studied here are not well-defined and they might vary 

considerable. Beside they are not carried out all at the same temperature. Other factors 

are certainly the neglect of explicit solvent effects, which can be 

substantial,52,53,57,62,63,107 the induction of chiral solvent configurations63 and the neglect 

of vibrational effects or even the combination of both.23,46 

In order to investigate the effect of the solvent cavity, the solvent effects have 

been calculated with the SMD and IEFPCM models for structure (2), (S)-2-

methyloxirane with chloroform as solvent, at the DFT/B3LYP and aug-pc-3 level of 

theory choosing different radii of the solvent cavity. The corresponding results are 

represented in Fig 5, including also the difference between both methods. The default 

radius is between 2.0 Å and 3.0 Å. The solvent effect decreases with the radius and the 

difference between the models tends to disappear, meaning that the electrostatic 

contribution of both models is dominant by far, which in practice does not account for 

the effects of locally induced chirality produced by the solute on the non-chiral solvent. 

For the default radius, 2.48 Å, the cavity dispersion solvent structure term is no longer 

significant, less than 3% of IEFPCM contribution. The trend of both models is almost 

the same. 
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Figure 5: Optical rotation, ()D [deg (dm g/cm3)-1] at λ= 589.6 nm, of (S)-2-

methyloxirane at the DFT level using the B3LYP exchange-correlation functional for 

different radii of the solvent, employing the aug-pc-3 basis set. 

 

4. Conclusions 

The specific rotation or optical rotation, ()D, of the seven oxirane derivatives, 

(S)-2-fluorooxirane, (S)-2-methyloxirane, (R)-2-(fluoromethyl)oxirane, (S)-oxiran-2-

ylmethanol, (R)-1-(oxiran-2-yl)ethane-1-one, (R)-oxirane-2-carboxylic acid and (R)-

oxirane-2-carboxylate, and the two aziridine derivatives, trans-(S)-2-methylaziridine 

and cis-(S)-2-methylaziridine were calculated at the DFT level of theory with four 

different exchange-correlation functionals, several basis sets and two versions of the 

PCM model for solvent effects.  

For (S)-2-methyloxirane the basis set dependence of the optical rotation was 

investigated with both the augmented correlation consistent basis sets aug-cc-pVXZ (X 

= D, T, Q, P) and the augmented polarization consistent basis sets aug-pc-n (n=0, 1, 2, 

3, 4). We find that the results obtained using basis sets of the quadruple or pentuple zeta 
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level, aug-cc-pVQZ or aug-cc-pVPZ and aug-pc-3 or aug-pc-4, are very similar, 

whereas results obtained at the triple-zeta level, aug-cc-pVTZ or aug-pc-2, are not yet 

converged. 

With respect to the 4 different exchange-correlation functionals employed in this 

study, we observe that the results obtained with the CAM-B3LYP and PBE0 functionals 

are in most cases very similar and differ somewhat from the B3LYP results, while the 

KT3 results are often very different. 

Treating the effect of the different solvents employed in the experimental 

studies, did not lead to a clear conclusion. The solvent shifts predicted by the IEFPCM 

and SMD version of the PCM model are quite different and in some cases differ in the 

sign. Comparing the calculated values for the optical rotation including these solvent 

shifts with the experimental values, shows that in the majority of the cases, i.e. 

combination of studied compound and solvent, the SMD model with the PBE0 

functional gives the best agreement with experiment. 
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