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The spectroscopy of Raman optical activity (ROA) measures
tiny differences in the Raman scattering of left and right

circularly polarized light. The first spectrum was measured in
1973,1 and the method was soon established as a useful probe
into the structure and conformational behavior of molecules.2 In
particular, biologically relevant systems, such as peptides,3-5

proteins,6,7 nucleic acids,8 and even viruses,9 can be conveniently
measured in the natural aqueous environment. The method is
very sensitive to molecular flexibility10 and has a potential to be
combined with a surface enhancement on metal surfaces.11,12

However, the circular intensity difference (CID), the ratio of
the ROA difference to the total scattered radiation,13 is usually
very small, ∼10-4, and advanced setups are required to avoid
artifacts in measured signal.14-17 Unlike for the vibrational
circular dichroism (VCD, which is another common form of
vibrational optical activity), fluorescence phenomena often in-
hibit collection of ROA spectra and restrict the application span.
Therefore, for example, whereas solid18 and gaseous19 VCD
techniques for molecules exist, only a crystal ROA20 was reported
so far. Purely rotational ROA was found to be possible theo-
retically,21 but it is not available because of limited instrumental
resolution and frequency range. This again contrasts with the
infrared techniques, where the rotational resolution was achieved
at least for the magnetic VCD.22

We found that it was possible to collect the ROA gaseous
spectra on a commercial apparatus in a longer sample cell if the
signal coming from the cell-fused silica window could be
subtracted. One way to do it is to let the sample vapor gradually
escape during the measurements so that the cell does not change
orientation between the sample and baseline signal collection.

The gas spectroscopic response is useful to benchmark
theoretical studies. The ROA applications were to a large extent
triggered by reliable computations that could be used to interpret
the spectra.23 The vibrational optical activity of substituted

oxiranes in the liquid case was previously investigated for the
large signal and molecular rigidity.24 Introduction of gauge-
invariant atomic orbitals25 and analytical coupled-perturbed DFT
techniques26,27 accelerated the calculations and made them acces-
sible for larger molecules.28,29 For small peptides, the same
conformer ratios could be obtained from ROA as from NMR
spectra, providing accurate simulations were available.30 Never-
theless, anharmonic interactions can significantly lower the
precision of the simulations,31 and solvation effects are difficult
to model theoretically.32 Comparison of the spectra obtained in
many environments, including vacuum, can thus help us to
validate the theoretical approaches, and, in a final effect, to
understand the intermolecular interactions.

Because the S- and R-methyloxirane liquid Raman and ROA
spectra were analyzed before, including the band assignment,24

we concentrate on the vapor. The experimental Raman of S-
methyloxirane is presented in Figure 1. Note that the absolute
intensity is impractical to measure because it depends on the
accumulation time, laser power, and so on. The relative inten-
sities approximately correspond to the liquid experiment;24

however, they are significantly broadened by the rotational
motion. Also, a fine rotational structure is apparent, including
the P, Q, and R branches,33 which is unfortunately impossible to
resolve fully on the ROA spectrometer, where one pixel row of
the CCD detector covers ∼3 cm-1.

Nevertheless, the simulations (Figure 1) reasonably well-
reproduce the intensity distribution within the entire range of
wavenumbers. Also, we can see that the 30 K spectrum (blue in
Figure 1) exhibits the rotational broadening too narrow, whereas
300 K (red curve) is more realistic. The simulation of the
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ABSTRACT: Raman and Raman optical activity spectra (ROA) of methyloxirane
enantiomers were measured in neat liquid and gas phases and compared with quantum
chemical computations. Simulated rotational line broadening for the gas corresponded to
the observations. The differences in vibrational frequencies caused by the self-solvation
calculated with the use of a continuum model well corresponded to the experimental ones.
Anharmonic corrections improved the harmonic frequencies and intensities. The compar-
ison of the gaseous and liquid state data is useful for benchmark studies of molecular
interactions with environment. The ROA spectroscopy provides additional information to
the Raman scattering and makes the mode assignment more reliable.
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temperature dependence also gives us an important feedback
about the quality of the spectra, which can be easily destroyed, for
example, by an accidental irradiation of the detector during
the measurement.

In Table 1, calculated and vapor experimental S-methyloxirane
frequencies are compared, and the average absolute deviations
are listed. The MP2 frequencies computed previously (δ =
50 cm-1)24 are significantly improved by using the larger basis
set in this study (δ = 21 cm-1); still, the B3LYPmethod provides
more accurate results (δ = 15 cm-1). The remaining error can be
further reduced by the inclusion of the anharmonic interaction,
either by the perturbation (δ = 12 cm-1) or by a more advanced
VCI (δ = 7 cm-1) method. Note that the first mode (methyl-
rotation) was not included in the anharmonic corrections
because its potential is strongly anharmonic. In this case, an
adiabatic approximation would have to be used,34 which goes
beyond the goal of this study. The higher frequency modes do
significantly profit from the anharmonic correction, which is also
documented in Figure 2, where harmonic, anharmonic (VCI),
and the experimental Raman spectra are plotted. For most
modes, the anharmonic positions are closer to experiment.
Within 1300-1600 cm-1, the anharmonic correction even leads
to a muchmore realistic intensity distribution. Calculated Raman
intensities of combination bands are small and with the current
sensitivity of the instrument not reliably detectable; nevertheless,
a weak signal at∼800 cm-1 and above 1500 cm-1 indicates such
bands, both in theory and in experiment.

The S- and R-methyloxirane vapor ROA spectra are plotted in
Figure 3, and compared with the simulated spectra (B3LYP/aug-
cc-pVTZ intensities) and neat liquid ROA. Although the noise in
the experimental gaseous ROA is much larger than that for the
liquid, we can see that the S- and R-enantiomers provide reason-
ably symmetric (opposite) signals and that the strongest bands
can readily be supported by the theory, including the rotational
broadening. Relative intensities around 390 and 950 cm-1 are
somewhat larger than those for the simulation or the liquid, but
the sign pattern is probably identical. Unfortunately, the gaseous
signal is obscured by noise within 1100-1600 cm-1 despite the
absence of the cell window scattering in this region.

The similarity of the gaseous and liquid spectra reflects the
tight link between the ROA intensities and the geometry.23 A
finer solvent effect on the intensities, also indicated for some
systems,35,36 cannot be estimated because of the larger noise in
the vapor experiment. However, the solvatochromic Raman
frequency shifts can be accurately evaluated from the gaseous

and liquid experiments. These reasonably well correlate with the
calculated shifts, as can be seen from the comparison in Figure 4.
The shifts are similar to those obtained for acetonitrile as a
solvent.35 Most of the fundamental frequencies are shifted down

Figure 1. Raman spectrum of S-methyloxirane: the vibrational-rota-
tional envelopes simulated for two temperatures and the experiment at
300 K. The symmetric top approximation and the B3LYP/aug-cc-pVTZ
intensities were used for the simulations, with frequencies scaled
according to the experiment.

Table 1. Calculated and Experimental Fundamental Transi-
tion Frequencies of S-Methyloxirane

B3LYPb

mode MP2a MP2b harm Ah-PT2 Ah-VCI exp

1 218 218 209 209 209 213

2 373 369 367 364 370 367

3 419 406 410 408 413 412

4 799 776 771 748 760 757

5 882 859 842 820 833 838

6 935 910 908 883 889 898

7 1006 977 973 948 958 958

8 1070 1048 1043 1017 1022 1026

9 1160 1127 1129 1102 1108 1109

10 1178 1154 1157 1124 1133 1133

11 1203 1171 1166 1138 1145 1145

12 1225 1194 1189 1162 1169 1171

13 1330 1296 1293 1264 1276 1269

14 1458 1404 1407 1369 1375 1376

15 1498 1451 1438 1397 1408 1413

16 1546 1499 1484 1435 1433 1464

17 1561 1514 1497 1454 1460 1490

18 1588 1537 1528 1483 1493 1508

δc 50 21 15 12 7 0
a 6-31G* basis, ref 24. bAug-cc-pVTZ basis, this work. cAverage absolute
deviation, δ = (1/N) Σi=1

N |ωcalcd
i - ωexp

i |.

Figure 2. From top to bottom: calculated (B3LYP/aug-cc-pVTZ,
Lorentzian profiles used only) harmonic and VCI anharmonic Raman
spectra and the experimental spectrum of S-methyloxirane vapor.
The calculated intensities were scaled arbitrarily by a common factor
according to the experiment.
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in the liquid, so that the force constants are weaker. As expected,
the largest shifts occur at the C-O stretching region and for
modes involving the oxygen (700-900 cm-1).24 Perhaps sur-
prisingly, however, also the higher-frequency bands (>1300 cm-1),
involving most vibrations of the less polar molecular parts,24

are affected. Nevertheless, all solvent shifts are rather small
(<14 cm-1) and cannot be compared, for example, with fre-
quency changes caused by stronger interactions, such as hydro-
gen bonds, which often approach 100 cm-1.32

We can thus conclude that the gaseous ROA measurement is
possible with the available instrumental technique and that it can
provide useful information about molecular structure, behavior,
interaction with the environment, and the computational meth-
odologies. The low sensitivity of the scattering technique remains
a problem. Obviously, not all compounds can be measured as
gases. The methyloxirane has a very low boiling point (33 �C),
which allowed us to perform the measurement relatively easily in
the room-temperature controlled by an air conditioning unit.
The concentration of the vapors (∼0.02 M) estimated from the
oxygen and nitrogen partial pressures detected by the Raman
intensity (Supporting Information) approximately corresponds

to detection threshold in solutions and required days of accu-
mulation time.37 The larger concentration in the neat liquid
(14.3 M) provided the spectra much faster (minutes) and with a
smaller noise. Therefore, further improvements of the instru-
mentation are desirable for the ROA in the gas phase.

’EXPERIMENTAL METHODS

The S- and R-methyloxiranes were purchased from Sigma and
used without further purification. The spectra were measured with
the Biotools μ-ChiralRAMAN-2X instrument, equipped with an
Opus diode-pumped solid-state laser operating at 532 nm. Raman
and ROA spectra of neat liquids were obtained in a fused silica cell
of a total volume of 100 μL and optical path length of 1 mm.
Gaseous spectra were obtained from themethyloxirane vaporwhen
the liquid compound was partially filled and loosely sealed in a
fused silica cell of a 1 cmpath length, using laser power of 1600mW
(∼800 mW at the sample) and illumination time of 8 s. After the
sample evaporated (∼1 to 2 days) the empty cell was used as a
baseline. The evaporation was controlled by the intensity of the
nonpolarized Raman scattering. (See the Supporting Information.)
With a homemade program artifact “spikes” (false CCD detector
signals, coming form cosmic rays, etc.) were removed. For the
liquid sample spectra, no baseline correction was made; for the gas,
the signal of the cell was subtracted, and a minor polynomial
baseline correction was applied. For ROA, spectra of the R- and
S-isomers were additionally averaged from two and three indepen-
dent measurements, respectively, to exclude artifacts, in particular,
the ROA components coming from the cell windows. No smooth-
ing of the spectra was applied.

Calculations. The methyloxirane geometry was optimized
by energy minimization using the Gaussian program38 at the
B3LYP39/aug-cc-pvTZ computational level. A larger aug-cc-
pVQZ basis set was also tried, but it did not lead to significant
changes in computed spectral parameters. The Raman and ROA
spectra were calculated for the excitation frequency of 532 nm,
with the default CPGIAOmethod.27 For the neat liquid samples,
theCPCM40 continuum solventmodel was adopted for the solvent
correction, using the “solvent=tetrahydrofuran” option inGaussian,
which provided dielectric constant (refractive index n = 1.40)
similar to that of the methyloxirane (n = 1.37). Backscattered
intensities were generated by convolution with Lorentzian bands 5
cm-1 wide and the Boltzmann correction to the temperature of
300 K.31,41 Rotational broadening of the spectral lines was simu-
lated within the symmetric-top approximation42 using adapted
Vibrot program43 from the CPC library (http://www.cpc.cs.qub.
ac.uk/). For the gas spectra simulations (Figure 1, middle of
Figure 4), the B3LYP/au-cc-pvTZ frequencies were replaced by
the experimental ones; otherwise, no scaling was applied. Anhar-
monic corrections to the vibrational energies and intensities were
calculated with the S4 program44 interfaced to Gaussian using third
and semidiagonal fourth energy derivatives,31 the second-order
degeneracy-corrected perturbation (PT2), and the vibrational con-
figuration interaction (VCI) methods.45 We considered 20 462
harmonic oscillator states for VCI. The calculated intensities
were convoluted with a Lonrentzian function of the 5 cm-1

width that corresponds to the resolution of the instrument.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental details about
baseline stability and the evaporation kinetics. The material is
available free of charge via the Internet at http://pubs.acs.org.

Figure 3. ROA spectra of the methyloxirane enantiomers, measured
with vapor (top), simulated with the scaled B3LYP/aug-cc-pVTZ
calculation (middle, frequencies scaled), and neat liquid (bottom).
The y axis is arbitrary.

Figure 4. Comparison of calculated (B3LYP/aug-cc-pVTZ, vacuum vs
CPCM) and experimental solvent shifts of fundamental S-methyloxir-
ane Raman vibrational bands between the vapor and neat liquid spectra.
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