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ABSTRACT 

Monoterpenoids are biogenic volatile organic compounds (BVOCs) that play a major 

role in atmospheric chemistry, participating in the formation of aerosols. In this work, the 

monoterpenoid R-(+)-limonene oxide (C10H16O) has been characterized in the gas phase by 

Fourier transform microwave spectroscopy in a supersonic jet. Five conformers of limonene 

oxide, four equatorial and one axial considering the configuration of the isopropenyl group,  

have been unambiguously identified from the analysis of the rotational spectrum. The 

observed conformers include cis and trans forms, and are stabilised by a subtle balance of 

hydrogen bonds, dispersive interactions and steric effects. Estimated conformational relative 

abundances surprisingly reveal that the axial conformer has an abundance similar to some 

equatorial conformers. In addition, the potential energy surface was extensively explored 

using density functional theory and ab initio methods. 
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1. Introduction 

Terpenoids, formed by combining and modifying five carbon isoprene units and 

adding substituents to them, are one of the main groups of secondary metabolites in nature, 

with nearly 23000 being characterised [1,2]. They show a variety of chemical and biological 

activities [3], such as antitumor [4], antibacterial [5], antioxidant [6] and antifungal properties 

[7].  

Monoterpenoids, with 10 carbon atoms (derived from the combination of two isoprene 

units), are the principal volatiles released by different plants and coniferous forests, and are 

emitted in large quantities. Most monoterpenoids are unsaturated hydrocarbons and react very 

fast with atmospheric constituents, especially with ozone and hydroxyl radicals, forming 

oxidation products that can produce secondary organic aerosols (SOAs) [8-12]. 

Monoterpenoids are thus biogenic volatile organic compounds (BVOCs) that play an 

important role in atmospheric chemistry as they are linked with climate change in a variety of 

ways [8]. 

In order to clarify the role of terpenoid chemistry in the atmosphere, a major challenge 

is the identification and quantification of the semi-volatile compounds formed by oxidation 

processes [10,13]. To this end, techniques such as two dimensional heteronuclear NMR 

spectroscopy [14], Fourier transform infrared spectroscopy (FTIR) [15], proton transfer 

reaction mass spectrometry (PTR-MS) [16], high-performance liquid chromatography 

(HPLC) [15] and gas chromatography coupled with mass spectrometric detection [17,18] 

have been widely applied. Recently, high-resolution microwave spectroscopy has also been 

employed to study the structure in gas phase of several terpenoids, namely, perillaldehyde [1], 

carvone [19,20], limonene [19], carvacrole and thymol [21], menthone and menthol [2], 4-

carvomenthenol [22],  camphor [23], and fenchone [24] among others.  
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Limonene oxide (4-isopropenyl-1-methyl-7-oxabicyclo[4.1.0]heptane, Fig. 1) is an 

atmospheric pollutant produced by oxidation of other terpenes, mostly by degradation of 

limonene and -pinene [25]. The molecular structure and VCD spectrum of limonene oxide 

were investigated by S. Abbate et al. in the near infrared and visible range [26]. J. R. Avilés-

Moreno et al. studied the structure of this molecule theoretically and analysed the 

experimental IR, Raman and Vibrational Circular Dichroism (VCD) spectra in liquid phase 

with the help of quantum chemical calculations at the B3LYP/cc-pVDZ level of theory [27], 

finding that the experimental data could be explained by considering a mixture of equatorial 

conformers.  

In the present work we investigate limonene oxide in the gas phase for the first time, 

uniquely characterising its conformations by Fourier-transform microwave (FTMW) 

spectroscopy in supersonic jets and carrying out higher level quantum chemical calculations.  

Five different conformers of limonene oxide have been detected, and their molecular 

parameters determined, from the analysis of its rotational spectrum. The potential energy 

surface (PES) of limonene oxide has been explored with density functional theory and ab 

initio methods using several basis sets. Comparison of the experimental rotational constants 

with those calculated ab initio led to the conclusive identification of the species observed in 

the rotational spectrum as four equatorial and one axial conformers. Attractive interactions 

such as hydrogen bonds and dispersion forces, together with steric effects, have been found to 

be relevant in determining conformer structures. In addition, possible conformational 

relaxation processes in the supersonic jet have been investigated with MP2 calculations. The 

gas phase results reported here are compared with those obtained for the liquid phase. The 

present study provides definite information on the conformational landscape of a relevant 

monoterpenoid of environmental and atmospheric interest, and on the factors that govern its 

conformational preferences. 
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2. Methods 

2.1. Experimental  

The microwave spectrum of limonene oxide was recorded in the frequency range 4–20 

GHz using an impulse Fabry-Pérot molecular beam Fourier transform microwave FP-FTMW 

spectrometer [27-30] available in Lille, and in the frequency range 2-8 GHz using a chirp 

FTMW (CP-FTMW) spectrometer at King’s College London [24]. R-()-limonene oxide was 

purchased from Sigma–Aldrich as a mixture of cis and trans isomers (97% purity) and used 

without further purification. In both experiments, a few droplets of neat liquid were placed in 

a bespoke heating nozzle and heated at temperatures of 343-353 K to obtain optimal signals, 

as limonene oxide has a low vapour pressure at room temperature.  

In the FP-FTMW experiment, neon flowed through the heated nozzle at a stagnation 

pressure of 2 bar. The gas mixture was then introduced into the vacuum tank containing the 

Fabry-Perot cavity, by means of the pulsed nozzle at a rate of 1.5 Hz, to create a supersonic 

beam with an estimated Trot = 0.5-1 K. The molecules were polarized with 2 s pulses of 

tunable microwave radiation and the free-induction decay occurring at each resonance 

frequency was detected and processed. As the nozzle is located in the centre of the fixed 

mirror of the Fabry-Perot cavity, the supersonic expansion is coaxial to the optical axis 

leading to a characteristic Doppler doubling in the spectrum [31]. The experimental retained 

frequency of the lines is the average frequency of the two Doppler components (10 kHz full 

width at half-maximum, FWHM) after Fourier transformation 65536 data points sampled at 

120 MHz leading to a frequency grid of 1.84 kHz.  

In the CP-FTMW experiment, limonene oxide was seeded in neon at stagnation 

pressures of 5 bar. Molecular pulses of 1100 s were found optimal to form the supersonic jet 

in our vacuum chamber. Limonene oxide molecules were polarised with chirps of 4 s 
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duration spanning the 2-8 GHz frequency range. Molecular relaxation signals were collected 

in the time domain for 15 s using a digital oscilloscope. A fast Fourier-transform algorithm 

with a Kaiser-Bessel window was used to convert the transient record into the frequency 

domain. In our setup the microwave radiation propagates perpendicular to the supersonic jet, 

which results in a short transit time of the molecules through the MW field region, and with 

the settings above this yields lines with FWHM ~ 110 kHz. 

 

2.2. Computational  

Theoretical calculations were carried out to explore the conformational landscape of 

limonene oxide and optimise the structures of its lower-energy conformers, predicting their 

molecular properties and aiding conformational identification. All calculations were 

performed using the Gaussian 09 software package [32].  

As explained in ref. [27], there are 12 conformational minima in the potential energy 

surface (PES) of limonene oxide, corresponding to the combinations of six possible 

conformations of the isopropenyl group (equatorial and axial, each at three dihedral angles 

C8C7C4C5 around 0° (C), +120° (A) and -120° (a), with a cis or trans configuration of the 

epoxide ring with respect to the isopropenyl group (see Fig. 2). The calculations performed in 

ref. [27] using B3LYP in combination with the 6-31G** and the cc-pVDZ basis sets have 

been significantly extended here to include the M06-2X functional and ab initio (MP2) 

methods [33-36]. The structures of the 12 conformational minima were optimised at the 

B3LYP/6-311++G(d,p), B3LYP/6-311++G(2df,p), B3LYP-D3/6-311G++(d,p) Grimme's D3 

dispersion [37], M062X/6-311++G(d,p), M062X/6-311++G(2df,p), MP2/6-311++G(d,p) and 

MP2/aug-cc-pVTZ levels of theory. The relative energies of the conformers were determined 

using the above methods, and also the G3 and G4 methodologies (see Table 1). There are 

considerable changes in going from B3LYP (with and without Grimme's D3 dispersion) to 
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M06-2X and MP2 methods; specifically, the latter methods predict all axial conformers to 

have considerably lower energies, which results in a different energy ordering with one of the 

axial forms now predicted to be the global minimum. The rotational constants and dipole 

moment components for all conformers predicted by each method are collected in Tables S1-

S12 of the Supplementary Information.  Table 2 displays the MP2/6-311++G(d,p) values. 

The PES of limonene oxide has been also explored along the isopropenyl group 

torsional coordinate for axial and equatorial conformers by scanning the dihedral angle 

C8C7C4C5 (see Fig. 1) in steps of 5° at the MP2/6-311++G(d,p) level of theory (see Fig. 4). 

This confirmed the energy ordering of the conformers, and allowed us to investigate 

conformational interconversion and identify transition states. Higher energy conformers can 

relax to their lower energy forms by collisions with the carrier gas in the initial stages of the 

supersonic expansion, if barriers for interconversion are sufficiently low, around 1000 cm-1 

(ca. 12 kJ/mol) or lower, for molecular systems with several degrees of freedom [38-40]. 

Considering this, conformers eq-trans-C, eq-cis-C, ax-trans-a and ax-cis-A, predicted to 

have very low interconversion barriers to conformers eq-trans-A, eq-cis-A, ax-trans-A and 

ax-cis-a, respectively, are extremely likely to relax in the supersonic jet. The structures of the 

transition states between all forms have been optimised at different levels of theory. Their 

relative energies are given in Table S13 of the Supplementary Information.  

The torsional barriers of the two methyl groups of limonene oxide have also been 

explored by carrying out scans along the HC9C7C4 and HC10C1C6 dihedral angles (see Fig. 

1 for atom labelling) at  B3LYP/6-311++G(2df,p), M062X/6-311++G(2df,p) and MP2/6-

311++G(d,p) levels of theory.  Barriers of 750 (B3LYP), 680 (M062X) and 890 (MP2) cm-1 

for the HC10C1C6 dihedral angle and 500 cm-1 at the three levels of theory for the 

HC9C7C4 dihedral angle were calculated for the lowest-energy equatorial conformer (see 

Fig. S1 in the Supplementary Information). Methyl torsion barriers of ca. 900 cm-1 and 650 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 10 

cm-1 were calculated along the HC10C1C2 and HC9C7C4 dihedral angles, respectively, 

using MP2/6-311++G(d,p) for the lowest-energy axial form (see Fig. S2 in the Supplementary 

Information.  

 

3. Rotational Spectrum 

The rotational spectrum of limonene oxide was observed and assigned using both FP-

FTMW and CP-FTMW spectrometers in Lille and London, respectively. The broadband 

rotational spectrum of limonene oxide in the 2-8 GHz frequency range is displayed in Fig. 3. 

On first inspection, the spectrum presents a high density of lines which seems to indicate the 

presence of several conformations. All conformers of limonene oxide are expected to be 

asymmetric tops close to the prolate limit, and most have sizable values of the b dipole 

moment (see Table 2). Therefore first searches were directed to find the series of R-branch b-

type transitions J1,J-1  J0,J separated by approximately 2C. Four species were initially found 

in the spectrum. First fits including b-type transitions allowed us to determine preliminary 

rotational constants and to predict more transitions that were later measured and incorporated 

in the fits, confirming original assignments. All transitions were fitted according to a standard 

Watson-type Hamiltonian (S-reduction and Ir representation) [41] using the non-linear least-

squares fit program developed by Pickett [42]. Transitions measured in Lille were accounted 

for at uncertainties of 2 kHz and those measured in London were weighted at uncertainties of 

10 kHz. The determined rotational and quartic centrifugal distortion constants are listed in the 

first four columns of Table 3. After removing the transitions assigned to these four species 

from the 2-8 GHz spectrum, many lines still remained. A series of lines showing the typical 

pattern of R-branch, a-type transitions belonging to a prolate asymmetric top were identified. 

Following the same procedure as outlined above, more transitions were measured and a final 
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fit yielded the spectroscopic constants in the fifth column of Table 3. All measured transitions 

are collected in Tables S14-S18 in the Supplementary Information. 

Assignment of the species observed to individual conformers is achieved by 

comparing the experimental molecular properties, in this case rotational constants and dipole 

moment components, with those predicted theoretically. Although all conformers of limonene 

oxide are predicted to be asymmetric tops close to the prolate limit, the significant differences 

in mass distribution between axial and equatorial conformers are clearly reflected in the 

values of the rotational constants in Table 2. Considering the values of A, B and C, it is 

evident that the species I-IV in the first four columns of Table 3 are equatorial conformers 

while that in the fifth column is an axial form. By comparing the theoretical and experimental 

values of the rotational constants, and using the values of the inertial defect, it is possible to 

assign unambiguously the observed conformers. Species I corresponds to conformer eq-cis-a, 

species II is eq-trans-a, species III is eq-trans-A and species IV is eq-cis-A. The axial form, 

species V is conformer ax-trans-C.  

The assignment is further confirmed by considering the theoretical values of the dipole 

moment components along the a, b, and c inertial axes for the different conformers and 

comparing them with the relative intensities of a-, b- and c-type transitions, which are 

proportional to the corresponding dipole moment component or to its square in the 

polarisation optimized FP-FTMW or in the linear fast passage CP-FTMW experiment, 

respectively. For all conformers, the relative intensities observed for the a-, b- and c-type 

transitions (see Table 3) are in excellent agreement with the theoretical values of a, b, and 

c (Table 2). Furthermore, to optimise molecular polarisation by the use of a π/2 pulse in the 

FP-FTMW experiment, the amplitude of the electric field had to be adjusted for each line type 

proportional to the value of the components of the permanent dipole moment. For eq-trans-A 

and eq-trans-a conformers, the excitation powers needed for the a-type, b-type, and c-type 
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transitions indicate that the electric dipole moment components satisfy the inequality µc > µb > 

µa. For the eq-cis-a conformer, the excitation powers needed for optimum polarisation, 

indicate that µc ≈ µb > µa. 

No splittings of the measured transitions due to methyl group internal rotation were 

observed, in agreement with expectations from the calculated barriers. Splittings between A 

and E symmetry transitions components were calculated to be ~1 kHz for the observed axial 

and equatorial conformers with the lowest predicted methyl torsion barriers using the program 

XIAM [43], and therefore not resolvable in our experiments. Following removal of all 

measured transitions, a large number of lines still remain in the 2-8 GHz. Despite several 

attempts, it has not been possible to assign further conformers of limonene oxide.  

The abundances of the conformers of limonene oxide can be estimated from relative 

intensity measurements of selected transitions. Referring to the intensity dependence given 

above, the estimated abundances from comparison of b-and c-type transitions, where 

available, in the CP-FTMW experiment are eq-trans-a > eq-cis-A > eq-trans-A ≈ eq-cis-a ≈ 

ax-trans-C. These abundances are consistent with those from the FP-FTMW experiment, 

estimated as eq-trans-a > eq-trans-A ≈ eq-cis-a. Ab initio abundances, from the MP2 values 

of the Gibbs free energies calculated at 353 K (see Table 2), predict conformer eq-trans-A as 

the most abundant, with very similar abundances for all equatorial conformers and conformer 

ax-trans-C, while the rest of the axial conformers abundances are much lower (the higher is 

4%).  

 

4. Discussion 

There are several conformers of limonene oxide that have not been observed in the 

rotational spectrum. In the case of conformers eq-trans-C and eq-cis-C, this can be explained 

by the very low barriers predicted for the interconversion to conformers eq-trans-A and eq-
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cis-A, respectively (see Fig. 4a), and therefore they are very likely to relax to lower-energy 

forms by collisions in the supersonic expansion. Similarly low energy barriers are predicted 

for the conversion of ax-cis-A and ax-trans-a to ax-cis-a and ax-trans-A, respectively (see 

Fig. 4b). Given their relative energies, the remaining axial conformers (ax-cis-C, ax-cis-a and 

ax-trans-A) have probably not been observed because they are not sufficiently populated in 

our experiments. Similar observations regarding relaxation of higher energy conformers to 

lower-energy ones have been reported for the related terpenes perillaldehyde [1], menthol [2], 

carvone [19], and limonene [19].  

The preferred four equatorial and one axial conformations of limonene oxide can be 

rationalised in terms of minimal steric effects and maximum attractive interactions. The 

epoxide ring of limonene oxide is highly reactive because of its strain, and it has a strong 

electron acceptor that can establish weak C–H···O hydrogen bonds. These hydrogen bonds 

can be formed by interactions of the lone electron pairs of the oxygen in the epoxide ring with 

one of the hydrogens of the six-membered ring, or with one of the hydrogens of the methyl or 

methylene groups in the isopropenyl substituent. Furthermore, there will be steric effects and 

dispersive interactions due to the proximity of the methyl and/or methylene groups of the 

isopropenyl substituent to the –CH2– in the six-membered ring. 

Because the theoretical MP2/6-311++G(d,p) rotational constants are very close to the 

experimental ones, with differences smaller than 0.9 % for all equatorial conformers (and 

generally smaller than 0.4%) and 3% for the axial one, it is reasonable to assume that the MP2 

predictions are close to the actual structures of the limonene oxide conformers. Specially, the 

C–H···O hydrogen bond lengths of limonene oxide conformers are within the range of those 

reported for C–H···O bonds of the simplest epoxide ring (oxirane) with methane derivatives 

in the gas phase [44,45]. The exception is conformer ax-cis-A, with a shorter hydrogen bond. 

Looking at the isopropenyl group, its configuration in axial cis conformers brings it in close 
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proximity to the epoxide and six-membered rings, increasing destabilising interactions 

between the –CH3 or –CH2 groups of the isopropenyl group with the –CH2– in the six-

membered ring. A similar situation can be found for the ax-trans-a and ax-trans-A 

conformers. The ax-trans-C conformer, however, adopts a configuration where one of the H 

atoms of C3 in the six-membered ring is at a shorter distance (2.68 Å) from the oxygen in the 

epoxide ring than the other axial trans forms, while the hydrogens in the isopropenyl group 

are further away from the hydrogens of the six-membered ring. This delicate balance of forces 

reduces the energy of the ax-trans-C conformer and therefore allowing its observation. The 

equatorial conformers present less steric effects due to the different arrangement of the 

isopropenyl group. All of them show similar distances (2.59 Å – 2.69 Å) between the oxygen 

in the epoxide ring and one H atom of C3 or the H atom of C4. The differences in energy for 

the equatorial conformers appear to be related to the interactions between the H atoms of the –

CH3 or –CH2 groups of the isopropenyl group and the H atoms of the –CH2– in the six-

membered ring, as shorter distances correspond to equatorial conformers predicted to lie at 

higher energies.  

The structures of equatorial conformers are predicted to be closer to the experimental 

ones than those of axial conformers at all levels of theory used. The energy ordering of the 

equatorial conformers is maintained qualitatively across all methods. The axial conformers, 

however, are predicted to lie much higher in energy by B3LYP than with M062X or MP2 

methods. The main difference between axial and equatorial conformers is the existence of 

long-range interactions between the isopropenyl group and the six-membered and epoxide 

rings in the axial conformers. B3LYP is well-known for not being a particularly effective 

method in considering long-range dispersive interactions while B3LYP-D3, M062X and MP2 

include these effects with more success [46]. The observation of conformer ax-trans-C 
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validates the latter methods and illustrates the significant effect of dispersion forces in 

conformational energies.   

Limonene oxide has been studied in the liquid phase by some of us using IR-Raman-

VCD spectroscopy at room temperature [27].  In that work, the recorded spectra, particularly 

the VCD spectrum of limonene oxide, could be reproduced from theoretical data at the 

B3LYP/cc-pVDZ level only by including the contributions from the five equatorial 

conformers eq-trans-a (eq-t110, 34%), eq-trans-A (eq-t255, 16%), eq-cis-a (eq-c110, 15%), 

eq-cis-A (eq-c255, 12%) and eq-cis-C (eq-c305, 11%), considering a Boltzmann distribution 

at room temperature. As we had detected the ax-trans-C (ax-t345 conformer in the reference 

27) conformer in the gas phase and M06-2X and MP2 methods and G3 methodology 

predicted it to be the lowest-energy conformer, we checked its presence in liquid phase by 

recalculating the weighted theoretical VCD spectra by adding its theoretical VCD 

contribution with Boltzmann populations given by the MP2 method. However, the agreement 

was better between the experimental VCD spectrum and the weighted VCD spectrum taking 

into account the five most stable equatorial conformers, i.e., eq-trans-a (eq-t110, 43%), eq-

trans-A (eq-t255, 13%), eq-cis-a (eq-c110, 18%), eq-cis-A (eq-c255, 10%) and eq-cis-C (eq-

c305, 8%), than between the experimental VCD spectrum and the weighted VCD spectrum 

taking into account the five most stable equatorial conformers and the lowest-energy axial 

conformer, i.e., ax-trans-C (ax-t345, 37%), eq-trans-a (27%), eq-trans-A (8%), eq-cis-a 

(11%), eq-cis-A (6%) and eq-cis-C (5%) conformers (see Fig. S3 in the Supplementary 

Information). We can notice that especially in the 1500-1400 cm-1 and 1150-900 cm-1 spectral 

regions, where the correspondence between experiment and theory is worse considering the 

theoretical VCD contribution of ax-trans-C conformer. Thus, the conformational landscape 

of limonene oxide changes with the phase. In the gas phase, the ax-trans-C conformer is 

predicted as the lowest-energy form and has a significant abundance. In the liquid phase, 
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conformer ax-trans-C is not present and the most abundant conformer is the eq-trans-a, 

which is also present in the gas phase.  

 

5. Conclusion 

A systematic and detailed conformational study, using FT-MW spectroscopy, of R-()-

limonene oxide in the gas phase has been accomplished for the first time. Analysis of the 

experimental data aided by high-level quantum chemical calculations allowed us to 

characterise the conformational landscape of this relevant atmospheric species. Four 

equatorial and one axial conformations have been identified, referring the position of the 

isopropenyl group. The observed conformers include cis and trans forms.  

The observation of an axial conformer with similar abundance as some equatorial 

conformers challenges assumptions that equatorial forms are generally more stable, and 

reflects the delicate balance of forces at play in limonene oxide, which include attractive 

interactions involving the epoxide ring, dispersive interactions involving the isoproprenyl 

group, and steric effects.  

The behaviour of limonene oxide in the gas and liquid phases has been compared, showing 

how the phase affects conformational preferences. 
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LIST OF FIGURES 

FIGURE 1. Scheme of limonene oxide showing atom numbering. 

 

FIGURE 2. Structures and relative energies (at the MP2/6-311++G(d,p) level of theory, 

including zero-point energy (ZPE) corrections) of the twelve possible conformations of 

limonene oxide. 

 

FIGURE 3: Observed broadband rotational spectrum of limonene oxide (370k FIDs) in the 2-

8 GHz frequency region. The upper trace shows the experimental spectrum, the lower trace is 

a simulation with the fitted rotational parameters of the observed conformers.  

 

FIGURE 4: Scans of the potential energy surfaces calculated along the C8C7C4C5 dihedral 

angle at the MP2/6-311++G(d,p) level of theory for cis (in blue) and trans (in red) 

configurations of limonene oxide with the isopropenyl group in the a) equatorial and b) axial 

positions. The positions of the equatorial and axial rotamers and the corresponding twelve 

transition states are indicated.  
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TABLE CAPTION 

 

TABLE 1. Relative energies of the twelve conformers of limonene oxide from several levels 

of theory.  

 

TABLE 2. Theoretical spectroscopic constants and dipole moment components of the axial 

and equatorial conformers of limonene oxide using MP2/6-311++G(d,p) including zero-point 

corrections.  

 

TABLE 3: Experimental spectroscopic constants for the five observed rotamers of limonene 

oxide.  
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FIGURE 2 
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FIGURE 3 
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FIGURE 4   
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TABLE 1. Relative energies of the twelve conformers of limonene oxide from several levels 

of theory.  

 

Conformers 

Relative energy (cm-1)a 

B3LYP1 B3LYP2 B3LYP3 M062X1 M062X2 MP21 MP24 G3 G4 

eq-trans-a 0 0 0 34 6 67 191 17 0 

eq-trans-A 191 182 199 178 95 307 334 188 170 

eq-cis-a 178 179 171 196 200 244 388 209 189 

eq-cis-A 234 234 246 256 184 371 399 253 233 

eq-cis-C 260 262 295 390 258 421 453 296 279 

eq-trans-C 287 267 327 404 304 425 491 314 303 

ax-trans-C 617 634 185 0 0 0 0 0 139 

ax-trans-A 1295 1337 810 637 679 713 742 704 853 

ax-cis-C 1425 1454 1114 1173 1096 1179 1258 1240 1281 

ax-trans-a 1451 1457 1125 1103 1082 1145 1096 1037 1125 

ax-cis-a 1681 1690 1275 1109 1110 1232 1178 1095 1111 

ax-cis-A 1906 1966 1640 1927 1880 2014 2022 1873 1948 

 
a All the relative energies are zero point corrected (ZPE, ΔE0), except those calculated at the MP2/aug-cc-pVTZ level, which 

are equilibrium relative energies (ΔEe). 1: 6-311++G(d,p) basis set; 2: 6-311++G(2df,p) basis set; 3: B3LYP-D3/6-

311G++(d,p); 4: aug-cc-pVTZ basis set. 
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Table 2. Theoretical spectroscopic constants and dipole moment components of the axial and equatorial conformers of limonene oxide using 

MP2/6-311++G(d,p) including zero-point corrections.  

 
a A, B, C are the rotational constants;  is the inertial defect,  = Ic − Ia − Ib ,where Ia, Ib and Ic are the moments of inertia along the principal axis of inertia; μa, μb, μc are the electric dipole moment components; ΔE and 
ΔG are the MP2/6-311++G(d,p) electronic energies including the zero-point correction, and Gibbs free energies (353 K), respectively (in cm-1). 

 

 

 
  

Parameter eq-trans-a eq-cis-a eq-trans-A eq-cis-A eq-cis-C eq-trans-C ax-trans-C ax-trans-A ax-trans-a ax-cis-C ax-cis-a ax-cis-A 

             Aa (MHz) 2488.0 2480.8 2476.2 2481.2 2485.7 2465.8 1822.3 1874.0 1689.2 1969.8 1813.0 2064.2 

B (MHz) 643.4 652.5 654.8 671.5 657.6 662.8 852.7 853.7 876.9 840.1 907.2 787.4 

C (MHz) 624.9 615.6 601.9 593.3 604.0 593.6 833.6 810.7 834.8 771.4 826.9 770.9 

              (uÅ2) -179.9 -157.2 -136.2 -104.5 -135.1 -116.1 -263.8 -238.3 -270.1 -203.0 -224.7 -231.1 

             
a (D) -0.2 -0.2 0.4 0.1 0.1 -0.5 -1.7 -1.1 -1.7 0.3 0.9 0.9 

b (D) 0.8 1.5 -0.4 -1.0 0.5 1.4 1.0 1.3 0.3 1.6 0.6 0.2 

c (D) -1.4 1.6 -2.1 -1.3 -1.7 -1.7 -0.2 -0.2 -0.9 1.5 1.8 -2.0 

             
EMP2+ZPC(cm-1) 67 244 307 371 421 425 0 713 1145 1179 1232 2014 

G353 (cm-1) 0 167 173 213 359 280 77 768 1184 1266 1449 1911 
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Table 3. Experimental spectroscopic constants of the five observed conformers of limonene oxide. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  a A, B and C are the rotational constants.  DJ, d1 and d2 are the centrifugal distortion constants. 

  b a, b and c are the type of transitions observed (no: not observed, vw:very weak, w:weak, m:medium, s:strong) 
  c  is the rms deviation of the fit. 
  d N is the number of the fitted transitions. 
  e Standard error in parentheses in units of the last digit. 
 

Parameter 
I 

eq-cis-a 

II 

eq-trans-a 

III 

eq-trans-A 

IV 

eq-cis-A 

V 

eq-trans-C 

Aa (MHz) 2482.48326(37)e 2490.78133(54) 2479.21491(46) 2483.21481(71) 1852.7302(21) 

B (MHz) 648.960264(65) 642.284591(90) 652.840122(61) 672.09401(25) 829.97836(79) 

C (MHz) 614.849331(49) 621.891306(92) 599.644225(56) 588.38183(23) 814.50598(73) 

DJ
  (kHz) 0.01897(21) 0.01410(33) 0.01432(28) - - 

d1 (kHz) 0.001450(92) 0.00104(16) - - - 

d2 (kHz) - - 0.00157(44) - - 

       (uÅ2) -160.37 -177.10 -135.17 -96.53 -261.21 

      a/b/cb (D) vw/s/s vw/m/s w/w/s no/m/m s/m/no 

c (kHz) 8.2 7.0 6.6 7.6 9.8 

Nd 74 58 65 31 21 
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The conformational landscape of limonene oxide has been elucidated in the gas phase 

for the first time, showing one axial and four equatorial conformers 
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