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The axial/equatorial conformational landscape and 
intramolecular dispersion: new insights from the rotational 
spectra of monoterpenoids 
Donatella Loru†, Annalisa Vigorito, Andreia F. M. Santos‡, Jackson Tang, M. Eugenia Sanz* 

Intramolecular non-covalent interactions determine the conformational preferences of many molecules, and their 
understanding is relevant for a proper description of molecular structure. Here, by using rotational spectroscopy in 
combination with quantum chemistry calculations, we show that intramolecular dispersion forces involving a three-carbon 
substituent influence the relative energies and conformational landscape of the three monoterpenoids carvone, limonene 
and perillaldehyde. New equatorial and axial conformers have been identified for all three molecules. Comparison of 
experimental data with ab initio and density functional calculations shows that axial conformers are stabilised by 
dispersion interactions between the cyclohexene ring and the isopropenyl group of the monoterpenoids, and that an 
accurate account of these interactions is challenging for theoretical methods. This work demonstrates the potential of 
rotational spectroscopy for investigating non-covalent interactions and provides critical benchmarks for theory. Our results 
will inform future investigations of axial/equatorial isomerism and impact understanding of intramolecular dispersion in 
larger species.

Introduction 
Molecular structure is a consequence of the forces established 
between atoms, an amalgamation of covalent bonds and non-
covalent intramolecular interactions. Covalent interactions 
define the main molecular framework, which is further refined 
and tuned by non-covalent interactions. The latter include 
hydrogen bonds, dipole-dipole interactions and dispersion, 
and although they are weaker than covalent bonds by one or 
two orders of magnitude, they are crucial in determining 
three-dimensional molecular structure. The interplay of 
intramolecular non-covalent interactions is responsible for the 
secondary and tertiary structure of proteins1, and the 
conformations of alkanes2, among others.

Dispersion forces, which involve induced dipole-induced 
dipole interactions, are generally the weakest non-covalent 
interactions. Therefore they have been regarded as only 
making a small contribution to the overall energy, and 
considered relevant for large molecules where there are 
significant cumulative effects3. Examples include long linear 
alkanes4,5 and alkylbenzenes6, where folded conformations are 

preferred over linear ones once the alkyl chain is long enough; 
and diamondoid dimers with extremely long CC bonds that 
are stabilised by the dispersion interactions among its many 
CH2 groups7–9. However, it is becoming increasingly clear that 
the influence that dispersion forces exert over molecular 
structure is significant even in small molecular systems. For 
example in strawberry aldehyde, dispersion interactions 
between the benzene ring and a five-carbon substituent chain 
were found to stabilise cis conformers10. An accurate 
description of dispersion is therefore key to advancing our 
understanding of molecular behaviour and chemical bonding.

Essential in our understanding of dispersion is the close 
interplay between experiment and theory. The availability of 
accurate gas-phase experimental molecular structures and 
conformations, unadulterated by the environment, is crucial to 
benchmark various quantum chemical methodologies. For 
example, data from IR laser spectroscopy and microwave 
spectroscopy have been used to evaluate theoretical 
methods11,12. This has led to vigorous development, especially 
of density functional theory (DFT), where several new 
functionals and corrections improving the description of 
dispersion interactions have been implemented3,13–17.

In this paper we demonstrate the crucial role of 
intramolecular dispersion forces in the stabilisation of the axial 
conformers of three monoterpenoids, carvone (C10H14O), 
limonene (C10H16) and perillaldehyde (C10H14O), through 
interactions involving a short substituent chain of only three 
carbon atoms. Monoterpenoids are terpene derivatives 
produced from the combination of two isoprene molecules. 
They are volatile molecules emitted by plants to the 
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atmosphere, where they get oxidised forming the precursors 
of secondary organic aerosols18. They are also the main 
constituents of essential oils and are widely used as fragrance 
ingredients in household products, perfumes and cosmetics19. 
Investigation of monoterpenoid conformations is of relevance 
to understand their reactions in the atmosphere and 
interactions with other molecules.

Figure 1. Molecular structures of the three terpenoids studied. 

Carvone, limonene and perillaldehyde have closely related 
structures consisting of a cyclohexene ring with an isopropenyl 
group, and additional substituents (see Fig. 1). They are 
flexible molecules, with different conformations that arise 
from the axial or equatorial configuration of the isopropenyl 
group; its rotation; and in the case of perillaldehyde, the 
rotation of the aldehyde group. There are 6 possible 
conformations for carvone and limonene, and 12 for 
perillaldehyde (see Fig. 2 for carvone and Figs. S1-S3).

Figure 2. Possible conformations of carvone.

The conformations of carvone, limonene and perill-
aldehyde have been investigated in the liquid phase by 
vibrational circular dichroism, infrared and Raman 
spectroscopies20–22, and in the gas phase by cavity Fourier 
transform microwave spectroscopy23,24, infrared 
spectroscopy25, resonance enhanced multiphoton ionisation26, 
photoelectron circular dichroism27–29, and electron 
diffraction30. Definite identification of the conformations 
present in the gas phase was provided by rotational 
spectroscopic studies23,24, which can distinguish minute 
differences in structure due to the close relationship between 
rotational frequencies and molecular mass distribution.

Rotational investigations confirmed the presence of two 
equatorial conformers, Eq-A and Eq-C (see Fig. 2), for each of 
limonene, carvone and perillaldehyde. As part of our interest 
in the interactions of these molecules with water and other 

binding partners, we reinvestigated their rotational spectra. 
Transitions from the previously observed conformers were 
easily identified and removed from the spectra. However, 
many unidentified lines still remained, which led us to 
speculate whether other conformations were present and 
prompted the investigation presented here. Additional 
conformers were identified for all monoterpenoids. We found 
that axial and equatorial conformers were described to 
different standards by several theoretical methods. Dispersion 
interactions were found to significantly contribute to the 
stabilisation and actual structure of axial conformers, and thus 
have a crucial effect on the conformational landscape. 

Methods 
Experimental 

The rotational spectra of carvone, limonene and perillaldehyde 
were recorded using a bespoke 2-8 GHz broadband rotational 
spectrometer at King’s31,32. This instrument operates in a cyclic 
manner. Each cycle starts with a molecular pulse that creates a 
supersonic jet of the target molecules, heavily diluted in a 
carrier gas (Ne, He or Ar) at backing pressures of 5 bar, by 
expanding the mixture into a vacuum chamber through a 
pulsed nozzle. The molecules are then polarised by four 
microwave pulses (each 4 μs long) spaced 30 μs and spanning 
the 2-8 GHz frequency range. Free induction decays are 
collected for 20 μs after each polarisation pulse, and 
transformed to the frequency domain using a fast Fourier 
transform algorithm. Final spectra were obtained by 
coherently adding 1.1 million FIDs for carvone, 1.0 million FIDs 
and perillaldehyde, and 1.5 M FIDs for limonene.

The three terpenes have relatively low vapour pressures 
and so they were placed in a bespoke heated nozzle and were 
slightly heated to temperatures of 380 K (carvone), 340 K 
(limonene) and 406 K (perillaldehyde) to increase their 
concentration in the gas phase. 

Computational

We extended previously reported theoretical 
calculations20,23–25,33 to optimise the structures of all 
conformers and calculate their relative energies. DFT 
(including B3LYP and M062X with and without corrections to 
dispersion) and ab initio theory (MP2) calculations, all with the 
6-311++G(d,p) basis set, were performed using Gaussian34. 
Harmonic frequency calculations to predict relative energies 
including zero-point corrections and relative free Gibbs 
energies (at the experimental temperature) were also carried 
out. Interestingly, the predicted energy difference between 
axial and equatorial conformers is very dependent on the 
model theory used, with B3LYP predicting a much larger 
energy gap than M062X and MP2 (see Tables S1-S3). Inclusion 
of corrections to dispersion in B3LYP, especially adding the 
Becke-Johnson damping to Grimme’s D313, decreases 
significantly the axial-equatorial energy gap. No significant 
changes were found when including the D3 correction for the 
M062X functional (see Sup. Inf.), which is expected considering 

Page 2 of 8Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
4 

N
ov

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 K
in

gs
 C

ol
le

ge
 L

on
do

n 
on

 1
1/

14
/2

01
9 

12
:0

8:
49

 P
M

. 

View Article Online
DOI: 10.1039/C9CP05264J

https://doi.org/10.1039/C9CP05264J


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

that this functional provides a better account of medium-range 
non-covalent interactions. Another striking result is that the 
rotational constants predicted for equatorial conformers are 
very similar at all levels of calculation, while those predicted 
for axial conformers vary dramatically, in some cases differing 
by more than 100 MHz. This is illustrated for carvone in Table 
1.

Table 1. Experimental and theoretical equilibrium rotational constants of 
the observed conformers of carvone.

  a A, B and C are the rotational constants. b Standard error in parentheses in units of the 
last digit.

Results and discussion
Considering predictions, we searched for patterns in the 

rotational spectra that could correspond to additional 
conformers, which led to the identification of the Eq-a and Ax-
a conformers for all terpenoids, and the Ax-C conformer for 
carvone. Overall, we observed five conformers for carvone, 

four for limonene and four for perillaldehyde. The rotational 
and centrifugal distortion constants of Tables 1 and S4-S6, 
were determined from the fit of the measured rotational 
transitions (Tables S7-S19) to the Watson Hamiltonian in the A 
reduction and the Ir representation using Pickett’s programs35.

Figure 3. Differences between experimental and theoretical equilibrium 
rotational constants (in MHz) at different levels of theory for carvone.

For equatorial conformers, all theoretical rotational 
constants are very close to the experimental ones (differences 
are typically below 1%) at all the levels of theory used. This is 
shown for carvone in Fig. 3 and for limonene and 
perillaldehyde in Figs. S4, S5. The behaviour is different for 
axial conformers, where theoretical and experimental 
rotational constants show discrepancies of up to 5%. 
Percentage discrepancies for axial conformers of 2-3% have 
been incidentally reported for limonene oxide36, and very 
recently for perillyl alcohol37. These reports, together with the 
data presented in this paper, show that it is generally 

Eq-A

Exp. MP2 M062X B3LYP B3LYP
-D3

B3LYP-
D3BJ

Aa (MHz) 2237.2055(11)b 2226.1 2252.8 2214.5 2239.1 2241.7

B (MHz) 656.27834(29) 658.4 660.3 646.9 653.1 655.1

C (MHz) 579.64159(29) 581.3 582.0 571.0 576.8 578.4

Eq-C

Exp. MP2 M062X B3LYP B3LYP
-D3

B3LYP-
D3BJ

A (MHz) 2256.91513(93) 2246.7 2276.4 2234.9 2258.8 2262.3

B (MHz) 672.90566(26) 673.9 679.1 663.4 668.6 671.4

C (MHz) 554.50351(25) 556.7 553.4 547.0 551.8 553.0

Eq-a

Exp. MP2 M062X B3LYP B3LYP
-D3

B3LYP-
D3BJ

A (MHz) 2212.7903(13) 2195.6 2223.0 2191.5 2215.0 2218.1

B (MHz) 684.52333(27) 680.8 680.8 673.4 679.6 682.5

C (MHz) 554.73193(25) 562.3 562.3 548.2 552.4 553.7

Ax-a

Exp. MP2 M062X B3LYP B3LYP
-D3

B3LYP-
D3BJ

A (MHz) 1621.8211(18) 1581.7 1612.6 1651.7 1649.5 1638.2

B (MHz) 904.92320(51) 941.1 923.6 858.3 879.8 893.2

C (MHz) 780.45872(54) 806.0 792.9 742.4 761.9 771.1

Ax-C

Exp. MP2 M062X B3LYP B3LYP
-D3

B3LYP-
D3BJ

A (MHz) 1687.7984(26) 1618.4 1674.1 1722.3 1719.3 1706.3

B (MHz) 878.27624(98) 921.2 896.2 840.2 855.4 867.9

C (MHz) 771.3069(12) 810.0 783.9 733.3 749.6 761.3
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challenging for theoretical methods to describe axial 
conformations. 

For all conformers the B3LYP-D3BJ method provides a 
much better description than B3LYP, highlighting the need of 
including dispersion corrections. These corrections have the 
effect of making axial conformers become less prolate, by 3.6% 
for Ax-a and 1.2% for Ax-C. 

It should be noted that we are comparing equilibrium 
rotational constants from theory (Aeq, Beq, Ceq) with those 
obtained experimentally for the molecules in their ground 
vibrational state (A0, B0, C0). This is standard practice in the 
field for molecules of this size due to the computational cost of 
running anharmonic calculations to include vibrational 
corrections to the rotational constants. To check the relevance 
of vibrational contributions, we performed exemplary 
calculations on the observed carvone conformers at MP2, 
B3LYP and B3LYP-D3BJ levels of theory using vibrational 
secondary perturbation theory (VPT2). The theoretical 
vibrationally-corrected A0, B0, and C0 constants display the 
same trends as Aeq, Beq, Ceq, that is, that the discrepancies with 
experimental rotational constants are larger for axial 
conformers than for equatorial ones (see Table S20 and Fig. 
S6), with values generally above 2% even for MP2 and B3LYP-
D3BJ. This shows that the different performance of the 
theoretical methods for axial and equatorial conformers is not 
due to vibrational corrections, and points to a poor description 
of intramolecular interactions in axial conformers. For 
comparison, recent benchmarking of several molecular data 
sets quotes expected differences between theoretical and 
experimental constants of about 1%.11,38

Differences in the theoretical description of axial and 
equatorial conformers are also manifest when comparing 
theoretical and experimental carbon backbone substitution (rs) 
structures. We observed all the 13C isotopologues of the two 
most stable equatorial conformers of carvone and limonene 
(Eq-A and Eq-C), and of all the observed conformers of 
perillaldehyde (see Sup. Inf.). Their rotational constants were 
used to determine their substitution (rs) structures by applying 
Kraitchmann equations39,40 and their effective (r0) structures 
by fitting the experimental moments of inertia41. For 
perillaldehyde, the overlay of the experimentally determined 
positions of the C atoms with the theoretical ones shows that 
they are in excellent agreement for the equatorial conformers 
but there are disagreements at all levels of theory for the axial 
conformer (see Fig. S7).

Observation of axial and equatorial conformers indicates 
that the energy differences between them are relatively small. 
We estimated the conformational abundances of the three 
monoterpenoids in He, Ne and Ar as carrier gases, because 
heavier carrier gases can induce conformational relaxation by 
collisions with the seeded molecules42. We measured common 
a-type transitions and considered that in our experiment line 
intensity is proportional to the square of the dipole moment 
component. Considering relative abundances in He, since  
being the lightest carrier gas it is the least efficient in 
producing conformational relaxation, our results (see Table 2) 
show that Eq-A and Eq-C conformers23,24 are considerably 

more abundant than the others. Limonene and carvone axial 
conformers show smaller relative abundances than Eq-a 
conformers, while for perillaldehyde the axial conformer 
shows a slightly larger abundance to Eq-a. The theoretical 
Gibbs free energies at the corresponding pre-expansion 
temperatures, which can be related to conformational relative 
abundances43–45, are not entirely consistent with experimental 
results. M062X values do not agree with experimental 
observations. For B3LYP, inclusion of dispersion corrections is 
necessary to obtain sizable abundances of the axial 
conformers. B3LYP-D3BJ/6-311++G(d,p) predicts Gibbs free 
energies in good agreement with the experimental ones for 
carvone and limonene but not for perillaldehyde, while MP2 
Gibbs free energies are in good qualitative agreement with the 
experimental values for carvone, but not for limonene and 
perillaldehyde. Thus at the levels of theory sampled, there is 
not a method that consistently provides a good description of 
the target terpenoids. This is a bit surprising considering that 
their structures are closely related, and may be linked to 
differences in their functional groups. Similar discrepancies 
between different methods have been observed in the analysis 
of the limonene oxide36 and perillyl alcohol46. 

Table 2. Estimated relative conformational abundances in He, Ne, and Ar for 
all the observed conformers of carvone, limonene and perillaldehyde.

a Uncertainties are estimated to be 20% considering differences in line relative 
intensity from different measurements and dipole moment uncertainties. Results 
presented in the table correspond to estimations using MP2 dipole moments as 
they are expected to be slightly closer to experimental values, but we have also 
calculated conformational abundances using B3LYP-D3BJ dipole moments, and 
this informs our quoted uncertainties. 

In addition, it has been observed that Eq-a conformers 
completely relax in Ar and partially relax in Ne, which is 
consistent with the predicted low interconversion barriers 
(100-200 cm-1) of Eq-a to Eq-C conformers at MP2 (Figs. S8-
S10) and B3LYP levels of theory21,23,24. The predicted small 
energy differences of 60-100 cm-1 between Eq-a and Eq-C 
conformers would explain the partial relaxation observed in 
Ne. It should be noted that axial  equatorial relaxation is 
expected to be hampered by very high interconversion 
barriers, predicted to be ca. 30 and 36 kJ/mol by B3LYP-D3BJ 
and MP2, respectively (see Fig. S11).

Carvone
Eq-A Eq-C Eq-a Ax-a Ax-C

He 1a 0.78 0.37 0.21 0.25
Ne 1 0.78 0.37 0.19 0.22
Ar 1 1.08 - 0.24 0.25

Limonene
Eq-A Eq-C Eq-a Ax-a

He 1 0.54 0.17 0.11
Ne 1 0.56 0.05 0.15
Ar 1 0.53 - 0.11

Perillaldehyde
Eq-A Eq-C Eq-a Ax-a

He 1 0.73 0.22 0.33
Ne 1 0.65 0.11 0.27
Ar 1 0.70 - 0.28
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Figure 4. NCI plots for the observed conformers of carvone showing the intramolecular interactions.

To get a better understanding of the intramolecular 
interactions stabilising the different conformations, and the 
effect of the substituents on the cyclohexene ring, we have 
used the Non-Covalent Interactions (NCI) approach47,48. This 
method, based on the analysis of the electron density and its 
derivatives, helps visualising non-covalent interactions by 
plotting the isosurfaces of the regions of space with low 
reduced density gradients. The NCI plots obtained using 
Multiwfn49 are very similar for the same conformers of all 
terpenoids (see Figs. 4 and S12 for carvone and Figs. S13,S14 
for limonene and perillaldehyde). In equatorial conformers, 
the CH3 and CH2 groups of the isopropenyl tail show a weak 
attraction to the closer CH2 groups in the cyclohexene ring. 
For axial conformers, there are larger isosurfaces showing the 
existence of weak attractive interactions involving the CH2 
group of the isopropenyl substituent and the cyclohexene ring. 
The shapes of the isosurfaces are similar for all observed axial 
conformers, and consistent with non-directional dispersion 
interactions. A weak CH··· hydrogen bond between one of 
the hydrogens of the isopropenyl CH2 group and the 
endocyclic double bond cannot be established because they 
are at long distances, exceeding 2.6 Å.

Conclusions
The conformational landscape of three structurally-related 

terpenoids has been systematically characterised from the 
analysis of their broadband rotational spectra in combination 
with quantum-mechanical calculations. The lower-lying Ax-a 
axial conformers have been detected for the first time, as well 
as the higher-energy Eq-a equatorial conformers. The latter 
have been found to totally relax in Ar and partially relax in Ne 
despite being separated by a low-height barrier from one of 
the other equatorial conformers. Our results illustrate the 
dependence of conformational relaxation on interconversion 
barriers and relative energies.

The experimental data has been used to benchmark a 
range of theoretical methods. MP2 and B3LYP-D3BJ levels of 
theory with the 6-311++G(d,p) basis set predict rotational 
constants closer to the experimental ones and hence better 
describe the conformations. Inclusion of semi-classical 
corrections in the B3LYP density functional to describe 

dispersion interactions is crucial to obtain structures and 
relative conformational abundances consistent with 
experimental observations for axial conformers. Grimme’s 
dispersion correction including Becke-Johnson damping 
provides the best results.

Our data show that intramolecular dispersion interactions 
are relevant even in relatively small molecules and that their 
influence can significantly change the conformational 
landscape. The observation of axial conformers shows that 
dispersion forces partially compensate the energy penalty for 
having a substituent in an axial rather than equatorial position. 
These results, together with those reported for limonene 
oxide36 and perillyl alcohol46, and energy predictions for 
substituted cyclohexanes50 imply that the stabilisation of axial 
conformers by dispersion interactions is widespread.

 The different ability of the theoretical methods to account 
for dispersion results in different descriptions for axial and 
equatorial conformers. Specifically, there are larger 
discrepancies between theoretical and experimental rotational 
constants for axial conformers, and the conformational energy 
ordering changes among different methods. These 
discrepancies are still present when including anharmonic 
vibrational corrections, and they are larger than the 1% 
expected from recent benchmarking of several molecular data 
sets11,38, indicating a poor description of intramolecular forces 
in axial conformers.  

As molecular size increases intramolecular dispersion 
interactions are expected to play a larger role in shaping 
conformational preferences as more contact points would be 
possible. Improving the theoretical description of these 
interactions will be desirable to achieve a more accurate 
account of larger molecular systems. Rotational spectroscopy, 
with its ultra-precision in structural determination, should play 
a key role in providing high quality experimental data to 
benchmark theoretical models.
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Using rotational spectroscopy in combination with quantum chemistry calculations, 
we show that intramolecular dispersion forces stabilise the axial conformers of 
monoterpenoids, and that an accurate account of these interactions is challenging 
for theoretical methods.  
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