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G R A P H I C A L A B S T R A C T

H I G H L I G H T S

(R)- and (S)-Limonene VCD spectra measured in the range 900–16,000 cm−1.
GVPT2 calculations for the range 900–9000 cm−1 compare nicely to experiments.
Local mode calculations for CH-stretching fundamental and overtones to 16,000 cm−1.
Local mode electrical anharmonicity up to 2nd order, Morse mechanical anharmonicity.
VCD spectra in the NIR determined by 4 local modes over 13 total.
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A B S T R A C T

(R)-Limonene VCD and IR absorption spectra for neat liquid samples are considered from 900 to 16,000 cm−1,
using mostly data by Nafie et al. up to 10,000 cm−1 and from previous investigations of the Brescia group. New
VCD data are recorded in the merely overtone and combination region between 1800 and 2400 cm−1 and for
the 𝛥𝑛 = 6 overtone CH-stretching region above 15,000 cm−1. The GVPT2 anharmonic DFT calculations permit
satisfactory interpretation of the fundamental + overtone/combination of deformation modes in the mid-IR up
to 3500 cm−1. The GVPT2 approach is also used for the first CH-stretching overtone regions together with
their combination with deformation modes up to 9000 cm−1. Then the local-mode approach developed within
the DFT protocol is employed in all the CH-stretching regions (fundamental + overtones) and is found to
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satisfactorily account for the observed spectra, justifying the constant VCD pattern observed for all overtones.
On the basis of the local-mode model the components of the bisignate VCD spectrum are attributed to the
stretchings of the axial and equatorial CH bonds in 𝛼-position with respect to the ring CC double bond.
1. Introduction

Near Infrared (NIR) absorption spectroscopy covers the region from
4000 to 16,000 cm−1 (ca. 3300 to 625 nm) and is devoid of intense
bands, since it contains the harmonically forbidden and thus very weak
transitions associated with overtones and combinations [1,2]. Yet it
is a fascinating region, being important, among the others, to explain
the blue color of the sea as due to accumulated successive overtone
absorptions, unique example of color originated from vibrational tran-
sitions [3]. The primary advantage of NIR spectroscopy, and the reason
for its wide application (from biomedical diagnosis through agri-food to
industrial QC/QA applications) stems from high permeability of most
samples/materials against NIR wavelengths, with added advantage
of non-destructive analysis and little or no sample preparation. [4–
6]. Recently this spectroscopic region received renewed attention for
investigating hydrogen bond properties [7–10] and, through it, for
monitoring the earth atmosphere [11,12]. In this field we measured
some time ago the vibrational circular dichroism (VCD) spectra cor-
responding to the weak NIR absorption between 1300 and 800 nm
(7800–12,500 cm−1) of limonene and two related compounds [13]
plus some other compounds [14], coming second after the NIR-VCD
measurement of Keiderling and Stephens [15]. The instrument we had
used at the time was not tailored for that region and only strong NIR-
VCD features could be detected. Subsequently we were able to set up
a dedicated dispersive instrument, which permitted us to accurately
investigate different sets of molecules [16] and to carry on, in par-
allel, a computational DFT analysis, mainly based on the local-mode
approximation [17–19]. In these endeavors we were not left alone,
since Professor Nafie and his group were able to set up an FT-NIR VCD
instrument, measuring NIR-VCD spectra up to 10,000 cm−1 [20,21],
which allowed us to cross-validate our results and to calibrate our
measurements, both in frequency and intensity.

The local-mode approximation was quite acceptable, even in pres-
ence of relatively large numbers of oscillators and was recently con-
firmed by results obtained with full-ab initio GVPT2 DFT approach [8,
22]. Yet, the first measurements on limonene, which, during earlier
years, accumulated data up to 640 nm (15,600 cm−1) [13,18,23] were
ever analyzed computationally, since the latter work was thought to
e too demanding computationally.

In this work, we go back to the missing computational aspects of
he first case, the measurement of which was made possible in the early
ays by the rather intense NIR-VCD signals. Indeed, the NIR-VCD bands
f limonene have g ratios [24] of the order of 10−4 or slightly larger
n most, if not in all, measured overtone regions [18], while, e.g., for
ethyl oxirane such ratio is closer to 10−5 [22], irrespective of the fact

hat methyl oxirane is rather rigid (excluding the methyls’ hindered
otations) while limonene is more flexible and presents a number of
ndependent conformers [25].

In Ref. [18], we reported the NIR-absorption and NIR-VCD spectra
f (R)-limonene up to the 4th overtone (𝛥𝑛 = 5 quantum numbers in the
H-stretching vibrational modes). We repeated here the experiment for
𝑛 = 6, which had been tried in Ref. [23], but with non-fully convincing
utcomes. The VCD data were obtained as the semi-difference of VCD
pectra of (R) and (S) enantiomers, after checking the signals of the
wo enantiomers being mirror images. Additionally, for the 𝛥𝑛 = 6

case the VCD spectra of the racemic mixture was also considered, as
explained in detail in the experimental part. The DFT calculations were
conducted within the local-mode approximation, through an approach
first presented in Ref. [17,26] and recently applied to methyl oxirane
2

and methyl thiirane. We concentrate on the following aspects:
1. we first define how the four conformers previously found and
described for limonene [25] contribute to the spectra. We then
characterize the mechanical and electrical contributions to the
anharmonicity for each one of the four conformers, each having
16 CH local-modes;

2. then we validate the local-mode approach by comparing it with
the results obtained for lower 𝛥𝑛 on the basis of the GVPT2
approach, recently updated from previous investigations of an-
harmonic molecular aspects [22,27,28].

3. we investigate the relative importance of electrical and mechan-
ical anharmonicity in explaining the observed data;

4. among all the computed transitions, we will extract the local-
modes mostly responsible for the observed VCD signals;

2. Experimental and theoretical/computational methods

2.1. Spectroscopic measurements

While the VCD data for the fundamental and first four overtone tran-
sitions of the CH stretching vibrations of (R)-limonene were taken from
Refs. [20,29], on neat liquid samples, the experimental VCD spectra of
both limonene enantiomers and of the racemic mixture thereby in the
680–620 nm range were recorded for this work with a Jasco J-815SE
spectrometer, with an added special sample compartment. Data were
taken with neat samples contained in an home-built quartz cell of 19 cm
in pathlength. The scanning speed was 10 nm/min and resolution was
set to 10 nm. One hundred data accumulations were recorded for each
sample and their result is reported in Figure S1. In the main text of
the work we report the semi-difference of (R) and (S) data. Data were
also collected in the 800–700 nm range producing spectra in good
agreement with those already reported in literature [23,29].

The experimental absorption spectrum of limonene in the 680–
620 nm range were recorded with a Jasco V-520 spectrometer, data
were taken with neat liquid samples contained in a quartz cell of 10 cm
in pathlength averaging over 20 accumulations.

For the region 1700–2400 cm−1, VCD measurements were carried
out with a Jasco FVS6000 instrument, which is a FTIR instrument with
added linear polarizer and ZnSe photo-elastic modulator to achieve
VCD measurements. A liquid N2-cooled HgCdTe (MCT) detector was
employed (resolution 4 cm−1). Neat liquid samples were contained in
BaF2 500 μm pathlength cell and 6000 scans were accumulated for
each spectrum and the reported data are averages over the accumulated
spectra.

2.2. Computational details

Unless specified otherwise, calculations were performed with the
Gaussian16 suite of quantum chemical programs [30]. Based on the
extensive benchmark analysis from ref [27], the combination of the
B3PW91 [31] functional and the jun-cc-pVTZ [32] basis set was used,
hereafter labeled PW91. We did not use empirical dispersion (D3BJ)
corrections in geometry optimization since they lead to relative abun-
dances not in agreement with the experimental data previously re-
ported in literature [25,33,34].

Geometry optimizations were performed with tight convergence
criteria (i.e. 1 × 10−5 hartree/bohr and 4 × 10−5 bohr on RMS forces
and displacements, respectively, with thresholds for the maximum
values being 1.5 times larger), and minima were confirmed by Hessian
evaluations. Harmonic energies and intensities were obtained using
analytic second derivatives of the energy and first derivatives of the

properties of interest, whereas higher-order derivatives were computed
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through numerical differentiations using a step of 0.01
√

amu Å for the
displacements along the mass-weighted normal coordinates.

Since all the experimental spectra were recorded for neat liquid, in
absence of a reliable implicit solvent model, we opted to employ gas-
phase calculations in all the investigated regions, as already done in
similar conditions [22].

2.3. GVPT2 calculations

Anharmonic calculations, up to three quanta transitions [35], were
performed with the GVPT2 model as implemented in a development
version of the Gaussian suite of programs [36]. In the GVPT2 frame-

ork, the diverging terms are removed from the perturbative expres-
ions (therefore leading to the so-called IDVPT2 [27] level), and then
eintroduced through a variational step on the reduced-dimensionality
et. Resonances are identified through an automatic procedure, which
ccounts for both energy and intensity as described in Ref [37]. The
rocedure relies on two sets of tests to identify automatically Fermi and
–1 or 1–3 Darling–Dennison resonances, one rooted into the definition
f the energies and one designed to account for the specificities of
he intensities. For Fermi resonances, the standard Martin test [38] is
omplemented by a new one based on the coefficients of the perturbed
xpansion of the wave function. For 1–1 and 1–3 DDRs, the existing test
ased on the magnitude of the Darling–Dennison term for the energy
s also supplemented by a similar test that relies on the magnitude of
he relevant coefficients of the perturbed wave function. More details
n the definition as well as suitable values for the thresholds can be
ound in Ref. [37]. The criteria used in the identification of Fermi
nd Darling–Dennison resonances through two-step procedures are
ummarized below:

1−2 Fermi resonances: Maximum frequency difference 200.0 cm−1;
Minimum difference PT2 vs variational 1.0 cm−1; Intensity-specific
term 1.0 (as defined in Ref. [27]); 2 − 2 Darling–Dennison resonances:
Maximum frequency difference 100.0 cm−1; Minimum value of off-
diagonal term 1.0 cm−1; 1−1 Darling–Dennison resonances: Maximum
frequency difference 100.0 cm−1; Minimum value of off-diagonal term
10.0 cm−1; Intensity-specific term 1.0; 1 − 3 Darling–Dennison reso-
nances: Maximum Frequency difference 100.0 cm−1; Minimum value
of off-diagonal term 1 cm−1; Intensity-specific term 0.025.

Calculation analysis and the plotting of the simulated spectra were
supported by the estampes [39] Python library for data processing and
matplotlib graphical library [40].

2.4. Local-mode model

As described in the work [22] and following closely the notation
introduced by Paoloni et al. [8], we numerically defined the first and
second derivative with respect to the CH-bond length of the Atomic
Polar Tensors (ATP, 𝛱) and the second derivative of the Atomic Axial
Tensors (AAT, 𝐴) of C and H for all CH bonds. Having taken into
account electrical anharmonicity up to the third order in this way, we
dealt with mechanical anharmonicity in the following way: first the
transition energies from the ground to the excited states of one of the
16 CH stretching vibrations (𝑙 = 1, 16, related to the two groups CH3, to
the three CH2 groups, to the C*H and to the three olefinic =CH bonds)
have been assumed to have the form [41,42]:

𝜖0→𝑛𝑙 = ℎ𝑐
[

𝑛𝑙𝜔0,𝑙 − 𝜒𝑙𝑙𝑛𝑙
(

𝑛𝑙 + 1
)]

(1)

with 𝑛𝑙 the number of quanta is associated to the CH bond 𝑙, and the
parameters 𝜔0 and 𝜒 (in wavenumber units) determined by the Morse
potential parameters 𝐷 and 𝛼 namely (omitting from now on the bond
label 𝑙):

𝜔0 =
1

√

2𝐷𝛼2 𝜒 = 𝛼2ℏ (2)
3

2𝜋𝑐 𝑚𝑅 4𝜋𝑐𝑚𝑅
𝑅 being the reduced mass of the CH bond, ca. (12/13) amu, and
he other constants besides the Morse potential dissociation energy
arameter 𝐷 (𝐷 =

𝜔2
0

4𝜒 , in cm−1) and the 𝛼 parameter describing the
approach to dissociation as dictated by the ratio 𝜔0

𝜒 , being obvious
fundamental constants. Second, the infrared intensities and the VCD
rotational strengths were calculated with the following equations:

⟨0|𝜇𝑗 |𝑛⟩ =
∑

𝛼=𝐻,𝐶
𝛱𝛼,𝑗𝑧(0)𝑡𝛼⟨0|𝑧|𝑛⟩ +

1
2

∑

𝛼=𝐻,𝐶

( 𝜕𝛱𝛼,𝑗𝑧

𝜕𝑧

)

0
𝑡𝛼⟨0|𝑧2|𝑛⟩

+ 1
6

∑

𝛼=𝐻,𝐶

(

𝜕2𝛱𝛼,𝑗𝑧

𝜕𝑧2

)

0

𝑡𝛼⟨0|𝑧3|𝑛⟩ (3)

0|𝑚𝑗 |𝑛⟩ =
∑

𝛼=𝐻,𝐶
𝐴𝛼,𝑗𝑧(0)

1
𝑚𝑅

𝑡𝛼⟨0|𝑝|𝑛⟩ +
∑

𝛼=𝐻,𝐶

( 𝜕𝐴𝛼,𝑗𝑧

𝜕𝑧

)

0

1
𝑚𝑅

𝑡𝛼⟨0|𝑧𝑝|𝑛⟩

+ 1
2

∑

𝛼=𝐻,𝐶

(

𝜕2𝐴𝛼,𝑗𝑧

𝜕𝑧2

)

0

1
𝑚𝑅

𝑡𝛼⟨0|𝑧2𝑝|𝑛⟩ (4)

𝛼 and 𝐴𝛼 being APT and AAT tensors (𝛼 being the atoms C and H
nvolved in the CH-stretching under consideration), together with their
bvious first and second derivatives.
𝑧 is the displacement coordinate along the CH bond, along which the

-axis is oriented, 𝑗 stands for generic Cartesian component (𝑗 = 𝑥, 𝑦, 𝑧)
nd 𝑡𝛼(𝛼 = C or H) represents the local eigenvector as defined in
ef. [8]. The transition integrals, up to 𝑛 = 6, appearing in Eq. (3)
nd (4) are given in Tables S2–S4 of section S4 in the Supplementary
nformation file (SI) together with some consideration about their
erivation and calculation that may be useful accounting for MVCD
pectra [43].

A useful parameter introduced to deal with these transition mo-
ents is the length parameter 𝑑 defined by:

2 =
⟨0|𝑧2|0⟩
4𝜋2

= ℏ
2𝑐𝑚𝑅𝜔0

(5)

which is thus proportional to the average harmonic displacement in the
ground state.

Local mode calculations were performed with an in-house devel-
oped set of python scripts which prepares and processes Gaussian files
and is freely available for any interested reader [44].

3. Results and discussion

As already reported, the most stable conformers show a half-chair
conformation of the six-membered ring with the isopropenyl group in
equatorial position (Fig. 1). The latter is true for the next two conform-
ers, while the first conformer with the axial isopropenyl group comes
fourth with just 4% of the total population. The first three conformers
are the obvious rotational isomers, where the isopropenyl group differs
by a rotation of about ≈120◦ around the CC bond. Interestingly, we
noticed that the use of the widely employed D3BJ dispersion causes an
overestimation of the population for one of the axial conformation. The
conformers reported in Fig. 1 are quite close to those first introduced
by Aviles Moreno et al. [25], with quite similar population ratios as
well.

Following the work plan presented in the Introduction section, we
next calculated the IR and VCD spectra with the GVPT2 approach.
Results are reported in Fig. 2 and are compared with the experimental
spectra recorded for neat liquid samples. For the latter we relied on
the results by Nafie et al. [20], except, in the top panels, where we
report our own data, for the mere overtone/combination range 1700–
2400 cm−1. Results in the mid-IR range (Fig. 2, top two rows) are
excellent, except for the 1700 and 1450 cm−1 absorption features
whose transition energies are overestimated: this inconsistency appears
for the C=C stretching and HC=C bending 1-quantum normal modes
and is already observed at the harmonic level suggesting a poor de-

scription of this type of modes. On the other hand, the anharmonic
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Fig. 1. Graphical representations of the superposed structures of the four most stable conformers of limonene.

Fig. 2. Comparison of the experimental IR and VCD spectra (black lines) of (R)-limonene with anharmonic calculations in the 950–9000 cm−1 range (colored lines). Calculations
were performed at the PW91 level. The spectra were simulated assigning Lorentzian distribution functions with: 4, 10, 20, 30 cm−1 half-width at half-maximum from small to
high wavenumbers. With the exception of the 1700–2400 cm−1 range measured in this work, the VCD and absorption experimental spectra are taken from Ref. [20].
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treatment corrects well the overestimation of the absorption intensity
computed at the harmonic level. We would like to point out that the
mere overtone/combination range 1700–2400 cm−1 is excellently pre-
icted, both in IR and in VCD, with rare discrepancies; this goes along
ith our previous investigation of this very same region for the rigid

hree-membered ring compounds methyl thiirane and methyl oxirane.
he next regions deal with CH stretching in the range from 2750 to
000 cm−1 and are reported in the lowest two rows of panels. From
ight to left, the calculated fundamental CH-stretching region shows
ome discrepancies with the experiment whereas the 1-quantum/CH
tretching+1-quantum/deformation combination region is excellently
redicted by GVPT2 calculations. Moving to the 2-quanta/CH stretch-
ng region, the IR intensities are overestimated for the CH-aliphatic
tretchings and the NIR-VCD data are not well predicted, possibly
or the overestimate of the calculated frequencies. Finally, we have
he 2-quanta/CH stretching overtones in combination with 1-quantum
eformation modes on the right and the 3-quanta/CH stretching over-
ones on the left part of the last panel. In this case, the overall IR
nd VCD intensities are correctly evaluated, but the frequencies are
verestimated. The latter fact might be related to the mismatch in the
recedent region and is also observed in the ensuing overtone regions,
lso in the local-mode approximation (vide infra). In any case, with the
xception of the CH-stretching fundamental region, we can say that the
verall prediction of the fundamental and low overtones/combinations
egions from mid to near-IR range, is very good, also taking into
ccount that at least three conformers participate substantially in the
imonene population.

As the third step of this investigation, let us take a look at the
rediction of fundamental to 𝛥𝑛 = 6 overtones for the CH-stretching

modes in the local-mode approximation. Results are given in Fig. 3:
the fundamental 𝛥𝑛 = 1 region is well predicted by the local-mode ap-
proach in absorption, while in VCD the intensities are underestimated,
but the sign progression of bands is correctly predicted. In the first
overtone 𝛥𝑛 = 2 region the IR spectrum is overestimated in intensity
with respect to experiment, and also its form is not well accounted
for. This result is in some way similar to the ones obtained with the
perturbative approaches based on the normal-mode representation. In
Figure S2 in SI the IDVPT2 spectra were added to the GVPT2 ones
in order to evaluate the impact of the variational corrections and to
allows an easier connection with the normal modes along which the
properties derivatives were calculated. The VCD spectrum, instead, is
accounted for by the local-mode calculations in sign and intensity,
except that experiments by the group of Nafie present several resolved
features within the bisignated group, which the local-mode approxi-
mation seems not capable of predicting. In the next overtone regions,
namely 𝛥𝑛 = 3, 𝛥𝑛 = 4, 𝛥𝑛 = 5 and 𝛥𝑛 = 6 the local-mode approximation
performs well regarding the overall intensity (for NIR absorption and
NIR-VCD) and in sign (for NIR-VCD). One slightly critical result is worth
pointing out, though, namely the mismatching of the band positions,
which progressively worsen with the increasing quantum numbers and
is particularly evidenced by the error on the central peak in the NIR
absorption spectra and by the frequency offset in the two components
of the bisignate NIR-VCD spectra. The latter aspect might be related to
an underestimation of the 𝜒 parameters or to an overestimation of 𝜔0.
Overall, though, the calculated spectra from 𝛥𝑛 = 3 to 𝛥𝑛 = 6 are quite
acceptable and allow us to evidence two main virtues of the present
calculation. The assumption made on the electrical and mechanical
anharmonicity terms discussed above appears to work: namely the
third order terms for electrical anharmonicity seem accurate enough
to reproduce intensities and the Morse type anharmonic potential is
appropriate. Furthermore, we point out that the assumed bandwidth,
which is progressively increasing from 𝛥𝑛 = 1 (10 cm−1) to 𝛥𝑛 = 2
(20 cm−1) to 𝛥𝑛 = 3 (30 cm−1) to 𝛥𝑛 = 4 (60 cm−1) and 100 cm−1 for
𝛥𝑛 = 5,6 appears quite tenable, and is comparable to what had been
observed by Reddy, Heller and Berry on 𝛥𝑛 = 5 to 6 and 7 for the
5

overtone spectra of benzene [45].
As the fourth and final step, we come to analyze the most impor-
tant modes explaining the main features of the IR and VCD spectra
in Fig. 3, especially in relation to the constant behavior of the NIR-
VCD bisignate spectra. A first observation is that, except for the least
populated conformer, all conformers show the same intense bisignate
feature from the first up to the fifth overtone (see Figure S3), which is
therefore connected to the half-chair configuration of the ring. Indeed,
the conformer with the opposite half-chair configuration still presents
a strong bisignate signature but with opposite signs. As highlighted
in Figures S4/S5 and S6/S7, and in agreement with the experimental
data, such features are associated with the least energetic local-mode
transitions related to pseudo-axial and pseudo-equatorial CH2 on the
ring, which turn out to be those in 𝛼 position with respect to the double
bond in the ring (marked as C3 and C6 in Fig. 1).

Such scheme is not working in the fundamental region, where, for
instance, the most intense negative VCD peak at about 2930 cm−1

is associated with the CH2C*H stretching in both the local- and the
normal-mode representations (see also the first interpretation of the
fundamental region, based on a normal mode scheme [46]), whose
contribution begins to be non-negligible again from the fourth overtone
(see Figure S7). We think that the origin of the simplification of the
signal should be sought in the so-called electrical anharmonicity or
more generally in the contributions to anharmonicity from higher-order
derivatives of the properties, which increases in relevance moving from
the fundamental to the overtones. Hence it is instructive to consider
the atomic polar tensors 𝛱 and the atomic axial tensors 𝐴 and their
derivatives with respect to CH-bond elongations (see Figure S8 for an
example of representation of the CH frame), obtained by polynomial
fit and reported in Figure S9 for the most populated conformer. As
expected, the main component of 𝛱 lies along the stretching direction
𝑧, even though smaller but non-negligible components are present
also in the other two directions. For 𝐴 the major components are
perpendicular to 𝑧. Focusing our attention on the ring’s CHs and in
particular on the CHs in the 𝛼 positions with respect to the double bond,
one may appreciate that the major components lie on the axis directed
toward the double bond (𝑥 axis in Figure S8), with opposite signs
for axial and equatorial CH at the equilibrium. Smaller components
are observed along the displacement axis 𝑧, where, however, the clear
separation in sign behavior between the different CH orientations is not
kept for all the CH2. The alternation of signs instead is apparent in the
first derivative of 𝜕𝐴𝑧∕𝜕𝑧 (see Figure S10). In Figures S11 and S12 rep-
resentations of the Taylor-series term contributions of Eqs. (3) and (4)
to the overall VCD signals of the two C6H and a 3D representation of the
total 𝝁 and 𝒎 dipole transition moments and the contributions of each
term are reported respectively. In fact, starting from the first overtone,
the relative weight of the terms with the first derivatives of 𝛱 and
𝐴 substantially increases, leading to the characteristic bisignate shape
observed in the VCD spectra.

On the other hand, a clear prevalence of few transitions is not
observed in the absorption spectra, where the inclusion of all CH
stretchings is required to reproduce the experimental spectra. The latter
finding is in line with the basic local-mode model originally proposed
by Henry [47], for which the total absorption is proportional to the
number of local-modes. As expected, contributions arising from the
second derivatives of 𝛱 and 𝐴 have some relevance starting from
the fourth overtone (see Figures S13 and S14), which is one of the
reasons why at higher number of quanta VTP2 is not applicable and
higher-order (VPT4, VPT6) would be required.

From the results presented in the SI (Figures S4/S5 and S6/S7),
it is clear that the two VCD components are due to the pseudo-axial
and pseudo-equatorial CH-bond stretchings located at positions 3 and
6 (see Fig. 1). The former appears at lower frequencies and is charac-
terized by a positive VCD, while the latter, at higher frequencies, shows
a negative VCD for (R)-limonene. The other modes make negligible
contribution to the VCD signal, while all CH-stretchings contribute to

the same extent to absorption. While the difference in frequency of
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a
a

Fig. 3. Comparison of the experimental IR and VCD spectra (black lines) of (R)-limonene with local-mode calculations range (colored lines) of fundamental CH-stretching region
nd its overtones up to the fifth. Calculations were performed at the PW91 level. The spectra were simulated assigning Lorentzian distribution functions with: 10, 20, 30, 60, 100
nd 100 cm−1 half-width at half-maximum from small to high wavenumbers. The VCD and absorption spectra reported up to 𝛥𝑛 = 3 are taken from Ref. [20], 𝛥𝑛 = 4 and 𝛥𝑛 =

5 are taken from Ref. [29] and 𝛥𝑛 = 6 data were recorded in this work.
axial versus equatorial has been documented in many different ring
molecules, as originally proposed by McKean [48], Longhi et al. [49,50]
and Paoloni et al. [8], the peculiar intensity behavior of the CH-
stretchings in positions 3 and 6 is explained by their proximity to the
double bond of the ring.
6

w

In order to investigate the role played by the double bond in 𝛼
position, we performed local-mode calculations at different torsion
angle on the minimal template system depicted in Fig. 4 representing
the C5–C6–C1=C2 fragment of the original molecule. The model system
as built by extracting the four carbon atoms from the structure of the
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Fig. 4. Upper panels: dependence of the dipole strength (DS) and the rotatory strength (RS) of CH stretchings related to the CH2 group computed in local-mode on the dihedral
angle 𝜏 (depicted as green bonds in the top left of the figure). Values of DS and RS for 𝛥𝑛 = 2,3 were normalized with respect to the fundamental ones (normalizing factors DS:
65, 941; RS: 8, 105). Lower panels: on the left, representation of the NBO stabilization energy E(2) [51–53]; on the right, magnitude of the magnetic dipole transition moments
(|𝐦|, normalizing factors 49, 400) and angle 𝜃 between 𝝁 and 𝐦 as function of 𝜏 (dashed lines). The involved NBO orbitals are depicted in the left part of the figure, occupied
orbitals in red/blue and unoccupied ones in green/orange. The dihedral values assumed by the equivalent CH bonds in limonene indicated with red (pseudo-axial) and orange
(pseudo-equatorial) vertical bars in all graphics.
most populated conformer and saturating the valence with hydrogen.
Then, a relaxed scan along the 𝜏 dihedral angle (stepsize = 2.5◦) was
performed and local-mode calculations were done at each step for the
CH2 bonds.

In the top part of Fig. 4, we report the dependence of dipole and
rotational strengths on the dihedral angle defined by one aliphatic CH
bond and by the methine CH bond of the vinyl group. Since in limonene
the fragment is inserted in an unsaturated six-membered ring, at the
equilibrium geometries the values of 𝜏 are locked by the half-chair
configuration of the ring to 𝜏 ≈ −72◦ and 𝜏 ≈ 42◦ depicted as red
and orange vertical lines respectively in the figure. Despite its extreme
simplification, the model is capable of representing the system as can
be seen by comparing calculated values of the dipole strength (DS) and
of the rotatory strength (RS) for the template with those in Table S5.
As already described for the whole system, the major differences are
observed between fundamental and overtones, with the latter behaving
uniformly, in particular for VCD (all 𝛥𝑛 = 2–6 curves for RS versus 𝜏 are
superimposable, once normalized). The shapes of the curves suggested
us a connection to the different molecular orbitals involved. Indeed,
inspired by the works of Nafie and coworkers on localized molecular
orbital [54,55] and by the recent works of Yabushita et al. on over-
tone absorption intensities studied by examining the electron density
derivatives [56,57], we built a qualitative picture of the interaction of
the molecular orbitals localized on the CH and CC bonds. To this end,
we performed an NBO analysis [51–53] of the system along the scanned
dihedral angle and plotted the stabilization energies E(2) between the
set of occupied and unoccupied orbitals. The results are reported at the
7

bottom of Fig. 4 and the orbital representations are given on the left
side of the same figure.

The NBO representation evidences a noteworthy correlation be-
tween stabilization energy and dipole strength values. Indeed, the
𝜎CH-𝜎*CC energy term exhibits the same trend as DS for the funda-
mental transition, while interactions 𝜎CH-𝜋*CC and 𝜋CC-𝜎*CH show a
minimum when the CH is in the nodal plane of 𝜋CC, as expected. In the
latter case, the trend correlates with the calculated DS of the overtones.
Considering RS, the interpretation is less immediate, it is nearly zero for
the fundamental transition for the pseudo-axial CH (CH𝑝𝑎𝑥) and positive
for the pseudo-equatorial CH (CH𝑝𝑒𝑞). Instead, the RS of all overtones
coincide (after normalization) and are positive for CH𝑝𝑎𝑥 and negative
for CH𝑝𝑒𝑞 . In order to disentangle the different contributions to the RS
values, it is useful to report the magnitude of 𝒎 and the values of the
angle 𝜃 between 𝝁 and 𝐦 as function of 𝜏, in the bottom right panel
of Fig. 4. In this way, a correlation between the NBO delocalization
energies (E(2)) and |𝒎| becomes apparent. However, contrary to what
was observed for DS, 𝜋-type interactions seem to contribute to |𝒎|

already for the fundamental (𝛥𝑛 = 1) transition. The 𝛥𝑛 = 1 trend
for |𝒎| recalls the shape of a curve obtainable by summing the 𝜋-
type and 𝜎-type E(2) plots. For values of 𝜏 close to zero, |𝒎| can
be related to 𝜎-type interactions, while for 𝜏 angles approaching 90◦

the 𝜋-type interactions are expected to prevail. Also, the analysis of 𝜃
versus 𝜏 shows a qualitatively different behavior between fundamental
and overtones that can be related to the importance of both 𝜎 and
𝜋-type interactions for fundamentals while 𝜋-type ones play a major
role for overtones. In fact, we may notice that at high |𝜏| values, with
𝜏 smaller than −70◦ or larger than 70◦, 𝜃 is smaller/larger than 90◦
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respectively for both fundamentals and overtones since in this region
𝜋-type interactions dominate. On the contrary at small values of 𝜏,
he 𝜎-type interaction dominates and causes a change in the relative
rientations of 𝝁 and 𝒎, eliciting a change of sign for the RS of the
undamental compared to overtones. In conclusion, for the examined
vertone transitions (𝛥𝑛 = 2–6), the RS sign of the CH stretching
epends mainly on its relative position, above or below the nodal plane
f the C=C double bond and consequently depends on their 𝜋-type
nteractions. We may conclude that the RS of the locked 𝛼-CH2 in the
imonene structure explains the strong and coherent bisignated VCD
ignal observed in all the experimental overtone spectra of limonene.

. Conclusions

In this work, we have investigated the full IR absorption and VCD
pectrum of neat (R)-limonene, from 900 to 16,000 cm−1. GVPT2
nharmonic DFT calculations permit satisfactory and in certain re-
ions excellent interpretation in the range 900–10,000 cm−1, with
ew exceptions, the most critical among the latter being the funda-
ental CH-stretching region from 2800 to 3500 cm−1 and the first

vertone between 5000 and 6500 cm−1. In general, the method works
uite well in the mid-IR range and typical combination regions (1:1
tretching–bending combinations 3600–4600cm−1 and 2:1 stretching-
ending combinations 6500–7500 cm−1) not represented at all by the
ocal-mode model. The local-mode approach developed within the DFT
rotocol is employed for all the CH-stretchings regions (fundamental +
vertones) and is found to satisfactorily account for the observed spec-
ra, except for the first overtone region between 5000 and 6500 cm−1,
here both the methods here tested fail. The latter discrepancy was
xpected, since that region in the case of CH stretching is neither in
he normal nor in the local-mode regime [58]. From the second to
he fifth overtone, VCD spectra were observed and were adequately
xplained in terms of the two pseudo-axial and two pseudo-equatorial
H stretching local-modes in 𝛼-positions with respect to the ring double
ond. That is to say, the two components of the bisignate VCD spectrum
bserved for all overtones from 𝛥𝑛 = 3 to 𝛥𝑛 = 6 are attributed to
he stretchings of the axial and equatorial CH bonds in 𝛼-position with
espect to the ring CC double bond, which provides intensification of
he rotational strengths of four modes over the other 9 local-modes,
hile the dipole strengths are similar for all 13 local-modes. In the Re-

ults and Discussion section we provided arguments based on molecular
rbital interaction which allows one to understand why the local-
odes of these four CH stretchings have the observed VCD signs and

ntensities. The normal mode interpretation of the fundamental CH-
tretching region is quite different and is based on the CH2CH2C*H
nherently dissymmetric chromophore [46]. As a final note, we point
ut that the realm of overtones and combinations in chiral spectroscopy
emains mostly unexplored in the current literature, despite the poten-
ial applications in the food industry and the biomedical sector. In this
ork, we have shown that the detailed interpretation of NIR signals is
lso possible with VCD, with higher sensitivity compared to standard
bsorption spectroscopy, on molecular systems of medium-size with
everal conformational degrees of freedom.
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