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Abstract

The vibrational circular dichroism (VCD) spectra of dicarvone (1),

dipinocarvone (2), and dimenthol (3) have been recorded in the range

900–3200 cm−1, encompassing the mid-infrared (mid-IR), the C O stretching,

and the CH-stretching regions. For compound 3 also, the fundamental and the

first overtone OH stretching regions have been investigated by IR/NIR absorp-

tion and VCD. Density functional theory (DFT) calculations allow one to inter-

pret the IR and VCD spectra and to confirm the configuration/conformational

studies previously conducted by X-ray diffraction. The most intense VCD sig-

nals are associated with the vibrational normal modes involving symmetry-

related groups close to the CC bond connecting covalently the two molecular

units. The vibrational exciton (VCDEC) model is fruitfully tested on the VCD

data of compounds 1 and 2 for the spectroscopic regions at ~1700 cm−1, and

the local mode model is tested on compound 3 at ~3500 and ~6500 cm−1. For

compounds 1 and 2 also, ECD spectra are reported, and the exciton mecha-

nism is tested also there, and connections to the VCDEC model are examined.
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1 | INTRODUCTION

Recently, we measured the vibrational circular dichroism
(VCD) spectra of (endo,endo)-bicamphor, (exo,exo)-
bicamphor, and (exo,endo)-bicamphor,1 to check the valid-
ity and/or limitations of the vibrational exciton model

(which we call here VCDEC=VCD exciton coupling). The
VCDEC model had been resumed, with several examples,
by Taniguchi and Monde,2 and was in large part inspired
by the successful exciton model for the interpretation of
the ECD spectra (ECD = electronic circular dichroism
spectra or CD in the UV range); the latter approach was
developed by Professor Nakanishi in a large number of
papers of which we cite only two representatives.3,4 The
VCDEC model was applied to the case of interacting
C O stretching vibrations but was recognized to work
also for other spectroscopic regions and other normal
modes5–7 and had been introduced earlier under the name
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of coupled dipoles or coupled oscillators.8–11 The discus-
sion that ensued generated few more contributions,
evidencing aspects encountered and investigated since
long ago and novel facets regarding the applicability or
critical aspects of the model.12–15 Even though the perfor-
mance of density functional theory (DFT) is improving
from year to year and makes the use of approximate
models, like VCDEC, unnecessary for small organic mole-
cules, their use for larger systems, like biopolymers or
complex systems presenting through space coupling, is
still needed. The VCDEC approach has been adopted
among the others by Schweitzer–Stenner et al.16,17 Alter-
native approximated methods can be found like fragmen-
tation methods with Hessian reconstruction, which have
been applied by Choi and Cho,18 and in general, inter-
mode coupling between pair of local modes models have
been used to calculate the 2D infrared (IR) spectra.19,20

The usefulness of the molecular models examined in
Abbate et al.1 relied on two important properties: (i) the
C2 symmetry of tested molecules and (ii) the rigidity of
tested molecules, with the conformational mobility con-
fined to just one degree of freedom, namely, the inter-
molecular dihedral angle. Property (i) makes the VCD
spectra to look easily “readable,” notwithstanding the
high number of vibrational degrees of freedom; whenever
we encountered symmetry, VCD spectra looked sim-
ple.1,21,22 Property (ii) allowed us to pinpoint the tiny
unbalance of two conformations of opposite interunit
dihedral angle, which was also dependent on solvent. In
the present work, we treat three further cases: the
(R,R0)-dimer of (R)-(−)-carvone (1), the (R,R0)-dimer of
(1R,5R)-(+)-pinocarvone (2), and (1S,10S,2S,20S,5R,50R)-
2,20-diisopropyl-5,50-dimethylbicyclohexy-1,1-diol, which
we will call dimenthol for short, (S,S0)-3 or even (3) (see
Scheme 1, where also the structure for the
(−)-pinocarvone (4) molecule is presented, which had
never been studied before by VCD or ECD).23,24

For these molecules, few extra degrees of freedom,
besides the interunit dihedral angle, may contribute to
conformational mobility and thus may in principle per-
turb the application of the vibrational exciton model, and
one purpose of this work is to enquire to which extent
this is taking place.

Indeed, we will investigate to what extent the VCDEC
model applies in the C O stretching spectroscopic region

in 1 and 2. For compound 3, VCD spectra in the OH
stretching fundamental and first overtone regions have
been recorded, and the local mode model has been
employed to interpret the VCD data.11,25 The ECD
spectra have also been recorded, and a discussion will be
presented as to whether the phenomena of vibrational
and electronic excitons are related and to which extent.

2 | MATERIALS AND METHODS

2.1 | Materials

The synthesis, characterization, and X-ray structures of
compounds 1, 2, 3, and 4 are described in previous
works.23,24 One of the authors of those papers is partici-
pating in this work also, and the products are from their
collection.

2.2 | VCD and ECD spectroscopies

Absorption and ECD spectra were recorded at room tem-
perature on a JASCO J815SE spectropolarimeter, using
0.1- and 0.2-mm path-length quartz cuvettes for 1 and 2,
respectively, and concentrations of about 1.0 × 10−3 M in
chloroform and acetonitrile, as specified in the figure
captions. VCD/IR spectra were recorded on a Jasco
FVS6000 FTIR spectrometer equipped with a VCD mod-
ule, comprising a wire-grid linear polarizer, a ZnSe photo
elastic modulator to produce 50 kHz modulated circu-
larly polarized radiation over a rather wide range (from
4000 to 850 cm−1), and a liquid N2-cooled MCT detector;
5000 scans were acquired for each spectrum, and solvents
VCD and IR spectra were subtracted. For the OH
stretching region and for the CH stretching region, an
InSb detector was employed. The spectra were recorded
in CDCl3/CCl4 solutions in 0.2- and 0.1-mm path-length
BaF2 cells with concentrations ranging from 0.05 to
0.1 M. For the OH stretching fundamental region infra-
sil®/quartz rectangular 0.1- to 0.5-mm-thick cuvettes
were employed, on the same Jasco FVS6000 apparatus
with solutions as just above. For acquiring NIR-VCD
spectra, the home built dispersive apparatus previously
used in analogous circumstances was employed,25–28 a

SCHEME 1 Structures of the studied compounds.

Configurations: for 1: (1R,2R, 10R,20R); for 2: (1R,2R,5R,
10R,20R,50R); for 3: (1S,2S,5R,10S,20S,50R); for 4: (1R,5R)
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suprasil®/quartz cell 0.5 cm wide was employed, and five
scans were acquired in the CD and absorption baseline
(ABL) mode,26 the latter being subtracted from the
former. The solvent spectrum recorded in the same
manner was finally subtracted out. The resolution was
2 nm in the range 1600–1300 nm, with a scan speed of
1 nm/s.

2.3 | DFT calculations

The minimum energy conformers found by MM were
further fully optimized by Gaussian16 package,29 using
the DFT at the B3LYP/TZVP level in gas phase (results
not shown). DFT allows one to generate IR and VCD
spectra from calculated frequencies and dipole and rota-
tional strengths;30 results were obtained in the IEF-PCM
approximation31 and were plotted by assigning a 4- to
16-cm−1 bandwidth Lorentzian band shape to each vibra-
tional transition with a program resident in the Jasco
VCD software package. Various scaling factor values
were adopted for each compound in different spectro-
scopic regions and were applied to calculated vibrational
transitions. They are specified in the relevant figure
captions. To account for mechanical and electrical
anharmonicity, as first described in Gangemi et al .,27 cal-
culations for the overtone/NIR case were conducted for
dimenthol 3 and for (R)- and (S)-menthol and are
described in the Section 3.

3 | RESULTS AND DISCUSSION

Let us analyze the three cases separately, beginning with

a Dicarvone (1)

In Figure 1, we compare the experimental and the
calculated IR and VCD spectra for dicarvone (R,R)-(1).
One may notice a pretty good correspondence between
experiment and theory, with just the IR bands being cal-
culated slightly too intense with respect to experiments;
we do not think this is due to the bandwidth being cho-
sen too narrow in the calculation, since the VCD spectra
appear evaluated with correct magnitudes, compared
with experiment, with the same choice of bandwidth.
The IR spectrum in the CH stretching region does not
appear completely well predicted, but this is expected,
due to the neglect of anharmonic effects in the present
calculations; still, the corresponding VCD spectrum is
well accounted for by calculations, with the interpreta-
tion commented later on in the paper. The calculated
spectra reported in Figure 1 are the weighted averages for

three conformers differing mostly in the orientation of
the isopropylene group (top part of Figure 2). The IR and
VCD spectra for each conformer are given in Figures S1
and S2.

For the main scope of the article, the most interesting
spectroscopic region is the C O stretching region
between 1600 and 1700 cm−1, which consists of a single
excitonic feature, which is positive and points to a posi-
tive dihedral angle between the two C O bonds. Sure
enough, the DFT calculations bear on this point: indeed,
three stable geometrical structures are predicted, differ-
ing in the dihedral angle defining the position of the iso-
propylene group about the CC bond connecting it to the
carvone ring (see Figure 2), but not on the interunit dihe-
dral angle: the population factors, reported in Figure 2
(top part), allowing to weigh the calculated spectra, are
due the product of Boltzmann thermal factors and degen-
eracy factors associated with either C2-symmetric or non-
symmetric relative positions of the two isopropylene
groups. The most populated conformer predicted by DFT
is compared with the structure obtained by X-ray23 in
Figure S3: the two structures look quite similar indeed.
The interunit dihedral angle ϕ, defined as O C–C O
(alternatively and equivalently, we can evaluate the inter-
unit dihedral angle as θ = C–C–C–C), does not change
much in the three conformers, and O C–C O is about
+109� for all three conformers 1a, 1b, and 1c, being asso-
ciated to a P helicity.

In Figure S4 (left), we report the interconversion
energy curve between different stable minima obtained
by optimizing the structure 1a for all but one degree of
freedom, namely, the C–C–C–C θ torsion. All three struc-
tures discussed here are for the minimum of that energy
profile at θ ≈ 70�, corresponding to ϕ = 109�; the next
minimum along this curve is approximately 5 kcal/mol
above the lowest energy minimum, and activation ener-
gies are high, above 20 kcal/mol.

In Table 1, we provide calculated frequencies, dipole,
and rotational strengths for all three conformers of 1,
according to full DFT calculations and according to the
vibrational exciton simplified approach, presented in
eqns. 1–3 of Abbate et al .,1 which we repeat here in the
particular case of the C2 symmetry of the dimeric
molecule:

ν� = ν� D
hc

d−3 sin2α � cosϕ+2cos2α
� �

, ð1Þ

D� =D�D sin2α � cosϕ−cos2α
� �

, ð2Þ

R� = �πν�
2

dDsin2α � sinϕ: ð3Þ
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In the above equations, the dipole strength D for each
isolated C O normal mode is in esu2cm2 (as well as the
coupled quantities D± and R±), the distance between the

oscillators d is in cm, and the frequency ν for the isolated
C O in cm−1, as well as the ν± for the coupled C O
oscillators. In Table 1, one may find also the main

FIGURE 2 Conformers and

population factors

(B3LYP/TZVP/IEFPCM = CHCl3) of the

three conformers of 1 (top line), of the

two conformers of 2 (bottom left) and of

the single conformer of 3 (bottom right)

FIGURE 1 Experimental VCD/IR spectra for 1 in solution (chloroform, solid red trace) and computed spectra

(B3LYP/TZVP/IEFPCM = chloroform) for 1 (solid blue trace). Scaling factors: 0.955 in the CH stretching region; 0.98 in the C O/C C

stretching region; 0.98 in the mid-IR region
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geometrical characteristics needed for the application of
the VCDEC model to the O C–C O moiety:
α1 = α2 = α = C–C O in-plane angles, ϕ = O C–C O
dihedral angle, d = CC distance. For the VCDEC calcula-
tions, we employed the dipole strength and frequency
value for the C O stretching normal mode, calculated on
the most populated conformer of carvone, that is,
D = 890.3 × 10−40 esu2cm2 and ν = 1720.9 cm−1(vide
infra). Equations (1–3), that is, the vibrational exciton
simplified approach, assume that magnetic dipole transi-
tion moment (MDTM) contributions can be disregarded,
an explicative counterexample may be found in Abbate
et al.15 In the case considered here, we have similar VCD
intensities for the two components of the doublet (both
from experiment and DFT calculations) and a low value
for MDTM; these considerations suggest to rely on the
simplified model. Two choices for locating the interacting
electric dipole transition moments (EDTMs) are proposed
and discussed in the following: VCDEC (1) and VCDEC
(2). In the first one, VCDEC (1), EDTMs are located on
the carbon atoms of the C O bonds. In the second one,
VCDEC (2), the origin of EDTM is at centers of the CC
bonds bridging the C O and the endocyclic C C (see
Figure 3; only one conformer is shown, since the other
two do not differ in the d, ϕ, and α parameters, as of
Figure 2). The correspondence between the DFT and
VCDEC (1) approaches is pretty good for all three con-
formers for D± and R± but not for ν±, which are inverted
in VCDEC (1) calculations with respect to full DFT calcu-
lations. This produces the wrong prediction of the VCD
C O stretching couplet. In the following, we analyze
what causes the discrepancy. Differences in the

conformations of the isopropylene units have no influ-
ence on the sign and magnitude of the VCD and IR sig-
nals in the C O stretching region (composed of

TABLE 1 Geometrical parameters taken into account for the two carbonyl bonds in molecule 1 (B3LYP/TZVP/IEFPCM = CHCl3) and

calculated frequencies (ν±), dipole strengths (D± × 1040), and rotational strengths (R± × 1044) for the carbonyl stretching symmetric and

antisymmetric couplets, according to full DFT and to vibrational exciton simplified approach (Equations 1, 2, and 3)

Conformers B3LYP/TZVP (IEFPCM = chloroform)

1a 1b 1c

DFT VCDEC (1) VCDEC (2) DFT VCDEC (1) VCDEC (2) DFT VCDEC (1) VCDEC (2)

ϕ (�) 109 105 109 105 111 107

d (cm) 3.00E-08 4.26E-08 3.00E-08 4.27E-08 2.95E-08 4.19E-08

α (�) 77.4 67.9 77.2 68.1 77.0 67.3

ν+ (cm−1) 1709.7 1716.6 1721.3 1709.3 1716.7 1721.2 1706.6 1715.9 1721.2

ν− (cm−1) 1693.8 1723.8 1720.5 1693.9 1723.7 1720.6 1692.2 1724.5 1720.6

D+ (esu2cm2) 377.3 571.9 569.6 417.1 571.0 570.7 285.8 535.5 534.3

D− (esu2cm2) 1038.8 1208.7 1211.0 1053.4 1209.6 1209.9 1423.3 1245.1 1246.3

R+ (esu2cm2) −631.4 −648.2 −851.8 −642.5 −647.2 −856.0 −539.9 −625.0 −819.5

R− (esu2cm2) 398.0 650.9 851.5 449.2 649.9 855.7 810.6 628.1 819.2

Note. Two choices for the electric dipole transition moment (EDTM) origin are made, VCDEC (1) and VCDEC (2) (see text).
Different colors used for providing better readability of data

FIGURE 3 Positioning of electric transition dipole moments as

in the VCDEC (2) choice for compounds 1 (upper section, one
conformer only, since the three conformers are very similar) and

2 (lower section, two different conformers) and for their relative

monomer (R)-carvone and (1R,5R)-(+)-pinocarvone. The values for

geometrical parameters ϕ, d, and α1 and α2 are given in Table 1 and 2
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frequencies, dipole, and rotational strengths); see
Figure S2.

The wrong prediction of Δν = ν+ − ν− could mean
that the separation of ν+ and ν− may not be due to dipole
coupling only.12 Looking more closely, we see that this
discrepancy in wavenumber is related to the fact that ϕ is
larger than 90�, and this should be kept in mind in gen-
eral: indeed, when this ϕ value, even not changing the P
helicity, is slightly higher than 90�, gives a negative value
to Δν ; the value of α becomes then crucial in determin-
ing the predominance of the sin2αcosϕ term in Equa-
tion 1. Instead for ϕ < 90�, Δν would be positive in any
case. In Figure S5, we plot Δν as functions as of ϕ and α,
for limited interval of ϕ > 90� and ϕ < 90�: also, α may
be important to decide the ν+/ν− order especially for
ϕ ≈ 90� where cosϕ≈0. Careful analysis of the normal
modes indicates that the C O stretching mode, bearing
the highest EDTM among all vibrational modes, is not
completely localized on the carbonyl. Considering car-
vone, the single exocyclic C C stretching frequency is
calculated as 1701.8 cm−1, while the endocyclic one is at
1690.9 cm−1, with approximately one tenth of the IR
intensity of the C O. In the monomer, the three vibra-
tions are highly localized; instead, the dimer carbonyl
stretchings and endocyclic C C stretchings are highly
coupled, but just two modes bear high EDTM, the ones
whose characteristics are reported in Table 1.

The delocalized nature of the modes led us to adopt a
new origin for EDTM provided in Figure 3 in the center
of the simple CC bond connecting the C O and the
endocyclic C C bond. This generated new d, ϕ, and α
geometrical parameters for the VCDEC (2) model and
provided a sign reversal for Δν = ν+ − ν− giving the cor-
rect answer for the coupled oscillators. The interested
readers may also consider the approach adopted by Nicu
that can reduce whichever normal mode rotational
strength to an ad hoc coupled oscillator mechanism,
without losing any contribution calculated by DFT.13,14

As anticipated above, conformational differences in
the isopropylene moieties between the three conformers
have modest influence onto calculated IR and VCD spec-
tra, even for the mid-IR region. This may be appreciated
in Figures S1 and S2, where the calculated spectra for the
three conformers are compared with experiment: only
the VCD features at approximately 1250 cm−1 have some
variability in the three conformers, but the population
averaged spectrum allows one to predict quite well exper-
imental data. Even the C–H stretching region shows
acceptable correspondence between experiments and cal-
culations, even though the conformers give different
answers according to the orientation of the exocyclic
group (see Figure S2). For completeness, we measured
the IR and VCD spectra of both enantiomers of carvone;

results agreed with literature data,32,33 both from the
experimental and theoretical point of view. We provide
the results in Figures S6, S7, and S8, together with the
DFT calculations, which allow one to see that the mobil-
ity of the isopropylene group has a more important effect
onto the mid-IR part of VCD and IR spectra than in 1. In
Figure S7, we give the three calculated conformers for
carvone.

In Figure 4, we show the ECD experimental and cal-
culated spectra of 1, which compare quite well. A promi-
nent excitonic-like feature centered at approximately
240 nm (cfr. also the UV band) is appearing, with positive
shape: from Table S1 and Figure S9, one may see that the
couplet is due to two π ! π* transitions involving the
C O moieties and the C C endo bonds (and, to lesser
extent, also the exo C C bond orbitals). In a way, this is
similar to what happens in VCD; C O and endocyclic
C C groups constitute the moieties responsible for both
the vibrational and electronic excitons.34 The negative
feature observed at approximately 200 nm, quite well
predicted, contains two π ! σ* transitions. Finally, a very
weak negative broad feature centered at 340 nm is
observed and predicted: it has n ! π* character. The sign
of the latter transition is negative and is the same as the
sign for the optical rotation provided in Mazzega et al.23

as if it were the dominant contribution in the Kramers-
Kronig transform rule, presented in previous
studies.35,36,37

b Dipinocarvone (2)

In Figure 5, we report the comparison of experimen-
tal and calculated IR and VCD spectra in IEF-PCM
approximation of dipinocarvone (R,R)-2. In the

FIGURE 4 Experimental ECD/UV–vis spectra for 1 in
solution (acetonitrile, solid red trace) and computed spectra

(TDDFT/CAM-B3LYP/aug-cc-pVDZ/IEFPCM = acetonitrile) for

1 (dashed blue trace). (σ = 0.3 eV). A wavelength red shift of 8 nm

has been applied. The magnitude of ECD spectra is enhanced from

290 to 380 nm
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Supporting Information, we provide the comparison of
experimental IR and VCD spectra for 2 and the
corresponding calculated spectra of each one of the two
conformers of 2 (Figure S10 for the mid-IR and
Figure S11 for the C O stretching and the CH stretching
regions). The comparison is pretty good in all three inves-
tigated spectroscopic regions, and the computational per-
formance being similar as in the previous dicarvone case.
Indeed, we still notice that the IR intensities are slightly
overestimated in the fingerprint region. The VCD spectra
are predicted very well.

The populated conformations in this case are just
two, as presented in the lower left part of Figure 2. In this
case, since the two halves of the molecule are quite rigid,
the two predicted conformations, which are populated at
approximately 88% and at 12%, correspond to two min-
ima of M and P helicity, respectively, (see Figure S4 and
also Figure S3 for comparison with X-ray structures:23

the M helicity prevails over the P one being the only one
observed in the solid state). For completeness, we com-
pare in Figure 6 the experimental and calculated IR and
VCD spectra of pinocarvone (4);23 the C O stretching
region is omitted since the VCD signal was too weak to
be considered reliable. One may appreciate that in the
mid-IR and in the CH stretching region, the observed

(and calculated) features of the pinocarvone monomer
4 and dimer 2 are quite similar (in the case of 4, only one
conformer is predicted): the latter spectroscopic region
has essentially a broad negative VCD corresponding to a
broad structured IR absorption band. The close similarity
of the IR and VCD spectra of 2 and 4 leads us to conclude
that the normal modes underlying the various bands of
these two spectroscopic regions have an intramonomeric
nature.

The C O stretching region is an exception in this
respect: the g ratio for the observed positive VCD band of
dipinocarvone, (R,R)-2, is approximately 1.6 × 10−4,
which is slightly less than in dicarvone, 1, (2.5 × 10−4).
Even though the two cases presented here have definitely
a smaller g than bicamphors, where g is of the order of
5 × 10−4,1 yet their g is still fairly big; however, in 2, the
couplet is rather unsymmetrical, with prevailing positive
component at higher wavenumbers. The DFT calcula-
tions reproduce these data rather well, and the two
predicted conformers have M (major conformer 2a) and
P (minor conformer 2b) helicity, with a partial cancella-
tion of the excitonic aspect and prevalence of M over P
(see Figure S11). The results for the approximate VCDEC
model, in comparison with results from complete DFT
calculation, are given in Table 2, where, besides the

FIGURE 5 Experimental VCD/IR spectra for 2 in solution (chloroform, solid red trace) and computed conformer-averaged spectra

(B3LYP/TZVP/IEFPCM = chloroform) for 2 (solid blue trace). Scaling factors: 0.955 in the CH stretching region; 0.97 in the C O/C C

stretching region; 0.985 in the mid-IR region
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geometric parameters discussed below, we have used the
value ν = 1759.7 cm−1 and D = 350.0 × 10−40 esu2cm2,
for the isolated C O stretching, as obtained from the
pinocarvone, 4, calculations. Again, two choices for locat-
ing interacting EDTM are proposed. VCDEC (1) is the

usual choice with the origin of EDTM in C of C O
bonds; VCDEC (2) accounts for the delocalization of the
1759.7 cm−1 normal mode of the monomer unit, pino-
carvone, which can be represented as an antisymmetric
C O/C C stretching: this suggests to adopt the EDTM

FIGURE 6 Experimental VCD/IR spectra for 4 in solution (tetrachloromethane, solid red trace) and computed spectra

(B3LYP/TZVP/IEFPCM = tetrachloromethane) for 4 (solid blue trace). Scaling factors: 0.96 in the CH stretching region; 0.98 in the mid-IR

region

TABLE 2 Geometrical parameters taken into account for the two carbonyl bonds in the molecule 2 (B3LYP/TZVP/IEFPCM = CHCl3)

and calculated frequencies (ν±), dipole strengths (D± × 1040), and rotational strengths (R± × 1044) for the carbonyl stretching symmetric and

antisymmetric couplets, according to full DFT and to vibrational exciton simplified approach VCDEC (Equations 1, 2, and 3)

Conformers B3LYP/TZVP (IEFPCM = chloroform)

2a 2b

DFT VCDEC (1) VCDEC (2) DFT VCDEC (1) VCDEC (2)

ϕ (�) −98.6 −96.2 100.6 105.8

d (cm) 3.88E-08 5.04E-08 2.87E-08 3.40E-08

α (�) 99.2 85.8 79.6 61.4

ν+ (cm−1) 1749.6 1759.4 1759.6 1752.7 1758.9 1760.4

ν− (cm−1) 1744.4 1759.9 1759.8 1745.3 1760.5 1759

D+ (esu2cm2) 272.1 290.0 310.8 119.6 276.3 196.2

D− (esu2cm2) 328.7 409.9 389.3 398.2 423.7 503.8

R+ (esu2cm2) 314.3 361.4 482.1 −203.6 −263.8 −287.1

R− (esu2cm2) −188.6 −361.5 −482.2 264.1 264.0 286.9

Note.Two different choices of the EDTM origins are made in VCDEC(1) and VCDEC(2) (see text).
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origin at the centers of the CC bonds connecting the two
C O and C C moieties and a tilted orientation with
respect to the C O bond as derived from the EDTM ori-
entation calculated on the single pinocarvone molecule.
(Once again, see also Figure 3 for the VCDEC(2) origins
of both conformers of molecule 2.) The correspondence
between the results for ν, D, and R from the two VCDEC
models and full DFT presents, for both the M and the P
conformers, problems similar to those encountered in
dicarvone, suggesting again that positioning of the inter-
acting EDTM is crucial to obtain acceptable results with
VCDEC model.

Finally, we report in Figure 7 the UV and ECD exper-
imental and calculated spectra for 2 and 4 close to each
other.

In correspondence of the UV feature at approximately
240 nm, one has a positive ECD band for both
dipinocarvone and pinocarvone, which witnesses the
intramonomer character of this π ! π* transition for the
C C/C O moiety in this case. The negative ECD feature
in dipinocarvone at approximately 210 nm is too far
removed from that region, to be considered as the other
component of an exciton couplet. It is also worthwhile to
notice the inversion of the broad band at 330 nm, which
is positive for pinocarvone and negative for
dipinocarvone. In the case of 4, the n ! π* transition
exhibits vibronic feature as reported in literature for
other α,β-unsaturated ketones.34 From Tables S2 and S3
and Figures S12 and S13, one may see that the
HOMO ! LUMO transition in the two cases is dominat-
ing the ECD spectrum at 330 nm, especially for 4; this
transition contains important contributions both from
the C O n ! π* and from diene π orbitals, so as to make
the application of the octant rule inapplicable. This may

justify the difference in sign for the ECD band at 330 nm
for 2 and 4. Differently from ECD, VCD brings in some
information about mutual orientation of the two pino-
carvone moieties.

c Dimenthol (3)

The case of dimenthol (3) is different from the cases
of 1 and 2, since in 3, the two OH groups across the
bridging CC bond have obviously quite different spec-
troscopic properties from the C O groups in 1 and 2.
In Figure 8, for 3 (in the (1S,2S,5R,1S0,2S0,5R0) configu-
ration), we compare the experimental and calculated IR
and VCD spectra in the CH stretching and mid-IR spec-
troscopic regions. The calculated spectra result from just
one populated conformer (Figure 2, bottom line), which
shows strong similarity with the X-ray structure pro-
posed in Peters et al.24 (see Figure S3, bottom part).
Indeed, even in solution, the menthol ring is in the
chair conformation, the hydroxyl groups appear to be
held in one conformation by hydrogen bonding interac-
tions, and the isopropyl groups are also in the same
conformation as in the solid, due to hydrophobic inter-
actions with other groups in the molecule. In
(−)-(1R,2S,5R)-menthol, the OH-rotational degree of
freedom has some influence on the isopropyl orienta-
tion (Figure S14), while in dimenthol, only one con-
former is present: the change in configuration at carbon
1 from (−)-(1R,2S,5R)-menthol to (1S,2S,5R,1S0,2S0,5R0)-
dimenthol gives an axial orientation to the two
dimenthol hydroxyl groups. The predicted spectra com-
pare quite favorably with the experimental ones; the
same happens for (−)-menthol, which possesses five
conformers (see Figures S15 and S16 and other

FIGURE 7 A, Experimental ECD/UV–vis spectra of 2 in solution (acetonitrile, solid red trace) and computed spectra (TDDFT/CAM-

B3LYP/aug-cc-pVDZ/IEFPCM = acetonitrile) of 2 (dashed blue trace). (σ = 0.3 eV); B, experimental ECD/UV–vis spectra of 4 in solution

(Tetrahydrofuran, solid red trace) and computed spectra (TDDFT/CAM-B3LYP/aug-cc-pVDZ/IEFPCM = Tetrahydrofuran) of 4 (dashed blue

trace). (σ = 0.3 eV). A wavelength red shift of 8 nm has been applied. For both 2 and 4, the magnitude of ECD spectra is enhanced from

290 to 400 nm
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works32,33,38 for the mid-IR region and literature32,39 for
the CH stretching region).

A few considerations may be drawn from Figure 8:
the IR spectrum is well predicted by DFT calculations in
band position and intensity, the latter aspect being
treated better in 3 than for 1 and 2. The VCD band at
approximately 1260 cm−1 is positive for dimenthol and
negative for (−)-menthol. This is indeed somewhat
expected, since the latter compound has opposite config-
uration at carbon 1 (AC: (1R,2S,5R)) with respect to
dimenthol (AC: (1S,2S,5R,1S0,2S0,5R0)), and at that fre-
quency, one has normal modes possessing C*H-bending
character, as noticed also, for example, in Abbate et al.
and Mazzeo et al.40–42 We checked that the most impor-
tant contribution is from the C*H-bending at 1,10 while
C*H-bending at 2,20 (with the same configuration in
(−)-menthol and dimenthol) and C*H-bending in the iso-
propyl group contribute to a lesser extent to that band.
Differences in the IR and VCD spectra of (−)-menthol
and dimenthol are also noticed in the 1150–1050 cm−1

region, but they are not as clear-cut as for the band at
approximately 1260 cm−1.

Also, the CH stretching region brings in interesting
information: in (−)-(1R,2S,5R)-menthol, one has a char-
acteristic triplet of VCD bands at 2945, 2928, and

2911 cm−1 with alternating signs (+, −, +) and a broad
(−) VCD band, affected by anharmonicity at 2870 cm−1.
In (1S,2S,5R,1S0,2S0,5R0)-dimenthol, one still has a VCD
triplet at 2985, 2965, and 2945 cm−1 with the signs (+, −,
+) (shifted upwards with respect to (−)-menthol) and
with the broad (−) VCD band extending from 2960 to
2920 cm−1. Following Gangemi et al.11 and Laux et al .,39

we checked that the characteristic VCD triplet originates
from CH2-antisymmetric normal modes coupled to a
C*H stretching mode located in the CH2–CH2–C*H frag-
ment at positions 3, 4, and 5, which have the same con-
figuration in monomer and dimer.

Finally, we investigated the fundamental and first
overtone OH stretching regions. Reference can be made
to our previous, experimental and theoretical
studies25–28,43 and to the experimental and computational
study by Devlin et al .,44 as well as, limited to absorption,
to the seminal overtone investigations of alcohol and diol
OH stretchings.45,46 In Figure 9, we compare the experi-
mental IR/NIR absorption and VCD spectra in the OH
stretching fundamental (Δv = 1) and first overtone
(Δv = 2) regions of (1S,2S,5R,1S0,2S0,5R0)-dimenthol
and of (+)-(1S,2R,5S)- and (−)-(1R,2S,5R)-menthol,
with the corresponding calculated spectra of
(1S,2S,5R,1S0,2S0,5R0)-dimenthol and of (1R,2S,5R)-

FIGURE 8 Experimental VCD/IR spectra for 3 in solution (carbon-tetrachloride, solid red trace) and computed spectra

(B3LYP/TZVP/IEFPCM = carbon-tetrachloride) for 3 (solid blue trace). Left: CH stretching region; right: mid-IR region. Scaling factors: 0.95

in the CH stretching region; 0.98 in the mid-IR region
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menthol, according to the local mode approximation.25–28

This approximation for IR-VCD and NIR-VCD spectra
has been discussed in previous studies25–28 and implies
the calculations of mechanical and electrical
anharmonicities. Application of the local mode model to
the present case of two nearby OH bond stretchings is to
be taken with some care, even though, according to
Kjaergaard45 and Abbate et al .,47 is expected to work
increasingly better with increasing overtone order. Once
calculated the mechanical harmonic frequency ω and
anharmonicity χ of the local OH oscillators, we compute
frequencies ν0–1 = ω-2χ and ν0–2 = ω-6χ; after evaluation
of the necessary electrical anharmonic terms, we calcu-
lated also dipole strengths D0–1 and D0–2 and rotational
strengths R0–1 and R0–2 for Δv = 1 and Δv = 2 transitions,
for the single OH local oscillator of (1R,2S,5R)-menthol
and for the two supposedly decoupled OH bond
stretchings of (1S,2S,5R,1S0,2S0,5R0)-dimenthol. These
parameters are reported in Table 3, and in Figure S17, we
report APTiz(H) and AATiz(H), i = x,y,z.

We first notice that the experimental VCD spectra of
dimenthol are quite intense both in the fundamental and
in the first overtone region, and also the g ratios

(g = (Δε/ε)) are high; for menthol, VCD signals are wea-
ker. In detail, in the case of menthol, one absorption
band and one VCD band are recorded for Δv = 2, while
for Δv = 1, two very weak VCD features are recorded at
the same frequency of the absorption band at about
3600 cm−1 (the second absorption band at Δv = 1 is due
to intermolecular hydrogen bonded species, but we
ignore it in the present study). Instead, for dimenthol,
two absorption bands are recorded, and they are largely
independent of concentration (ranging from 0.0125 to
0.2 M; see Figure S18). According to the results of
Table 3, they are due to acceptor (high frequency) and
donor (low frequency) OH stretching local modes. We
notice that the linear and nonlinear electric and mechan-
ical characteristics of the acceptor OH bond are more
similar to the corresponding ones of menthol than the
donor's, especially considering the menthol conformer
for HOCH dihedral ≈ 174�.

The predicted absorption spectra compare well with
the experimental ones both for (R)-menthol and for
(S,S)-dimenthol, in shape and frequency; intensities for
Δv = 1 for menthol are underestimated, while intensi-
ties for Δv = 2 are overestimated for both molecules. A

FIGURE 9 Comparison of experimental (first and third columns) and calculated (second and fourth column) (on the basis of the local

mode model) absorption and VCD spectra in the OH stretching transitions Δv = 1 and Δv = 2 of (1S,2S,5R,1S0,2S0,5R0)-dimenthol (first two

columns) and of (−)-(1R,2S,5R)-menthol (last two columns); the experimental VCD spectra of menthol for also the (+)-enantiomer are

superposed to the ones of the (−)-enantiomer (the positive VCD band marked (*) observed at 1370 nm is an anomaly due to the gratings)
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first good result of the local mode approach is that we
calculate frequencies quite close to experimental values,
without using ad hoc scaling factors, and we obtain
overtone intensities of the correct order of magnitude.
Dipole and rotational strengths obtained by standard
DFT harmonic calculations for the fundamental transi-
tions compare well with the ones obtained by the
anharmonic local mode approach: the anharmonic con-
tribution to 0–1 intensity is weak; besides, we have
noticed that normal modes associated with OH
stretchings in dimenthol actually are localized on each
bond. For VCD bands, the prediction for Δv = 1 is
good for the main feature of dimenthol, while the high
frequency/low intensity feature is not accounted for in
sign both by the local mode approach and by DFT har-
monic calculations.

For Δv = 2, the observed single feature of menthol is
well predicted in sign and intensity, while for dimenthol,
only the acceptor high frequency band is well predicted,
whereas the broad band attributed to the donor is
predicted with the wrong sign. Further analysis of these
discrepancies is needed in a future work.

4 | CONCLUSION

In this work, we have investigated by VCD spectroscopy
three compounds having two identical interacting units
with limited conformational mobility with the aim to test
approximate models often used in the literature to eluci-
date their limitations in order to apply them more reli-
ably: the models are the vibrational exciton (VCDEC)
model and the anharmonic local mode model. The for-
mer is used to study the carbonyl stretching region of
compounds 1, dicarvone, and 2, dipinocarvone, the latter
model is used to study the hydroxyl stretching region in
the fundamental and first overtone range of compound 3,
dimenthol. For sake of completeness also mid-IR VCD
spectra and ECD spectra are presented and interpreted.

For dicarvone, 1, the measured couplet in the C O
stretching region is clear, strong, positive, and is easily
associated to P helicity (with interbond dihedral angle
equal to +109�) and predicted by full DFT calculations;
however, it is not predicted in frequency by the VCDEC
model when interacting dipoles are placed on the C O
bonds. The observation that C O stretching modes

TABLE 3 Top: population factors, calculated dihedral angle (HOCH for menthol and HOCC for dimenthol), ϖ (OH) stretching

frequencies calculated with Gaussian at the harmonic level (B3LYP/TZVP), mechanical frequency ω (OH), and anharmonicity parameter χ
(OH) of the single OH bond in three conformers of (R)-menthol (see Supporting Information) and of the two OH bonds in (S,S)-dimenthol

calculated by energy fit along the local coordinate.26,27 Bottom: first two columns, APTzz(H) (∂μz/∂z) element and its derivative (∂2μz/∂z2)
with respect to z (z-axis along the OH bond), dipole D and rotational strengths R for the 0 ! 1 and 0 ! 2 transitions for the single OH bond

in (R)-menthol in three conformations and for the two OH bonds in (S,S)-dimenthol

%pop dihedral (�) ϖ (OH) (cm−1) ω (OH) (cm−1) χ (OH) (cm−1)

(−)-Menthol

Conformer 1 37 64.4 3808 3825 88.6

Conformer 2 34.5 174.4 3786 3802 89.2

Conformer 3 17.8 −53.5 3822 3838 88.4

(S,S)-Dimenthol

Donor OH 100 38.8 3747 3762 91.6

Acceptor OH 100 160.6 3822 3838 89.9

∂μz/∂z
(H) (e)

∂2μz/∂z2

(H) (e/Å)
D (0–1) (10−40

esu2cm2)
D (0–2) (10−40

esu2cm2)
R (0–1) (10−44

esu2cm2)
R (0–2) (10−44

esu2cm2)

(−)-Menthol

Conformer 1 0.101 −0.573 9.75(19.00) 6.02 1.15(3.86) −0.22

Conformer 2 0.093 −0.393 9.06(15.94) 4.05 −0.25(−0.57) −0.07

Conformer 3 0.093 −0.504 8.76(15.88) 4.87 −1.02(−5.74) −0.18

(S,S)-Dimenthol

Donor OH 0.198 0.041 57.61(54.1) 1.65 −13.03(−26.00) 0.29

Acceptor OH 0.125 −0.282 21.04(23.70) 2.79 −2.75(−2.66) 0.13

Note. The values reported in parenthesis are obtained by standard DFT calculations in the harmonic approximation. For complete informa-
tion about the necessary electrical parameters, see Figure S18.
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couple with nearby C C stretching modes led us to dis-
place the origin of the interacting dipoles towards the
C C, obtaining thus the correct result. Similar consider-
ations have been applied to 2, dipinocarvone; the
observed weak and asymmetric negative couplet in the
C O stretching region, which is associated to M helicity
and is predicted by full DFT calculations, is also
predicted by the VCDEC model if the coupled dipole
transition moments are placed in correspondence of the
moieties (C O and C C) involved in the normal mode.
These two examples show how critical is the choice of
the origin of coupled dipoles particularly as regards the
calculation of the frequency order of the doublet, a prob-
lem often disregarded since most of the times attention is
paid to the helicity sense of dipoles in the prediction of
rotational strength signs. These examples teach us that
careful analysis of the normal modes is needed, in order
to correctly apply the model to cases different from the
standard isolated carbonyls1,2 or from aromatic moie-
ties5,6,15; of course, a precondition is that normal mode
transitions have high dipole strength values. Another
particularly relevant point of the VCDEC model that we
have elucidated here is the choice of the EDTM origin;
this has a consequence on the distance of interacting
EDTMs and on the value of the other geometrical param-
eters. The latter aspect has also been discussed by Cov-
ington et al.12 and Nicu14 and can be important also
considering the excitonic model used for electronic CD.7

As a conclusion of this part of the paper, we are confident
that the VCDEC examples provided here help to apply
correctly the exciton model, whenever DFT calculations
are hard or impossible to perform, due to large molecular
dimensionality, like, for example, in the case of
biopolymers.16–20 The presented examples may serve as a
warning that making predictions for small molecules by
blind application of the VCDEC model can be quite
dangerous.

Having a similar goal of testing limitations and appli-
cability of simplified models, we have applied the local
mode anharmonic model for the OH stretching funda-
mental and first overtone IR/NIR VCD spectra of
3 dimenthol. Good results are obtained for frequencies
and absorption intensities; VCD features are only par-
tially predicted also considering fundamentals where the
normal mode and local mode treatment gives in this case
comparable results. Recently,48 another pair of diols has
been investigated by VCD in the fundamental and first
overtone OH stretching regions: for the diol in this study
and for the two previous ones, the signs of the two OH
stretching bands correlate with the absolute configuration
of the carbon atoms bearing the hydroxyl groups. Also, in
Paoloni et al .,48 the local mode approach was applied
with better correspondence with experimental data.
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