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ABSTRACT: The structures and rotational constants of proto-
typical monocyclic terpenes and terpenoids have been analyzed by a

general computational strategy based on recent Pisa composite ; g:::::::ies
schemes (PCS) and vibrational perturbation theory at second order g SSNN and Rotational
(VPT2). Concerning equilibrium geometries, a one-parameter g MO"OCYC"C =4l Constants
empirical correction is added to bond lengths obtained by the % Monoferpenes and

revDSD-PBEP86 double hybrid functional in conjunction with a e Monofffpgllmf
slightly modified cc-pVTZ-F12 basis set. The same functional and PO T T
basis set give accurate harmonic frequencies, whereas the cheaper
B3LYP hybrid functional in conjunction with a double-{ basis set is
employed to compute the semidiagonal cubic force constants
needed to obtain vibrational corrections to the rotational constants
in the framework of the VPT2 model. The final results obtained in
this way show in most cases average deviations with respect to the experiment close to 0.1%, which correspond to errors around 1
mA and 0.1° for bond lengths and valence angles, respectively. The accuracy of the results has produced reliable estimates for species
not analyzed yet experimentally. In addition to the intrinsic interest of the studied molecules, this article confirms that high-
resolution spectroscopic studies of quite large systems can now be aided by a very accurate yet robust and user-friendly
computational tool.

1. INTRODUCTION rooted in explicitly correlated (F12) post-Hartree—Fock
methods®” and include both core—valence (CV) correlation

The term “terpene” is often used ambiguously for any volatile,
and complete basis set (CBS) extrapolation. Then, the cheaper

oily substance that is insoluble in water and typically has a

resinous plant odor. More precisely, the term “terpene” should variant based on a double-hybrid density functional in
be reserved for hydrocarbons containing at least two isoprene conjunction with a triple-{ basis set'’ was validated with
units (CH,=C(CH,;)CH=CH,), even though isoprene itself reference to those values.* The equilibrium rotational constants
is not directly involved in the biosynthetic path of natural were improved to spectroscopic accuracy (mean unsigned error
terpenes. Conversely, the name terpenoid should be used in the (MUE) within 0.1%)"" by means of a one-parameter bond-
presence of additional functional groups, typically involving correction”'”"* and by taking into account vibrational
oxygen atoms. " Several terpenes and terpenoids are secondary corrections in the framework of vibrational perturbation theory

metabolites of different organisms, including plants, animals,
and fungi, and can be classified in terms of the number of
isoprene units [(Cs),] they contain. In this framework,
monoterpenes/monoterpenoids contain two isoprene units
(Cs), and can be classified into acyclic, monocyclic, and bicyclic
species.” The structures and spectroscopic parameters of several
prototypical bicyclic monoterpenes and monoterpenoids have
been recently investigated” by using several variants of the Pisa
composite scheme (PCS).” In particular, reference energies and
geometries of three prototypical compounds have been obtained
by the very accurate PCS2 and PCS3 variants,”” which are

at second order (VPT2)"*"'® based on a semidiagonal cubic
force field computed by a cheaper hybrid functional in
conjunction with a double-{ basis set.
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The main aim of this study is to apply the same computational
approach to a representative panel of monocyclic monoterpenes
and monoterpenoids, whose flexibility adds a further challenge
to both the VPT2 model and the underlying electronic structure
method.

Monocyclic monoterpenes and monoterpenoids can be
classified into three families depending on the nature of their
1,4-disubstituted six-membered ring: benzene, cyclohexene, or
cyclohexane.” We have selected p-cymene, anethole,'” estra-
gole,20 thymol, and carvacrol®!' as examgles of the first class;
limonene, carvone, and perillaldehyde2 as examples of the
second class, and p-menthane, menthol, menthone, and
isomenthone™ as examples of the third class. Most of the
selected compounds have been investigated experimentally,
whereas for some of them, the computed results should provide
reliable guesses for future investigations.

2. METHODS

A first sampling of potential energy surfaces (PES) ruled by soft
degrees of freedom (exocyclic dihedral angles and ring
puckerings) is carried out by the GEN2-XTB>* semiempirical
method in the framework of the metadynamics algorithm
implemented in the CREST program.”” Then, the different PCS
variants employed to refine the results are labeled by a number
giving the angular momentum of the largest (or unique) basis set
used in the computation of valence electronic energies, preceded
by a letter when explicitly correlated post-Hartree—Fock models
are replaced by other quantum chemical methods. In particular,
the H and D prefixes indicate the use of hybrid and double
hybrid functionals, respectively. A further B letter specifies the
use of one-parameter bond corrections in place of explicit
computations of CV correlation and CBS extrapolation. In
particular, the energy minima found in the preliminary
exploration and lying below a predefined threshold are refined
at the B3LYP level**~** in conjunction with the 6—31+G* basis
set’” ™" and augmented by the empirical D3BJ dispersion.”>*
This combination of density functional and basis set will be
referred to in the following as HPCS2. Then, the structures lying
within a narrower threshold above the absolute energy
minimum are refined with the revDSD-PBEP86 double hybrid
functional, again augmented by the empirical D3BJ disper-
sion”” " in conjunction with the 3F12~ basis set,” which is
obtained from its standard cc-pVTZ-F12 (3F12) counterpart’
by removing d functions on first-row atoms and replacing the
two f functions on second- and third-row atoms by a single f
function taken from the cc-pVTZ basis set.*® This combination
of the density functional and basis set will be referred to in the
following as DPCS3.

The different energy thresholds depend on the system and the
spectroscopic technique of interest. In general terms, a
conservative limit for the relative stability of detectable species
is around 900 cm™" (which corresponds to a relative population
of around 1% at room temperature, where kT/hc = 207
em™1).>*7%® As a consequence, the thresholds employed in the
present work for the acceptance of semiempirical structures,
HPCS2 geometry optimizations, and final DPCS3 refinement
are 2500, 1500, and 1000 cm™}, respectively. Furthermore,
relaxation to more stable structures can take place whenever the
energy barriers ruling this process are sufficiently low, with a
typical threshold around 400 cm™'.**~*" With the aim of
unraveling those fast relaxations, the most significant paths
connecting adjacent minima are analyzed by means of HPCS2
relaxed scans along soft degrees of freedom, namely, exocyclic
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dihedral angles and (for the species containing a cyclohexene or
cyclohexane moiety) ring puckerings. These latter soft degrees
of freedom can be described in terms of the so-called Cremer—
Pople ring coordinates.*” In particular, three coordinates of this
kind are needed for six-membered rings: two puckering
amplitudes (g, and gq;) and a phase angle (¢,), which are
related to the coordinates of the ring atoms (zj withj =1, .., 6)
perpendicular to the mean ring plane:

15 27(j — 1)
q, cos(¢h,) = Ve Ezjcos[—6 }

(1)
1 < 22 — 1)
g, sin(¢,) = —— Z zvsin{i}
’ ’ V3 j=1 l 6 ()
1 i
q3:ﬁz(_1)l le (3)

Note that g, is positive-valued, whereas g; can take either
positive or negative values, and 0 < ¢, < 27 (in radians).
These coordinates can be replaced by an equivalent set (Q,6,7),
where y = ¢,, Q is the total puckering amplitude, and0 < 6 < #
(in radians),

Q=g +4q;

0= arctan[&]
95 ©)

allowing for the mapping of all types of puckering (at fixed Q) on
the surface of a sphere. Furthermore, the positions of the ring
substituents can be defined in terms of the angle & formed by the
bond between the ring atom and the substituent with the normal
to the average ring plane:"’ a & 0 or @ & 7 corresponds to axial
(labeled by ax) substituents, while @ & /2 corresponds to an
equatorial substituent (labeled by eq). The parameters g5, ¢,, 43,
and a have been obtained using the code described in ref 44 and
are available in GitHub (https:// github.com/lucianlschan/
RING).

It is now widely recognized that the best realistic level of
accuracy of computed rotational constants for molecules
containing more than 2 or 3 atoms is of the order of
0.1%.>""*>* Since the rotational constants of all the studied
molecules range from 400 to 4500 MHz, in the following, their
values will be truncated to 0.1 MHz and semiexperimental (SE)
equilibrium values (A%, B, and C°F) will be derived from their
experimental ground state counterparts (A°, B°, and C°)
employing vibrational corrections (AA"ib, AB™® and AC™,
collectively referred to as AVib) computed from harmonic and
semidiagonal cubic force fields in the framework of the VPT2
model. "

The magnitude of vibrational corrections is typically between
0.3% and 0.7% that of the corresponding equilibrium rotational
constants. Since the relative errors of vibrational corrections
computed at the HPCS?2 level are usually of the order of 10%,**
the ensuing error of the rotational constants is more than
acceptable. At the same time, equilibrium geometries computed
at the DPCS3 level are remarkably accurate but need further
refinement to reach spectroscoIpic accuracy. Based on these
premises, several PCS variants”'”'>** have been developed to
attain this accuracy for increasingly larger molecules.

(4)

https://doi.org/10.1021/acs.jpca.4c07181
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Figure 1. Structures, atom numberings (following the IUPAC rules), soft dihedral angles, and common names of the studied monocyclic
monoterpenes and monoterpenoids containing a benzene, cyclohexene, or cyclohexane ring.

In the present study, equilibrium geometries have been
obtained using the BDPCS3 variant, which improves DPCS3
geometries by incorporating one-parameter corrective terms
(referred to as Ar®®Y for the CV contribution and Ar®Y for the
valence contribution), which are applied exclusively to bond

lengths:5

BDPCS3 _ .DPCS3 + ArBCV BV

i i j tArn (6)
with
BCV k\/m(rcov + rcov) (7)
and
ArY = ArBCV[ B, -2l - 1]
(i, €)8(j, S) + (i, 8)8(j, C)
+ ) 8, X)8(, Y)
X,YE{C,N} (8)
In the above equatlons, atomlc numbers #; and 1, together
with covalent radii r°" and r " given in ref 50 rule the APV
contribution, while Pauling bond orders P;;; ! and Kronecker s

are employed to tune the inclusion of the Ar"V corrective terms
for selected bonds only. The fitting of accurate bond lengths for
a large panel of molecules containing H, C, N, O, F, P, S, and CI
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atoms led to k = 0.0011.>"* Note that eq 7 vanishes correctly for
bonds between first-row atoms and that the final results can be
obtained at the same cost as for the underlying geometry
optimization at the DPCS3 level.

All the computations in the framework of density functional
theory (DFT) have been performed with the Gaussian 16
package®” and the BDPCS3 geometrical parameters have been
obtained from a public domain website (https://www.skies-
Village.it/proxjma/pcsbonds/).13

3. RESULTS AND DISCUSSION

Figure 1 shows the three families of monocyclic monoterpenes
and monoterpenoids (containing benzene, cyclohexene, and
cyclohexane rings, respectively) investigated in the present
work.

Among the species containing a benzene ring (first class), we
have selected one monocyclic monoterpene (p-cymene),
together with four monocyclic monoterpenoids (thymol,
carvacrol, anethole, and estragole). All these molecules are
natural compounds found in several plants (e.g., Eucalyptus
camaldulensis, Lippia sidoides, Pimpinella anisum, and Ocimum
basilicum) and have cardiovascular activities as vasorelaxants.”

The single soft degree of freedom (the ¢ dihedral angle
illustrated in Figure 1) of p-cymene gives rise to two equivalent
low-energy minima. As a consequence, only one structure
should be detectable in microwave (MW) spectra, but the very
low dipole moment has hampered its unequivocal experimental
characterization until now.

https://doi.org/10.1021/acs.jpca.4c07181
J. Phys. Chem. A 2025, 129, 503-517
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Table 1. Relative DPCS3 Electronic Energies (AE), HPCS2 Zero-Point Energies (AZPE), Enthalpies [A(AH)], and Entropies
[A(TAS)] at 298.15 K and 1 atm of the Studied Monocyclic Monoterpenes and Monoterpenoids containing a Benzene Ring”

AE AZPE" A(AH)*? A(TAS®) AE/
Thymol
ga 0.0 0.0 0.0 0.0 —_
g5 191.4 —225.9 46.1 S1.S —
a,a 192.4 —60.9 9.1 —-289 —
a,s 608.5 —-303.2 73.3 185.2 —
Carvacrol
a,a 0.0 0.0 0.0 0.0 —
5a 32.0 8.2 0.1 69.8 —
as 70.8 25.6 —18.0 —66.8 —
5,8 97.5 17.3 93.1 203.9 —
a-Anethole
sa 0.0 0.0 0.0 0.0 —
5,8 78.3 —44.6 37.1 326.5 —
Estragole
ps 0.0 0.0 0.0 0.0 s — gac : 890.7
ac,ac 17.5 -3.7 11.2 74.0 ac,ac — gyac : 992.8
gac 54.3 1.7 4.1 36.7 gac — acac : 697.8,538.2%

“The activation energies (AE,) ruling the 1nterconver510n between low- energy structures of estragole are also given. All of the values are in cm™,
and the ordering of the rotamers follows their AE. °VPT2 anharmonic value. “Harmonic value.

-1

“Difference between the enthalpy at 298.15 K and

at 0 K. °At 298.15 K. Slngle pomt DPCS3 energles at HPCS2 geometries, including anharmonic ZPEypcs, corrections. £
{g", ac 1 = {ac”, ac”}: 679.8; {g~, ac 1 > {acT, act}: 538.2; see Figure 2.

Thymol and carvacrol are structural isomers, whose back-
bones are related to p-cymene, but also possess a hydroxyl group
at the ortho or meta positions with respect to the isopropyl
group. In the case of thymol, the rotation of the isopropyl group
(¢p= H—C8—C2—C1) leads to three different rotamers [
gauche(+)(g"), gauche(=)(g”), and antiperiplanar(a), for
dihedral angles of +40°, —40°, and 180°]. Since the g* and g~
structures are equivalent, only two distinct structures (g and a)
are generated. Then, the rotation of the OH group (y= H-0O—
C1—C2) produces the synperiplanar (s, when the angle is close
to 0°) and antiperiplanar (a, when the angle is close to 180°)
rotamers. The four resulting structures will be referred to in the
following as {¢, z} = {g, a}, {a, a}, {g, s}, {a, s} and
correspond to the trans A, trans B, cis A, and cis B structures
reported in ref 21. In contrast, the dihedral angle ¢= H-C9—
CS5—C2 of carvacrol generates s (¢) = 0°) and a (¢ = 180°)
conformers. The same energy minima are generated by rotation
around the dihedral angle y= H-O—C1-C2 in carvacrol and
thymol. Therefore, the four rotamers of carvacrol are denoted
(¢, x} = {a, a},{s, a},{a, s},{s, s}, (trans B, trans A, cis B, cis
A, respectively, following the nomenclature of ref 21).

Thymol and carvacrol have been investigated by Schmitz et
al.*! with a COMPACT spectrometer in the 2—8.5 GHz range.
When the samples were heated to 373.15 K for thymol and
413.15 K for carvacrol three rotamers were detected in the first
case and four rotamers in the second case. The barriers between
the structures {a, a} = {s, a} and {a, s} — {s, s} are approx-
imately 1900 cm ™', whereas a barrier of about 1300 cm™" rules
the interconversion between the structures {a, a} — {a, s}.”!
While the lack of efficient relaxation channels and the non-
negligible populations of all low-energy minima (see Tables 1
and 2) would suggest that four structures should be observable
in the MW spectra, only three species were reported in ref 21 for
thymol. On the other hand, four carvacrol structures were
detected, which are characterized by computed interconversion
barriers exceeding 800 cm™ (see Figure 2 in ref 21) and more
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balanced populations for the different conformers (see Table 2).
Since the intensities of rotational lines depend not only on the
populations but also on the components of dipole moments, we
computed both quantities for all of the studied molecules.
However, comparable dipole moment components were always
obtained for different low-energy minima of the same
compound (see Table 2). As a consequence, we will make
explicit references only to relative populations.

Anethole and estragole are also structural isomers, with a
methoxy and propenyl group at the para position.

The anethole MW spectrum was recorded by Calabrese et
al."” in the 59.6—74.4 GHz range. Although rotation along the y
dihedral angle (see Figure 1) can generate s and a stereoisomers
(w = 0°/180°, also referred to as Z/E or cis/trans), only the a
stereoisomer was analyzed. Therefore, only two soft degrees of
freedom (the dihedral angles ¢ and y) survive, and the C,
symmetry of a-anethole makes that only two distinct energy
minima can be (and have actually been) detected in
experimental spectra, labeled {¢, v} = {s, a}, {s, s}.

Estragole was analyzed using MW spectroscopy”~ in the
millimeter range (48—72 GHz). The rotations around the
dihedral angles ¢, y, and y generate nine energy minima, with six
of them being mirror images. Therefore, the following labeling
(non requiring any specification of the ¢ dihedral angle) is
employed for the three energy minima giving distinct MW
spectra: {y, y} = {p, s}, {ac, ac}, {g, ac}. The new labels ac
and p are used for anticlinal (¢ or y = 120°) and perpendicular (¥
= 4+90°) orientations. The results collected in Tables 1 and 2
suggest that three estragole structures should be present in the
supersonic jet (since their computed populations are above
20%) unless effective interconversion channels are open. Figure
2 evidences a wider relaxation path for the {g, ac} conformer
than for its counterpart {p, s} and the possibility of two different
relaxation routes following either the y dihedral angle or a
concerted change of y and y dihedral angles. The first path is
governed by a lower energy barrier (538 cm™) only slightly
higher than the usually accepted threshold of 400 cm™.*>’

https://doi.org/10.1021/acs.jpca.4c07181
J. Phys. Chem. A 2025, 129, 503-517
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Table 2. Equilibrium Dipole Moments (in Debye) at the DPCS3 Level and Relative Populations (%y) at 298.15 K and 1 atm
for all of the Studied Monocyclic Monoterpenes and Monoterpenoids

lul lu) lul Il % ya™" lul i) lul i % yo™"
p-cymene Perillaldehyde
— 0.01 0.03 0.00 0.03 — ‘eq, ac” 298 1.61 0.63 3.45 374
Thymol “eq, ac* 3.10 1.79 043 3.60 114
g a L13 071 009 133 264 (240) “ax, s 285 209 105 369 201
%S 125 0.77 0.02 1.46 51.5 (54.0) ‘eq, s 2.96 1.46 032 332 30.6
Ca, a 1.16 0.83 0.00 1.43 11.7 (10.1) ax, ac” 3.05 2.15 1.05 3.88 0.4
a, s 1.10 1.08 0.04 1.52 10.4 (11.9) ax, act 2.84 151 0.18 322 02
Qawacrol p-menthane
:_“f a 1.07 0.59 0.00 1.22 27.6 ' 0.13 0.01 0.00 0.13 68.5
5 a 0.90 0.89 0.00 1.27 318 a 0.04 0.08 0.01 0.09 315
“a, s 1.13 0.83 0.00 1.40 13.7 Menthol
;Asn b 0.92 0.99 0.00 1.35 27.0 f{, a 1.32 0.08 0.80 1.54 467
s a Lo 030 0.00 1o g g 0.76 1.17 0.71 1.56 25.5
%, s 0.60 124 0.00 1.38 77.5 g8 0.84 118 0.88 1.69 17.0
Estragole a,a 1.49 0.06 0.80 1.69 4.7
b, s 048 110 0.34 1.25 31.6 a8 097 1.01 0.86 L.64 42
“ac, ac 0.82 1.13 0.13 1.40 40.1 a,g* 0.54 1.57 0.70 1.80 19
g, ac 0.41 1.08 0.16 1.16 28.3 Menthone
Limonene ‘eq, eq, g 1.26 2.30 121 2.89 35.2
‘eq, ac” 0.40 0.35 0.35 0.63 45.8 “eq, eq, g* 1.24 2.56 0.49 2.88 394
“eq, act 0.34 0.16 0.34 0.51 22.5 ‘eq, eq, a 1.70 2.08 1.24 2.96 16.9
“eq, 030 0.66 0.17 0.74 243 ax*, ax, g~ 0.06 2.78 1.59 320 8.5
“ax, s 0.11 0.60 028 067 49 Isomenthone
ax, ac” 0.59 0.10 0.03 0.60 1.5 (aer, eq, g* 0.59 2.92 1.16 3.20 65.9
ax, ac* 010 017 030 036 09 e axt, g 098 229 145 2.88 12.9
?a”°r‘+e eq, ax®, g* 0.96 2.65 0.65 2.89 18.1
“eq, ac 2.00 3.05 0.83 3.74 352 .
. eq, ax*, a 1.55 2.07 1.44 2.96 3.1
eq, s 2.18 3.25 0.68 3.97 29.5 " b )
eq, ac” 163 2.56 034 3.05 25.5 ﬂgt 2?8.15 K. "The values in parentheses are at 375.15 K.
ax, s 248 116 0.74 4.08 18 xperimentally observed structures.
“ax, ac” 1.34 298 1.39 3.56 4.1
ax, ac* 1.33 3.34 0.42 3.62 1.9
180 2700 the conformer {g, ac} to its more stable counterpart{ac, ac} and
2400 the consequent detection of only two structures ({p, s} and
120 2100 {ac, ac}) in the recorded spectrum.
In Table 3, the equilibrium rotational constants of thymol,
60 1800 ~ carvacrol, a-anethole, and estragole computed by different
> . 1500 g methods are compared with their SE counterparts, which have
> 1200 L‘u’ been obtained by combining the HPCS2 vibrational corrections
0 900 < (also reported) with the experimental ground state rotational
constants. In Table 3 as well as in all of the other tables
120 600 containing rotational constants, the results obtained by different
300 computational approaches are accompanied by the correspond-

120

-180 -120 -60 180

0
X ()

Figure 2. Potential energy surface at the HPCS2 level for estragole.

However, this threshold depends on the temperature of the rare
gas stream before expansion, and a threshold of 575 cm™" has
been estimated for the temperature of 373 K at which the argon
gas stream was heated in the experimental setup in which the
estragole MW spectrum was recorded.”® Therefore, the
computed energy barrier is compatible with the relaxation of

507

ing absolute (MUE and MAX) and relative (MUE% and MAX
%) mean and maximum unsigned errors.

The HPCS2 equilibrium rotational constants underestimate
their SE counterparts by more than 1%, aligning more closely
with the experimental ground-state values. As already pointed
out in previous studies,”** this trend results from a fortuitous
compensation between the systematic overestimation of the
equilibrium bond lengths at the HPCS2 level and the neglect of
the bond length increase induced by vibrational averaging. The
DPCS3 equilibrium rotational constants are significantly more
accurate, with a relative mean unsigned error of 0.5%. However,
the sought accuracy around 0.1% can be reached only after

https://doi.org/10.1021/acs.jpca.4c07181
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Table 3. SE, HPCS2, DPCS3, and BDPCS3 Equilibrium Rotational Constants (A%, B%Y, and C*? in MHz), together with
HPCS2 Vibrational Corrections (AVib in MHz) of Monocyclic Monoterpenes and Monoterpenoids Containing a Benzene

Ring”

p-cymene

Thymol g, a

Thymol a, a

Thymol g, s

Carvacrol a, a

Carvacrol s, a

Carvacrol a, s

Carvacrol s, s

Anethole s, a

Parameter
A%
B
c
A1

MUE

MUE%
MAX%
A%

cH
MUE

MUE%
MAX%

B
c
MUE

MUE%
MAX%
A

B

!
MUE

MUE%
MAX%
A%

Bed

c
MUE

MUE%
MAX%
A%

cH
MUE

MUE%
MAX%

SE”

2051.2
746.3
594.9

2279.9
714.3
616.1

2068.2
746.4
594.6

2177.7
675.9
581.7

2304.4
646.7
567.9

21719
677.3
582.3

2296.0
648.2
568.6

4513.5
460.9
420.4

HPCS2

3255.0
724.6
683.1

2029.1
734.9
589.1

13.1

22.0
1.20
1.53

2228.9
706.0
609.6

22.0

51.0
1.49
2.24

2012.1
734.3
588.5

24.8

56.1
1.79
2.71

2154.3
667.1
574.8

13.0

234
1.30
1.30

2277.1
639.0
561.5

13.9

27.4
1.17
1.20

214587
668.8
575.4

13.9

26.2
122
1.26

2264.8
640.6
562.1

15.1

31.3
122
1.36

4492.3
454.4
414.8

11.1

21.1
1.07
141

508

DPCS3

3277.8
731.5
689.0

2045.0
742.5
593.3

3.9
6.2
0.36
0.51

2243.6
711.5
613.9

13.8

36.4
0.78
1.60

2034.5
742.6
592.1

13.3

33.7
0.85
1.63

2169.6
673.4
579.6

4.2
8.0
0.39
0.37

2295.3
644.4
566.0

4.4
9.1
0.36
0.40

2163.4
674.9
580.3

4.3
8.4
0.36
0.39

2286.6
645.9
566.7

4.6
9.5
0.37
0.41

4507.9
458.6
418.5

32
5.6
0.36
0.50

BDPCS3

3288.8
733.8
691.1

2052.1
744.7
5958.1

0.9
1.6
0.10
0.21

2250.7
713.8
615.8

10.0

29.2
0.47
1.28

2041.6
744.8
594.0

9.6
26.6

0.54

1.29

2177.1
675.5
581.4

0.4
0.6
0.06
0.07

2302.9
646.5
567.8

0.6
LS
0.04
0.07

21709
676.9
582.1

0.5
1.0
0.05
0.05

2294.1
648.0
568.4

0.8
1.9
0.05
0.08

4521.9
460.0
419.7

3.4
8.5
0.19
0.21

AVib
29.5
S.1
4.4
17.1
7.1
34

18.9
S4
4.3

19.5
7.1
4.3

18.6
S.1
4.1

21.3
4.5
3.8

19.0
S.0
4.1

22.0
44
38

35.4
3.3
2.7
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Table 3. continued

Parameter SE” HPCS2 DPCS3 BDPCS3 AVib
Anethole s, s A 3947.0 3936.2 3941.7 3955.2 314
B 471.9 465.1 469.7 471.0 3.1
cH 423.7 418.2 421.9 423.1 24
MUE 7.7 3.1 3.2
MAX 10.8 5.3 8.3
MUE% 1.01 0.34 0.18
MAX% 1.44 0.47 0.21
Estragole p, s A% 2898.0 2871.5 2885.5 2894.9 20.4
B 565.3 556.3 563.6 565.0 44
cH 545.2 537.2 543.9 545.3 3.8
MUE 14.5 5.2 1.1
MAX 26.5 12.6 3.1
MUE% 1.32 0.32 0.05
MAX% 1.58 0.43 0.11
Estragole ac, ac A% 3670.7 3640.0 3633.4 3647.1 27.5
i 507.9 500.2 506.7 508.0 4.3
c 462.9 456.7 462.5 463.7 3.3
MUE 14.9 13.0 8.1
MAX 30.7 37.2 23.5
MUE% 1.23 0.45 0.27
MAX% 1.52 1.01 0.64

“Absolute mean and maximum unsigned errors between computed and experimental rotational constants (MUE and MAX in MHz) and the
corresponding relative values (MUE% and MAX%) are also reported. bSE equilibrium rotational constants obtained from the HPCS2 vibrational
corrections computed in the present work and the experimental ground state rotational constants given in refs 19—21 for anethole, estragole, and
thymol+carvacrol, respectively.

Table 4. Relative DPCS3 Electronic Energies (AE), HPCS2 Zero-Point Energies (AZPE), Enthalpies [A(AH)], and Entropies [
A(TAS)] at 298.15 K and 1 atm of the Studied Monocyclic Monoterpenes and Monoterpenoids Containing a Cyclohexene ring”

AE AZPE” A(AH®) A(TAS?) Q o Y o
Limonene
eq, ac 0.0 0.0 0.0 0.0 0.511 S1.1 209.4 99.2
eq, ac* 65.3 27.8 -32.0 —86.2 0.506 51.2 208.5 99.0
eq, s 192.0 -2.1 —10.5 47.8 0.515 50.8 204.6 96.8
ax, s 203.0 67.6 —66.7 —260.2 0.506 50.5 33.6 171.6
ax, ac. 753.4 37.6 -0.9 84.0 0.471 50.2 30.4 171.0
ax, act 797.2 121.3 86.9 202.9 0.507 S1.3 15.2 176.9
Carvone
eq, act 0.0 0.0 0.0 0.0 0.487 53.6 72.7 98.9
eq, s 56.9 133 S.1 39.1 0.481 53.7 73.9 98.7
eq, ac” 111.8 —6.5 11.5 50.3 0.487 54.0 68.8 97.5
ax, s 273.7 89.1 —58.2 —158.5 0.491 53.7 247.7 177.7
ax, ac~ 389.1 47.1 —49.6 —60.1 0.487 52.1 259.0 173.9
ax, act 496.1 55.6 =322 —88.0 0.412 S1.2 259.6 169.5
Perillaldehyde
eq, ac” 0.0 0.0 0.0 0.0 0.509 50.9 2119 80.1
eq, act 93.6 36.8 —43.5 —159.5 0.506 S1.1 2132 80.5
ax, s 143.7 45.0 -30.7 289 0.508 50.1 34.6 8.1
eq, s 176.0 —4.7 1.4 131.1 0.513 50.6 206.7 82.7
ax, ac” 763.9 82.9 —36.1 —132.6 0.468 49.9 32.0 9.3
ax, act 852.0 135.0 —93.2 —196.4 0.497 50.7 17.6 4.1

“All the energetic values are in cm !, except relative populations. All the geometrlc parameters are in degrees, except Q, which is in A. The ordering
of the rotamers follows their AE. “VPT2 anharmonic value. “Harmonic value. “Difference between the enthalpy at 298.15 K and 0 K. “At 298.15 K.
fSee eqs 1—5 for definitions. The ring-puckering coordinates of the half-chair energy minimum of cyclohexene are Q = 0.490 A, 6 = S1°, and
y = 30°. SReferred to the isopropenyl group. See the main text for definition.

explicit consideration of CV correlation. Actually, the constant potential need for a reinvestigation of the MW spectrum of the
agreement within 0.1% between BDPCS3 and SE rotational {a, a} and{g, s} forms of thymol. In fact, 54 lines were fitted for
constants for all the other terpenes (vide infra) suggests a {g, a} thymol, including transitions of a- and b-type, while only
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Table 5. SE, HPCS2, DPCS3, and BDPCS3 Equilibrium Rotational Constants (A%, B, and C*? in MHz), together with
HPCS2 Vibrational Corrections (AVib in MHz) of the Studied Monocyclic Monoterpenes and Monoterpenoids Containing a

Cyclohexene Ring”

Limonene eq, ac”

. +
Limonene eq, ac

Limonene eq, s

Limonene ax, s

+
Carvone eq, ac

Carvone eq, s

Carvone eq, ac™

Carvone ax, ac_

Carvone ax, s

Parameter

Al

B

(o}
MUE
MAX
MUE%
MAX%

MUE

MUE%
MAX%
A%

B

o]
MUE

MUE%
MAX%

SEY
3085.3

7232

684.7

3081.5
750.5
649.8

3067.4
753.1
647.4

2183.9
941.8
909.5

2255.9
661.1
583.8

2276.2
679.3
557.5

2230.9
690.9
558.0

1635.5
910.8
785.2

1698.0
887.5
777.9

HPCS2

3053.6
713.5
675.3

17.0

31.7
1.25
1.39

3050.5
737.9
642.6

16.9

31.0
1.26
1.68

3034.5
7374
644.3

172

329
121
2.08

2217.0
912.0
885.0

29.1

33.1
2.46
3.16

2231.9
652.6
576.1

134

24.0
122
1.31

2252.8
669.5
550.2

13.5

23.3
1.26
1.44

2208.7
680.5
551.0

13.2

22.2
1.26
1.52

1628.2
889.6
768.0

153

21.3
1.66
2.34

1692.8
866.9
760.4

510

DPCS3

3076.6
720.7
682.1

4.6
8.6
0.33
0.38

3073.2
746.5
648.6

44
82
0.32
0.53

3057.5
747.9
648.9

5.3
9.9
0.37
0.70

2170.8
941.5
908.4

4.8
13.1

0.25

0.60

2247.1
658.9
581.7

4.3
8.8
0.36
0.39

2268.4
676.4
588.7

4.2
7.8
0.37
0.42

22242
688.2
588.7

3.9
6.7
0.37
0.41

1622.0
912.8
784.9

53
13.6

0.36

0.83

1684.4
888.3
777.8

BDPCS3

3086.3
723.2
684.5

0.5
1.1
0.03
0.04

3083.0
749.1
650.8

1.3
15
0.13
0.19

3067.2
750.4
650.2

1.9
2.8
0.27
0.43

2178.4
944.3
910.8

3.2
S.5
0.22
0.27

2254.8
661.2
583.7

0.4
1.1
0.03
0.05

2276.1
678.8
557.6

0.2
0.6
0.03
0.08

2232.1
690.4
557.6

0.7
12
0.07
0.08

1628.1
915.4
787.0

4.6
7.5
0.40
0.50

1690.6
890.9
779.9

AVib

27.3
6.1
S.5

27.7
8.3
31

26.9
7.5
3.6

20.8
6.4
5.6

18.7
4.8
4.1

19.2
6.4
3.0

18.1
6.4
3.3

13.7
5.9
4.7

10.2
9.3
6.6
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Table S. continued
Parameter SEY HPCS2 DPCS3 BDPCS3 AVib
MUE 14.5 49 4.2
MAX 20.6 13.6 7.4
MUE% 1.63 0.30 0.35
MAX% 232 0.80 0.44
Perillaldehyde eq, ac™ A 2958.1 2931.5 2952.1 2961.5 254
B 540.4 533.3 538.5 540.3 3.9
C 513.9 506.8 S511.8 513.5 3.7
MUE 13.6 3.4 1.3
MAX 26.6 6.0 3.4
MUE% 1.20 0.33 0.07
MAX% 1.39 0.42 0.12
Perillaldehyde eq, ac* A 2981.7 2954.3 2975.3 2984.7 27.1
B 552.1 543.2 549.3 551.2 S.1
(6] 494.4 488.2 492.5 494.2 2.8
MUE 14.1 3.7 1.4
MAX 274 6.3 3.1
MUE% 1.25 0.37 0.10
MAX% 1.60 0.51 0.16
Perillaldehyde ax, s A 1929.7 1957.5 1920.3 1927.2 10.3
B 716.4 694.5 715.1 717.2 5.9
C 683.6 666.1 682.6 684.6 5.0
MUE 224 3.9 1.4
MAX 27.7 9.4 2.5
MUE% 2.35 0.27 0.13
MAX% 3.05 0.49 0.14
Perillaldehyde eq, s A% 290S.5 2877.8 2898.4 2908.1 24.9
B 558.7 548.4 5585.3 557.2 4.6
Cc 493.1 488.9 492.1 493.8 32
MUE 14.1 3.8 1.6
MAX 27.7 7.1 2.6
MUE% 1.21 0.35 0.16
MAX% 1.84 0.60 0.26

“Absolute mean and maximum unsigned errors between computed and experimental rotational constants (MUE and MAX in MHz) and the
corresponding relative values (MUE% and MAX%) are also reported. bSE equilibrium rotational constants obtained from the experimental ground
state rotational constants given in ref 22 and the HPCS2 vibrational corrections computed in the present work.

12 and 10 lines corresponding to a-type transitions were fitted
for the {a, a} and {g, s} species, respectively. Then, the limited
sensitivity of a-type transitions to the A rotational constant could
explain why a strong discrepancy between theory and experi-
ment is observed only for this parameter and only for {4, a} and
{g, s} thymol.

Within the second family of aliphatic monocyclic species
(containing a cyclohexene ring), limonene is classified as a
monoterpene, whereas carvone and perillaldehyde are mono-
terpenoids, with structures related to isomers of p-menthane’
(see Figure 1). These three molecules are essential oils found in
citrus fruit peels, caraway seeds, and perilla herb, respectively. A
chiral center is always present, leading to the R and §
enantiomers. However, the absolute configuration will not be
considered explicitly, as enantiomers share identical rotational
constants.'

All low-energy minima of these species (see Table 4) show a
half-chair structure of the cyclohexene ring, with atoms 4,5
(limonene and perillaldehyde) or $,6 (carvone) lying outside the
plane occupied by the other four atoms. Then, the hindered
rotation around the ¢ dihedral angle (C3—C4—C8 = C9 for
limonene, C6—C5—C9 = C10 for carvone, and C3—C4—C9 =
C10 for perillaldehyde) generates three low-energy rotamers.
Once again, the two rotamers corresponding to ¢ ~ 120° and

¢ ~ —120° will be referred to as anticlinal (ac* and ac™), while
the rotamer corresponding to ¢ & 0° will be referred to as
synperiplanar (s).

The experimental rotational spectra of limonene,” carvone,”
and perillaldehyde®® were recorded with a molecular beam
fourier transform microwave (MB-FTMW) spectrometer in the
4—20 GHz region. These studies identified two rotamers for
each molecule, both characterized by an equatorial isopropenyl
group. More recently, Loru et al.** recorded the MW spectra of
these three molecules in the 2—8 GHz region. This latter study
highlighted greater conformational diversity with respect to
earlier findings, identifying four species for limonene, five for
carvone, and four for perillaldehyde, including both axial and
equatorial conformers.

As shown in Table 5, the BDPCS3 results represent once
again a significant improvement over their DPCS3 and,
especially, HPCS2 counterparts, approaching the accuracy of
0.1% for all species, except the axial forms of carvone. In this
connection, it should be remembered that, contrary to
vibrational frequencies, the vibrational corrections of rotational
constants computed in the VPT2 framework do not suffer from
the presence of resonances,”” so that accurate and robust results
are achieved except in very special cases, characterized by the
presence of unusually large cubic force constants involving two

511 https://doi.org/10.1021/acs.jpca.4c07181
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Figure 3. Large amplitude motions which are neglected in the evaluation of the anharmonic contribution to vibrational corrections of rotational

constants.

different modes. Although a new formulation of VPT2 in
curvilinear internal coordinates further reduces the number of
problematic situations,”® this does not help in the present
context for a limited number of modes when bulky axial
substituents are present in the cyclohexene or (to a lesser extent)
cyclohexane rings. For instance, even employing the new VPT2
engine based on internal coordinates, the vibrational corrections
for the {ax, s} conformer of limonene are —8.5, 15.9, and 11.3
MHz, respectively. A reduced-dimensionality model introduced
in previous studies””*’ will be followed, removing the
contributions of the problematic normal modes shown in
Figure 3. The vibrational corrections obtained in this way for the
{ax, s} conformer of limonene (20.8, 6.4, and 5.6 MHz) are
coherent with their counterparts computed by the full VPT2
approach for the other conformers of limonene (see Table S).
The same trend is observed for all other problematic cases (see
Tables S and 7), but the limitations of the approach could
explain the unusually large BDPCS3 errors observed for the axial
structures of carvone.

Among the last family of aliphatic monocyclic species
(containing a cyclohexane ring), we studied a monoterpene
(p-menthane) and three monoterpenoids (menthol, menthone,
and iso-menthone). While p-menthane is an achiral molecule
with isopropyl and methyl substituents at C1 and C4, menthol
has three chiral centers (C1, C2, and CS), and menthone has
two stereogenic centers (C2 and CS). Consequently, diaster-
eoisomeric forms with different rotational constants can be
observed for the latter two molecules. We will follow the Cahn—
Ingold—Prelog rules®!
chemistry of chiral diastereoisomers.

The low-energy minima of all of these species (see Table 6)
are characterized by a chair structure of the cyclohexane ring,

to characterize the relative stereo-

512

with atoms 1 and 4 lying outside the plane occupied by the other
four atoms.

In the case of p-menthane, we will consider the structure with
both substituents at an equatorial position (refer to the « values
in Table 6). Rotation of the isopropyl group, governed by the
dihedral angle ¢ = H—C7—C1—C2, yields two energy minima
with ¢ = —60° and ¢ = 180°, corresponding to the g~ and a
rotamers, respectively. Although both structures could be
detectable at least in principle, experimental data are still
lacking, possibly because of their low dipole moments.

The MW spectra of (1R, 2S, SR)-menthol and two menthone
diastereoisomers, namely (2S, SR)-menthone (commonly
referred to as menthone) and (2R, SR)-menthone (referred to
as isomenthone) were recorded by Schmitzl et al.”® on a
COMPACT spectrometer.

All low-energy minima characterized by our computational
workflow for menthol have the three substituents at the
equatorial position. The dihedral angle ¢= H-C8-C2—-Cl
shows energy minima for values around 60° (g*) and 180° (a).
On the other hand, the energy minima generated by the rotation
of the hydroxy group (y= O—H—C1—C2) fall around +60° and
180°. The six resulting structures are {¢, y} = {g+, al,
{g+; g_}; {g+; g+}; {(l, a}; {(1, g_}; and {a) g+} However) as
already pointed out by Schmitzl et al,”” very small energy
barriers rule the interconversion between the different rotamers
generated by rotation of the y dihedral angle. Therefore, only
{g+, a} and, {a, a} species should survive, and the low
population estimated for the latter species can explain why
only {g*, a} species has been detected.

Although four low-energy structures might be detected for
menthone according to our calculations (see Table 2), the

https://doi.org/10.1021/acs.jpca.4c07181
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Table 6. Relative DPCS3 Electronic Energies (AE), HPCS2 Zero-Point Energies (AZPE), Enthalpies [A(AH)], and Entropies [
A(TAS)] at 298.15 K and 1 atm of the Studied Monocyclic Monoterpenes and Monoterpenoids Containing a Cyclohexane ring”

AE AZPE® A(AH®) A(TAS®) Q o Y af
p-menthane
g 0.0 0.0 0.0 0.0 0.562 1.1 180.0 108.8/71.4
a 2.0 36.0 —26.0 —148.8 0.575 1.4 352.5 103.6/70.9
Menthol
g+, a 0.0 0.0 0.0 0.0 0.579 1.5 227.8 109.9/76.3/109.2
g+, s 79.6 -7.4 16.6 —36.6 0.574 1.5 268.8 106.5/76.0/109.2
g*" g+ 112.4 25.4 —4.5 —75.8 0.579 2.2 239.5 109.8/76.7/109.5
a, a 296.2 12.3 -12.3 —180.2 0.575 1.3 180.0 109.3/74.1/109.0
a, g 3723 18.2 48.7 -59.3 0.571 0.8 20S.3 105.5/74.1/109.0
a, gt 666.8 -35.3 31.1 3.0 0.574 1S 209.1 109.5/74.5/109.3
Menthone
eq, eq, g~ 0.0 0.0 0.0 0.0 0.580 1.9 202.1 74.2/109.2
eq, eq, g+ 17.3 —-15.2 6.0 55.8 0.556 4.8 346.5 74.2/108.7
eq, eq, a 281.4 —-2.2 0.5 —36.4 0.569 23 317.4 76.8/137.3
axt, ax", g 572.5 947 -17.0 40.9 0.560 0.8 2017 10.6/171.9
Isomenthone
ax+, eq, g 0.0 0.0 0.0 0.0 0.560 22 150.1 10.4/71.0
eq, ax*" g 190.8 323 —28.2 —142.3 0.580 2.3 182.0 74.2/8.3
eq, ax', gt 209.5 142 42 —40.1 0.556 35 15.0 74.0/7.2
eq, ax™, a 467.8 36.1 277 ~156.5 0.568 0.8 7.5 76.6/7.7

“All the energetic values are in cm™, except relative populations. All the geometric parameters are in degrees, except Q, which is in A. The atom
numbering is shown in Figure 1, and the ordering of rotamers follows their AE. bVPT2 anharmonic value. “Harmonic value. “Difference between
the enthalpy at 298.15 K and 0 K. At 298.15 K.”See eqs 15 for definitions. All the energy minima correspond to chair structures in which atoms
1 and 4 are outside the plane of the other four atoms. The puckering coordinates of cyclohexane are Q = 0.570 A, @ = 0°, and y = 0° for the chair
structure and Q = 0.785 A, @ = 90°, and y = 0° or y = 180° for the boat structure. €These angles indicate the position of the substituent groups in
the Cahn—Ingold—Prelog order. For instance, in the menthol case, the first angle corresponds to the position of the hydroxy group, the second one
is for the isopropyl group, and the last one is for the methyl group. See the main text for further details.

population of the {ax™, ax™, g”} structure could be too small
for its unequivocal detection, when taking into account that the
MW spectra were recorded for a mixture of menthone and
isomenthone with unknown composition. In fact, only the most
stable structure of isomenthone ({ax™, eq, g~ }) was detected in
the same experiment, possibly due to its low presence in the
experimental mixture.

The computed trends of rotational constants (Table 7) align
with those of the first two families of monoterpenes and
monoterpenoids, with the BDPCS3 model delivering an
unprecedented level of accuracy at DFT cost. Overall, the
remarkable accuracy of the BDPCS3 rotational constants of
menthol, menthone, and isomenthone suggests that the
predicted values for p-menthane should represent reliable
starting points for a future experimental investigation.

As already mentioned, a few outliers were found, with
discrepancies in the BDPCS3 rotational constants from their
experimental counterparts falling well outside the expected
confidence intervals. In this connection, an intuitive picture of
the accuracy of the different quantum chemical methods is
offered by normal Gaussian distributions defined by

(Ar — Arav)Z
p(Ar) = Nexp| — 2L~ 2ra)
2Argn

)
with Ar,, and Argp, being the mean signed error and standard
deviation, respectively, of the relative percentage error

distributions, while N_ is a suitable normalization constant.
Figure 4 provides a graphical representation of the results, while
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the numerical data are collected in Table S1. It is remarkable that
all systematic errors of the HPCS2 and DPCS3 results
(evidenced by non-negligible mean signed errors) are fully
corrected at the BDPCS3 level, whose accuracy is further
confirmed by a standard deviation close to 0.1%. Furthermore,
comparable average signed errors and standard deviations are
obtained for the three rotational constants of all the
monoterpene classes.

The averaged relative errors of the {4, a} and {g, s} forms of
thymol, as well as the {ac, ac} form form of estragole, are
highlighted by three vertical lines with the same color and style
of the associated distribution. It is quite apparent that, for these
species, the discrepancies with the experiment of the A rotational
constants computed by all the employed quantum chemical
methods lie well outside the expected confidence intervals,
whereas the B and C constants remain within acceptable ranges.
Additional experimental investigation would be required to shed
light on this aspect. The other outliers are species with an axial
substituent in the cyclohexene ring ({ax, s} and {ax, ac”} forms
of carvone). However, as already mentioned, in those cases, the
computed results could have a reduced accuracy due to the
necessity of removing some large-amplitude motions from the
anharmonic treatment (see Figure 3) related to the extreme
sensitivity of puckering coordinates to even small displacements
of bulky axial substituents. At the same time, the very low
populations computed for these structures cast some doubts on
their unequivocal experimental detection.

https://doi.org/10.1021/acs.jpca.4c07181
J. Phys. Chem. A 2025, 129, 503-517
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Table 7. SE, HPCS2, DPCS3, and BDPCS3 Equilibrium Rotational Constants (A°Y, B°Y, and C* in MHz), together with HPCS2
Vibrational Corrections (AVib in MHz) of the Studied Monocyclic Monoterpenes and Monoterpenoids Containing a

Cyclohexane Ring”

Parameter SE?

A%
B
c
A%
B
cH

p-menthane g~

p-menthane a

1798.3
700.1
579.1

Menthol g*, a

2038.4
700.5
568.0

Menthone eq, eq, g~

MUE

MUE%
MAX%
A% 1972.1
701.4

592.9

Menthone eq, eq, g+

cH
MUE

MUE%

MAX%

2130.7
688.0
604.3

Menthone eg, eq, a
B
cH
MUE

MUE%
MAX%
A%

B

cH
MUE
MAX
MUE%
MAX%

15458.7
822.1
678.1

Isomenthone ax™, eq, g~

HPCS2 DPCS3 BDPCS3 AVib
2801.6 2829.6 2840.3 29.1
703.7 712.4 715.0 7.6
593.9 601.4 603.6 6.0
27594 2787.3 2797.6 28.6
694.0 702.6 705.1 7.9
640.7 648.8 651.2 6.9
1773.9 1791.8 1798.7 18.5
687.9 697.5 699.9 7.5
569.4 576.1 578.1 5.8
158.5 4.1 0.5
244 6.5 1.0
1.59 0.42 0.07
175 0.53 0.17
2008.5 2030.5 2038.5 16.4
689.1 697.2 699.7 7.0
558.9 565.8 567.9 5.9
16.8 4.5 0.3
29.9 7.9 0.8
1.56 0.41 0.04
1.63 0.47 0.11
1944.4 1965.3 1973.0 18.7
689.3 697.5 699.9 6.8
582.8 590.0 592.1 6.3
16.6 4.5 1.0
27.7 6.7 14
1.61 0.46 0.12
172 0.55 0.20
2100.4 21214 2129.1 21.3
676.7 684.9 687.3 6.8
594.3 601.5 603.6 6.2
172 5.1 1.0
30.3 9.4 1.6
1.57 0.45 0.10
1.65 0.46 0.11
1518.1 1535.0 1541.8 10.4
810.3 820.1 822.6 9.2
670.0 677.7 679.8 6.7
16.2 4.8 1.7
27.6 10.7 4.0
1.52 0.39 0.14
1.79 0.70 0.26

“Absolute mean and maximum unsigned errors between computed and experimental rotational constants (MUE and MAX in MHz) and the
corresponding relative values (MUE% and MAX%) are also provided bSE equilibrium rotational constants obtained from the experimental ground
state rotational constants given in ref 23 and the HPCS2 vibrational corrections computed in the present work.

4. CONCLUSIONS

The structures and rotational constants of a representative panel
of monocyclic monoterpenes and monoterpenoids have been
investigated by a new computational strategy approaching the
accuracy of state-of-the-art quantum chemical methods at DFT
cost. Starting from geometries and harmonic force fields
computed by a last-generation double hybrid functional,
improved geometrical parameters are obtained by a one-
parameter bond correction, and anharmonic contributions to
rotational constants by a cheaper hybrid functional in the
framework of second-order vibrational perturbation theory. The
remarkable agreement of the calculated rotational constants
with their experimental counterparts points out the accuracy of
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the computed geometries and strongly supports the predicted
values for species not yet characterized experimentally. Put in
perspective, the accuracy of computed values will enable
unbiased interpretation of the spectroscopic parameters of
complex molecules in terms of well-defined stereoelectronic
effects.

The generality and black-box nature of the computational tool
pave the way toward its widespread use for predicting and
interpreting high-resolution spectra of molecules containing a
few dozen atoms with unprecedented accuracy at a DFT cost. In
parallel, the results of the present paper and previous related
works¥>'#3*%* already provide a comprehensive picture of
prototypical molecular bricks of life.

https://doi.org/10.1021/acs.jpca.4c07181
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Figure 4. Gaussian normal distributions of the relative percentage errors of A®, B*J, and C*I rotational constants computed by different methods with
respect to their SE counterparts. The average and standard deviation are computed for the whole set of species for which experimental data are
available. The vertical lines represent the averages of the relative percentage errors (along the axis considered) for the three outliers containing a
benzene ring: thymol {a, a}, thymol {g, s}, and estragole {ac, ac}. The employed quantum chemical models are identified by different colors.
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