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ABSTRACT

Antioxidants are a class of chemical compounds with particular chemico-physical properties that make them
suitable for reducing oxidative stress. In this work we report the rotational spectroscopy analysis of the anti-
oxidant 2,6-di-tert-butylphenol in a jet expansion. The rotational spectrum reveals both fine and hyperfine
tunnelling components. The largest spectral doubling consists of two distinct groups of lines separated by ~190
MHz, and is due to the torsional motion associated with the hydroxyl group. Each component of the doublet is
further split into three fine components, with separations below 1 MHz. The spectrum was reproduced with a
two-state torsion-rotation semirigid Hamiltonian for each pair of torsional states. Additional observation of all
the singly-substituted '3C isotopologues allowed to determine the substitution structure by means of the
Kraitchman equations. The comparison with the equilibrium structure obtained by computational calculations at
B3LYP-D3BJ/def2-TZVP level validate the accurate determination of the carbon skeleton and tert-butyl group
positions. The investigation of intramolecular dynamics with a monodimensional flexible model demonstrates
that the tunnelling phenomenon arises from the hydroxyl group’s equivalent positions, with a double-minimum
potential separated by a barrier of 1000(100) cm ! allowing for this large amplitude motion. However, the three-
fold fine structurte, while plausibly associated to internal motions within the tert-butyl group, will require

further exploration.

1. Introduction

Materials are constantly exposed to oxidative stress resulting from
sunlight exposure, atmospheric oxygen, or adverse environmental con-
ditions. This oxidative stress induces the formation of reactive oxygen
species (ROS), including oxygen radicals such as hydroxyl (HO), su-
peroxide anion (O3), alkoxyl radicals (RO’), and peroxyl radicals
(ROO). Additionally, nonradical oxidants, such as hydrogen peroxide
(H203), singlet oxygen (102), hypochlorous acid (HOCI), and perox-
ynitrite (ONOO™), can easily convert into radicals [1]. The presence of
ROS can lead to various modifications in materials, causing diseases in
living tissues or altering the chemical and physical properties of
nonliving materials. To counteract oxidative processes and protect ma-
terials, antioxidants play a vital role [2]. Antioxidants are molecular
compounds that possess the ability to neutralize free radicals, thereby
inhibiting oxidative reactions and safeguarding the integrity of mate-
rials. These compounds are abundantly present in nature, and even

* Corresponding authors.

small concentrations can effectively preserve the properties of a system.
Phenolic compounds (PCs) are a significant group of naturally occurring
antioxidants found in fruits, vegetables, and other sources. They serve as
vital nutrients for animals and are employed by humans as food pre-
servatives or for various industrial purposes [3]. PCs, including flavo-
noids, stilbenes, lignans, and phenolic acids, exhibit antioxidant
activity, which is closely linked to their structural properties, particu-
larly the number and arrangement of hydrogen groups and other sub-
stitutions. In this study, we focus on investigating the structural
properties of a specific antioxidant called 2,6-di-tert-butylphenol (26BP)
using rotational spectroscopy. Rotational spectroscopy has long been
utilized to analyse gaseous molecules, enabling the determination of
molecular structures and identification of different isomers, even in
complex mixtures, helping comparison with computational calculations
[4]. Notably, rotational spectroscopy has been successfully employed to
characterize essential antioxidants like various conformers of vitamin C
stabilized by distinct intramolecular hydrogen bonding [5], five
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conformers of 1,3-propanedithiol which is the pharmacofore of the
dihydrolipoic acid [6], a powerful cellular antioxidant, and 3 con-
formers of N,N-diethylhydroxylamine [7-9], an oxygen scavenger
largely used in water treatment. The technique has advanced over the
years, allowing the analysis of increasingly larger molecules. Conse-
quently, we have chosen to apply rotational spectroscopy to study 26BP,
an antioxidant widely used in the petrochemical and plastic industries.
26BP belongs to the category of “radical scavengers” as it directly reacts
with free radicals in a system, effectively retarding the degradation
process by generating more stable radicals. Two main mechanisms have
been proposed to describe its antioxidant action [10]. In the first
mechanism, the antioxidant transfers the hydroxyl hydrogen to the
radical, becoming a radical itself:

R" 4+ PhOH — RH + PhO’

The bond dissociation energy (BDE) is commonly used as a descriptor
to evaluate this antioxidant action, as the ease of breaking the O—H
bond correlates with the inactivation of the radical.

The second proposed mechanism involves electron abstraction:

R + PhOH — R~ + PhO'"

In this case, the ionization potential (IP) serves as the descriptor,
with lower IP values indicating easier electron abstraction.

In this study we present the rotational spectrum of 26BP, which can
be directly compared to the phenol prototype [11-14] due to their
similar structural frameworks. As in other symmetrically substituted
derivatives [15], the intramolecular dynamics associated to the
double-minimum torsional motion of the alcohol group is expected to
produce tunnelling splitings in the spectrum. This spectral information,
quite sensitive to the potential barrier height, can provide information
on the torsional potential function for the global minimum [16,17]. By
applying rotational spectroscopy, we aim to gain insights into the
dynamical behaviour of the hydroxyl group as its chemical environment
varies [18], focusing on the structural and electronic characteristics of
26BP.

2. Experimental and computational methods

The experimental analysis was conducted on a sample of 2,6-di-tert-
butylphenol (CAS:128-39-2, InChIKey: DKCPKDPYUFEZCP-
UHFFFAOYSA-N), obtained as an odourless, colourless solid from
Sigma-Aldrich. The declared purity of the sample is larger than 97 %.
Due to the high resolution of the rotational spectroscopy technique, no
further purification of the sample was necessary.

The rotational spectrum was recorded using a broadband (chirp)
Fourier transform spectrometer at the University of Valladolid. The
spectrometer is based on the implementation proposed by Pate et al.
[19]. The sample, which has a melting point around 309 K and a boiling
point of 526 K, was placed in a Parker (Series 9) solenoid injector model
and heated to 403 K. The vapours generated in situ were diluted with a
mixture of argon and helium (1:1) at 0.3 MPa. The resulting gaseous
mixture was pulsed into a high vacuum chamber (final pressure
~0.01-0.1 mPa) to produce a supersonic jet. The gas pulse had a
duration of approximately 0.5 ms and a repetition rate of 5 Hz. The
primary purpose of this expansion is to cool the molecular sample to a
rotational temperature of about 1 K, simplifying the spectrum and
enhancing its intensity.

After the expansion, the spectrometer employed a fast arbitrary
waveform generator to produce a chirp for linear fast passage lasting
approximately 4 ps, with a sampling rate of 25 Gsamples/s. The chirps
were amplified by a 200 W amplifier for the 2 - 8 GHz measurement
range. The microwave radiation induced a polarization through the fast-
passage mechanism, followed by rotational decoherence upon emission
of a free-induction decay (FID). The FID was amplified by a low-noise
amplifier and recorded in the time domain using a digital oscilloscope
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at a sampling rate of 25 Gsamples/s. The entire electronic sequence was
repeated eight times for each molecular pulse. Ultimately, a spectrum
consisting of 1.5 M averages was obtained and analysed. The frequency-
domain spectrum was obtained by Fourier transforming the 40 ps FID
using a Kaiser-Bessel apodization window. Typically, the uncertainty of
the frequency measurements and resulting linewidths at full width at
half-maximum were 20 kHz and 100 kHz, respectively.

In order to guide the experimental assignment, various computa-
tional calculations were performed using density functional theory
(DFT) [20] implemented in Gaussianl6 [21]. These calculations
included the B3LYP method with the addition of the D3 corrections
developed by Grimme et al., along with the Becke-Johnson damping
function [22,23]. For this calculation, the Weigend and Ahlrich’s
def2-TZVP basis set was employed [24], as previous researches has
demonstrated its accuracy for rotational spectroscopic purposes [25,26].
Subsequently, the results were re-optimized using Mgller-Plesset terms
up to second order (MP2) with the 6-311++G(d,p) basis set [27].
Table 1 presents the spectroscopic parameters obtained from these
different methods, including the rotational constants and dipole
moment components, which are prerequistite for predicting the rota-
tional spectrum. The frequency calculation at B3LYP-D3BJ/def2-TZVP
level was performed within the harmonic approximation. All theoret-
ical predicted structures are reported in the supplementary material.

Table 1

Theoretical and experimental rotational constants of 26BP. The figure at the
bottom shows the calculated structure of 26BP and the labelling of each C atom.
The blue arrow shows the total electric dipole moment of the conformer.

MP2/6-311++G(d, B3LYPD3BJ/ Experimental
pP) def2TZVP
A/ MHz 1093.15 1099.52 1092.39844
ayt
B/ MHz 403.66 403.89 402.926229(80)
C/MHz 339.86 340.48 339.381923(83)
D,/ Hz 3.3 3.22(44)
AEq, / MHz 190.20487(79)
Fab,01 / MHz 0.8609(32)
AE,3 / MHz 190.02504(78)
Fap,23 / MHz 0.8902(31)
AE,s / MHz 190.74947(78)
Fap 45 / MHz 0.8620(22)
o / kHz 9
Nt 841
o/ /e Y 1.9/-0.2/0.0 1.8/-0.3/0.0 y/y/n
D
) ) "& > )
R 4 v,
) ¢ 1)
Py 5 a
» 6 2 9 /
13
b )
-

@ Errors in parentheses are expressed in units of the last digits.
b Standard deviation of the fit.
¢ number of fitted transitions.
d . . .
La/tb/1c are the electric dipole moments components along the principal
inertial axes a, b and c.
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3. Results and discussion
3.1. Rotational spectrum

The molecule has a phenol-like structural skeleton, consisting of a
hydroxyl group directly connected to a benzene ring. Two tert-butyl
groups are symmetrically attached to the benzene ring at positions 2 and
6, preserving the two-fold symmetry of the torsional potential function.

The rotational spectrum is shown in Fig. 1, revealing a single isomer.
The spectrum was analysed considering the dipole moment component
Ua as being predicted to be the most intense. Accordingly, a series of
transitions split into fine and hyperfine components was identified. The
primary splitting, approximately 190 MHz, separates the transitions into
two distinct groups. This splitting arises from the tunnelling motion
associated with the hydroxyl group, similar to what is observed in
molecules with a similar structural framework, such as phenol [14]. In
our case, however, each individual transition was further split into three
hyperfine components, which will be described in more detail later.
These splittings correspond to three pairs of torsional states labelled as
0-1, 2-3, and 4-5, as shown in Fig. 2.

As in phenol, the p, transitions are torsionally interstate, because of
the dipole moment inversion associated to the motion along this axis. In
addition to the u,-type transitions in the R-branch lines, weak transitions
of up-type were also observed, which did not exhibit the same small
splitting. The u}, transitions are torsionally intrastate. No transitions of
Uc-type were observed.

All transitions were fitted using Watson’s S-reduced Hamiltonian
[28] in the I representation, employing a semi-rigid rotor term (HY)
common to all states. For each pair of torsional states an additional
two-state torsion-rotation coupled Hamiltonian was employed, which
yielded a specific torsional energy difference AE and a Coriolis coupling
term Fp, determined in the reduced-axis system proposed by Pickett
[29]:

H=H'+Y H" m
where:

HJ" = AEj+ Fup(PaPy + PyPy) @
with ij = Ol, 23 or 45

and where P, (with o can be g, b or c) represents the angular momentum
operators. The final results are reported in Table 1.

Subsequently, a relatively small set of rotational transitions for each
13¢ isotopologue was observed and measured in natural abundance (ca.
1 %). The resulting spectroscopic parameters are provided in Table 2,
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Fig. 2. Characteristic fine structure components of a rotational transition of the
normal species of 26BP. Note the main splitting of around 190 MHz and the
triplet structure of each minor component.

while a complete list of rotational transitions for all the species, along
with the corresponding quantum numbers and residual errors, can be
found in the supplementary material.

3.2. Molecular structure

Rotational spectroscopy is a high-resolution technique that can
detect distinct rotational spectra for small mass variations, even for
isotopologues, as depicted in Fig. 1. The differences in moments of
inertia amongst the isotopologues allow for the determination of rota-
tional constants, which, in turn, provide valuable structural information
for the molecule.

In the observed spectrum, 12 isotopologues were successfully
assigned, and their spectroscopic parameters are presented in Table 3.
Several interesting observations can be made:

(a) The motion of the hydroxyl group is revealed by the equivalence
of the two hydrogen positions. This symmetry is maintained
when replacing position 1 or position 4 with 13C. Consequently,
the rotational spectrum retains the fundamental splitting due to
the hydroxyl group tunnelling, along with the minor splittings
evident in Fig. 2. Due to the relatively low intensity of the
experimental spectra for these observed isotopologues, the fitting
was performed only for the most intense component.

The 26BP rotational spectrum after *C-substitution at position 1
is significantly affected by the torsional motion of the hydroxyl
group. This vibrational effect is highlighted by the increase in
rotational constant B when transitioning from '2C to 3G, despite
the mass increase. Similar vibrational effects are observed when a
deuterium atom replaces a hydrogen atom involved in a
hydrogen bond. Additionally, the tunnelling parameter AE is

(b)

—2C2
—C3

—C6
—C7
l —C8&10

[y

L\

—C1
— C12&14
—C13

T T T
6270 6300 6330 MHz

Fig. 1. Broadband rotational spectrum of 26BP. On the left, the black upper trace corresponds to the experimental spectrum (average of 1.5 M FIDs). The lower red
trace represents the simulated normal species produced with the experimental spectroscopic parameters at a rotational temperature of 1 K, and the theoretical dipole
moment components reported in Table 1. On the right, parts of the spectrum illustrate representative transitions from each of the !*C isotopologues of 26BP in

natural abundance.
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Table 2
Experimental rotational constants (S-reduced Hamiltonian and I*-representation) of the observed 3¢ isotopologues of 26BP in natural abundance.
C1 c2 C3 Cc4 C5 C6
A / MHz 1092.28(2) 1091.99(1) 1084.60(3) 1077.59(2) 1084.59(3) 1091.97(2)
B / MHz 402.9414(3) 402.4512(3) 402.4588(5) 402.9213(4) 402.4603(5) 402.4423(4)
C / MHz 339.3800(3) 339.0073(2) 338.2987(5) 337.9363(3) 338.2985(5) 338.9999(3)
AEy, / MHz 189.471(2) 190.204(2)
Fapo1 / MHz 0.99(4) 0.95(5)
o / kHz 8 10 17 14 18 13
Niel 21 51 48 43 48 54
Cc7 C8/C10 co Cl1 Cl12/C14 C13
A / MHz 1092.17(3) 1085.329(8) 1091.45(2) 1092.16(3) 1085.321(8) 1091.45(1)
B/ MHz 400.8136(5) 400.0342(1) 398.4062(3) 400.8059(5) 400.0819(1) 398.3891(2)
C / MHz 337.8582(5) 337.3702(1) 336.0816(3) 337.8540(5) 337.3938(1) 336.0709(2)
o / kHz 18 4 10 19 4 7
Niel 54 57 50 56 57 53
Table 3 Initially, in a room temperature experiment [32], the precise position of
able

Experimental substitution coordinates (r;) and theoretical equilibrium co-
ordinates (r,, at BBLYP-D3BJ/def2-TZVP level of theory).

a®) b &) eN

[7s] Te [7s] Te [l Te
Cl 0 —0.006  0.228(11) -0.250 0 0.0
Cc2 1.216(2) 1.231 0.409(6) 0.422 0 0.0
Cc3 1.202(3) 1.195 1.824(2) 1.816 0 0.0
C4 0.123(25)  0.000 2.522(1) 2.512 0 0.0
Cc5 1.200(3) —-1.199  1.825(2) 1.818 0 0.0
Cc6 1.227(2) —1.242  0.417(7) 0.427 0 0.0
Cc7 2.573(1) 2.577 0.317(12) -0.327 O 0.0
C8/C10 2.730(1) 2.729 1.190(1) —1.188 1.274(1) +1.274
Cc9 3.773(1) 3.769 0.636(4) 0.642 0 0.0
C11 2.577(1) —2.582  0.317(1) -0.326 0 0.0
Cl12/C14  2.706(1) —2.707 1.201(1) —1.198 1.266(1) +1.265
C13 3.780(1) —3.776  0.634(2) 0.640 0 0.0

reduced by ~0.5 MHz respect the normal species, while it re-
mains nearly unchanged in the 'C4 isotopologue.
(c) By monoisotopically replacing the other carbons, the positions of
the hydroxyl group are no longer equivalent, resulting in distinct
spectra for each isotopologue, consistent with the symmetry Cs.
Notably, the relative intensity of the isotopologue spectra is
higher than expected since there is no splitting in the observed
transitions.
Positions 8 with 10 and 12 with 14 are equivalent due to the
preserved molecular symmetry. Consequently, the rotational
spectra of these isotopologues exhibit twice the intensity
compared to the spectra of other monosubstituted carbons.

d

-

Various methods have been developed over the years to determine
the positions of the atoms within the molecule. One widely used
approach is the application of Kraitchman’s equations [30], which yield
the structure rg. The key advantage of this method is that it does not rely
on a priori assumptions [31], and the obtained values are highly repro-
ducible from experimental data. Although the signs of the atomic co-
ordinates remain undetermined, they can typically be deduced easily
from computational calculations.

The resulting parameters from the Kraitchman equations are
compared with the equilibrium structure obtained with B3LYP-D3BJ/
def2-TZVP in Table 3.

Rotational spectra have permitted the derivability of other empirical
structures such as effective structure. However, their precision can be
limited, especially when dealing with large amplitude motions. A
comparison of the effective structure obtained using the spectroscopic
parameters of all isotopologues is reported in the supplementary
material.

To our knowledge, the structure of this molecule in condensed
phases has been solely determined by X-ray diffraction analysis.

the hydrogen atom in the hydroxyl group was not determined. Subse-
quently, an experiment conducted at 110 K [33] estimated the dihedral
angle between C6-C1-O-H to be —0.4(14)°. This flatness measurement
aligns with theoretical calculations and the crystal structures of other
phenols with different substitutions. Consequently, disregarding the
hydrogen atom, the molecule exhibits approximate Co, symmetry.

In accordance with the structure reported in the referenced article,
Fig. 3 demonstrates a good agreement when superimposing the X-ray
structure by the structure obtained through rotational spectroscopy.
Thus, it can be confidently stated that the molecular conformation in the
gas phase coincides with the crystal structure, with the positions of the
carbon atoms in the tert-butyl groups accurately determined. Addi-
tionally, it is noteworthy that the X-ray diffraction data does not exhibit
crystal packing effects, probably due to the fact that the bulky tert-butyl
group prevents close contacts between vicinal hydroxyl groups, shield-
ing the polar group and hindering long intermolecular interactions.

3.3. Intramolecular dynamics

The rotational spectrum of the parent species is predominantly
affected by a tunnelling motion between the equivalent positions of the
hydrogen atom of the hydroxyl group, causing a spectral splitting of
approximately 190 MHz. This tunnelling phenomenon shares similar-
ities with the splitting observed in phenol, albeit at a different separation
of around 60 MHz. Several models have been proposed to explain the
phenomenon in phenol, including motion of the hydroxyl group above
and below the ring plane. Currently, our understanding aligns with a
motion attributed to the two equivalent positions of the hydroxyl group
within the ring plane. In this approximation, the experimental data are
well reproduced by considering a double minimum potential function
with a barrier of Vo = 1200 cm ! [14].

)|
]\
\ -t \/ 7/\ - / N \ /
- / 4 J N pa—
f A N \/
{ ‘ i [
’ A\‘\\ o l\\ A
/ o — /l\\ R A < RS /'\_/\' —
Vi —< - Y// % \
( Y \\ / ‘\; ) (
\9) R
ws” | |
| p = §
N y \
(@) '©)
N %
-t b
—< v

Fig. 3. The experimental X-ray structure of the 26BP superimposed with the
determined r positions of the carbon atoms (red spheres).
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It is interesting to note that also the spectrum of the most stable
conformer of propofol (2,6-diisopropylphenol), whose two isopropyl
groups have a plane-symmetric gauche orientation (Gg), is characterized
by tunnelling splitting associated with the internal rotation of the hy-
droxyl group of about 104 MHz. The hindering barriers, for OH faced to
the H atoms or tert-butyl groups are calculated to be 995 and 1035 cm ™,
respectively, at the MP2/6-311++G(d,p) level of theory or 905 and 940
cm’l, respectively, if estimated with a relaxed flexible model [18].

Regarding 26BP, the observation of interstate transitions in the u,
component and exclusively intrastate transitions in the y, component
supports the notion that the motion stems from the internal rotation of
the hydroxyl group. The potential function describing this motion can be
modelled as a function with two equivalent symmetric minima, where
the hydroxyl hydrogen is coplanar with the benzene ring. This motion is
also corroborated by the number of observed 13C isotopologues (12 out
of 14 possible), their relative intensities varying with position (C8&C10
carbons being equivalent, as well as C12&C14, with their intensities
doubled compared to the other isotopologues), and the maintenance of
splitting for positions that do not alter the molecular symmetry relative
to the parent species (C1 and C4).

In order to quantify this internal motion and reproduce the experi-
mental data, it was decided to model the OH internal rotation potential
function with the monodimensional flexible model of Meyer [34]. In
short, the model considers that molecules exhibiting a large-amplitude
motion can be described with a monodimensional potential function
that controls this intramolecular dynamics. The rotational motion of the
hydroxyl group can be described by using a two-fold potential function:

V(z) = 1/2V,-[1 —cos(2:7)] 3

where 7 is the torsional coordinate (C2-C1-O-H) and V, is the barrier
between the equivalent minima. As regards the other structural pa-
rameters, they were fixed to the theoretical predictions (B3LYP-D3BJ/
def2-TZVP), imposing a Ca, arrangement to all the atoms except the
hydroxyl hydrogen atom. This model reproduces the splitting (189.72
cm 1) when the barrier is 890 cm . Moreover, if we consider the mass
increase obtained by deuterating the hydroxyl group, the model foresees
a reduction of the splitting to 50 MHz. This model can be directly
compared with the one developed to deal with the motion of the hy-
droxyl group of phenol.

Inspection of the theoretical double-minimum torsional potential
function obtained both at the B3LYP-D3BJ/def2-TZVP and MP2/
6-311++G(d,p) levels of theory with a scan of the dihedral angle 7 steps
of 10° (Fig. 4) shows that the minimum wells and barriers are slightly
wider and narrower, respectively, than those depicted by the model
function (Eq. (3)). This effect can be taken into account adding a

——890/0
—— 930/-50
—— 970/-100
—— 1011/-150
1051/-200
—— 1092/-250

0o T T T T T T T T T T 1
90 60 -30 O 30 60 90 120 150 180 210 240 270

C2-C1-0-H/ °

Fig. 4. Schematic diagram of the double-minimum torsional potential function
of 26BP and possible flexible model potential energy functions that reproduce
the observed splitting (the corresponding V, and V, values are given in the
legend). The two conformations of 26BP correspond to two equivalent poten-
tial minima.
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negative V, term, as follows:
V(r) = 1/2V,-[1 —cos(2-7)] + 1/2Vy-[1 — cos(4-7)) 4)

Actually, a good agreement can be found using Vo= 979 cm™ and
V4= —104 cm™! for DFT data and Vo= 807 cm ™' and V4= —183 cm™! for
the ab initio ones.

However, given one experimental energy splitting it is not possible to
fit both the parameters independently, but we can find a series of pairs
that reproduce the splitting. The corresponding curves in Fig. 4 show
that as V4 becomes more negative, the barrier height increases to keep
the splitting constant. Therefore, the value obtained with the simplest
model (black curve, Eq. (3)) represents the lower limit for the hydroxyl
internal rotation barrier (Vo-= 890 cm’l), whose value can be estimated
as 1000(100) em~ L. It is worth noting that the introduction of structural
relaxation in the model could change this estimation.

The calculated barrier for 26BP turns out to be slightly lower than for
phenol itself. This could indicate that there is a high steric repulsion the
hydroxyl group and the methyl of the tert-butyl groups. The same
instability is associated with the known fact that the strength of the
O—H bond is weaker if bulky substituents like tert-butyl groups are
introduced in ortho positions of the benzenic ring [35]. In fact, the
radical formed from the cleavage of this bond is more stabilised than
other phenols, providing the antioxidant properties described in the
introduction.

Although the main splitting has been understood, the phenomenon
of splitting each individual interstate transition into three components,
spaced a few kHz apart, remains unexplained. As depicted in Fig. 3, this
splitting of transitions appears regular throughout the measurement
range, with lower intensity transitions at the extremes and higher in-
tensity transitions in the central positions of each triplet. The relative
intensity ratio across all transitions remains approximately 0.7:1:0.2 on
average. Various attempts have been made to explain this phenomenon,
including modelling the potential rotation of tert-butyl groups [36,37].
However, this phenomenon remains presently elusive. The current
motion exhibited by 26BTP alone, with its unique characteristics, ap-
pears to be beyond the scope of conventional Hamiltonians. Conse-
quently, a comprehensive investigation and advanced implementation
of the permutation-inversion group theory will be necessary to interpret
and model the potential large-amplitude motion associated with the
hydroxyl group’s tunnelling [38].

4. Conclusions

Our analysis of the rotational spectrum of 26BP has revealed multi-
ple tunnelling effects, primarily due to the torsional motion associated
with the hydroxyl group. Each transition is further split into three
components, effectively interpreted as pairs of torsional states. The
fitting of transitions was accomplished using a semirigid-rotor Hamil-
tonian and a two-state torsion-rotation coupled Hamiltonian, providing
specific torsional energy differences and Coriolis coupling terms.

Regarding the molecular structure, rotational spectroscopy enabled
the observation of isotopologues and their respective spectroscopic pa-
rameters. Replacement of specific carbons resulted in distinct spectra for
each isotopologue, highlighting the symmetry group of the molecule.
Comparisons with Kraitchman equations and X-ray analysis confirmed
the accurate determination of the carbon skeleton.

The intramolecular dynamics of 26BP involved the tunnelling mo-
tion between the equivalent positions of the hydroxyl group. The po-
tential function modelling internal rotation described the experimental
data satisfactorily, with a double minimum potential function and a
barrier between equivalent minima of ~1000(100) cm L However, the
splitting of each individual transition into three components remained
unexplained, requiring further investigation using the permutation-
inversion group theory to interpret the large-amplitude motions asso-
ciated to both the hydroxyl and tertbutyl group tunnelling.
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