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A Rotational Study of 2-tert-Butylphenol and Its 1:1 Argon

Complex

Wengin Li,”» Domingo Heras,™ Assimo Maris,™ Sonia Melandri,™ Alberto Lesarri,**® and

Luca Evangelisti*®!

The chirped-pulse Fourier Transform microwave spectrum of
2-tert-butylphenol, an industrial intermediate for the production
of antioxidants, has been investigated in the 2-8 GHz frequency
range. The spectral analysis has allowed obtaining precise
structural information on the most stable conformer and its
complex with argon. The conformation of the monomer reveals
that the hydroxyl group is coplanar with the ring but points in
the opposite direction to the tert-butyl group, reducing steric
interactions. In the tert-butyl group one methyl group is
coplanar and the other two are symmetrically staggered respect

Introduction

Rotational spectroscopy has always been one of the most
widely used physico-chemical methods to obtain detailed
information about the structure, large-amplitude motions, and
non-covalent interactions of molecules and molecular com-
plexes in the gas phase. The recent instrumental developments
and the ability to use increasingly advanced quantum mechan-
ical calculations have expanded the application of this
technique to larger and more complex molecular systems, with
analytical, biochemical, and engineering implications."™ Within
these realms, a particularly interesting family of compounds is
that of antioxidants, whose use spans from the food industry to
the industrial sector. Antioxidants, have structural properties
which can inhibit the oxidative process in materials by
neutralizing free radicals generated from environmentally
induced oxidative stress. These compounds are ubiquitous and
are classified into various structural families, including flavo-
noids, stilbenes, lignans, and phenolic acids.” Analyzing their
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to the ring. The complex shows the rare gas sitting above the
aromatic ring. Interestingly, neither the monomer nor the
complex exhibit large-amplitude hydroxyl torsion motions,
previously observed in 2,6-disubstituted phenols such as 2,6-di-
tert-butylphenol or propofol. The experimental results are
supported by computational calculations, validating the molec-
ular structure. Additionally, symmetry-adapted perturbation
theory has allowed determining the van der Waals intermolec-
ular interaction energy of the complex.

structure is fundamental for understanding their functioning
mechanism. Recently, we reported the analysis of the rotational
spectrum of the important antioxidant 2,6-di-tert-butylphenol
(26BP).” This molecule features the structure of phenol with a
hydroxyl group attached to a benzene ring” and two tert-butyl
groups at symmetric ortho positions relative to the hydroxyl
group. While the molecular structure was detailed, the analysis
of the rotational spectrum presented challenges that have not
been fully resolved. Similar to symmetrically® or para-
substituted®'” phenols, the spectrum exhibited the effects of a
primary tunneling motion due to equivalent positions on the
internal rotation of the hydroxyl group. This motion results in a
splitting of the rotational lines of approximately 180 MHz (ca.
112 MHz in phenol™). Additionally, the spectrum was further
complicated by a fine structure as each transition generated by
the main spectral doubling was split into three further
components with a characteristic relative intensity of
0.7:1.0:0.2 in a range of about 1 MHz.

Various hypotheses and models have been proposed to
interpret this characteristic phenomenon, including the possible
rotation of the tert-butyl groups. Unfortunately, the highly
complex and dense spectrum did not allow for a satisfactory
interpretation. The same kind of splitting was then observed in
the 26BP--argon complex."”? The analysis of the rotational
spectrum of the monomer complexed with argon revealed that
breaking the symmetry on a plane perpendicular to the ring did
not modify the observed splittings, confirming the nature of the
hydroxyl group motion toward the two tert-butyl groups.
However, it did not provide additional information on the origin
of the fine splitting. To better investigate the origin of this
complex large-amplitude motion never observed before, we
decided to study a similar molecule, 2-tert-butylphenol (TBP).
TBP is the industrial intermediate for the production of 26BP
and differs only by the absence of a tert-butyl group. This
absence, however, breaks the near-C,, symmetry of the 26BP
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carbon skeleton, allowing us to directly investigate any internal
rotation motions solely due to the tert-butyl group. In fact,
previous analyses of phenol and 26BP confirmed that the
motion of the hydroxyl group does not occur above and below
the plane, so no large-amplitude motion due to the hydroxyl
group is expected.

In this study, we will apply modern computational calcu-
lations and chirped-pulse Fourier Transform microwave
(CP-FTMW) spectroscopy to analyze the TBP monomer and its
complex with argon. Through this analysis, we aim to:
a) determine the structure of TBP to understand the most stable
conformer; b) investigate any large-amplitude motion phenom-
ena that may be connected and better explain the observed
splittings in 26BP; c) explore the ability of TBP to coordinate
with argon through van der Waals forces to better understand
the origin and strength of these interactions and how they may
influence the conformation of the isolated monomer.

Results and Discussion
Conformational Space and Spectral Assignments

TBP exhibits two main dihedral angles that provide conforma-
tional flexibility to the molecule. The first dihedral angle is
related to the tert-butyl group. However, preliminary calcula-
tions on similar molecules have shown that this group is
particularly rigid, providing only one relative minimum with a
methyl group in an eclipsed and planar position relative to the
ring. The other dihedral angle of interest concerns the hydroxyl
group. In this case, the hydrogen of the group can be in two
positions differing by 180°, directed either towards the two
methyls of the tert-butyl group or in the opposite direction.

Figure 1. Optimized geometries of the two stable TBP conformers at the
B3LYP-D3(BJ)/def2-TZVP level of calculation.

Calculations at the B3LYP-D3(BJ)/def2-TZVP level confirm these
hypotheses, showing that the two described conformers
provide two non-equivalent minima as shown in Figure 1.
Table 1 reports the computational results with the correspond-
ing spectroscopic parameters of the obtained minima while the
structures and the potential curve for the interconversion
between the two conformers are provided in the supplemen-
tary material.

As for the complex with the argon atom, previous studies
have demonstrated that the rare gas atom generally tends to
position itself above the aromatic ring in the region of highest
electron density.” To investigate this possibility, the Distrib-
uted Polarizability Model (DPM) was employed using the
RGDMIN program.™ With this method, the structures are
determined by minimizing the multicenter interaction energy
arising from dispersive attraction counterbalanced by hard-
sphere repulsion.

The structure of TBP was kept rigid to the most stable
conformer, while the distance between its center of mass and
the Argon atom is allowed to relax in a range between
6=0-180° ¢ =0 to 360° at steps of A¢p =A0=5°, where 0 and
¢ are spherical coordinates. Specifically, 6 is the angle that a
vector makes with the c inertial axis of TBP monomer to the Ar
atom, while ¢ is the angle formed between the projection of
that vector onto the ab plane and the ag-axis of TBP monomer.
The resulting potential energy surface is illustrated in the
contour plot in the supplementary material. The minima
identified on the PES were subsequently optimized at the
B3LYP-D3(BJ)/def2-TZVP level. The most stable conformers are
reported in Table 1, indicating that the most stable config-
uration has the argon atom lying above the plane of the
aromatic ring. All the calculated structures are shown in
Figure 2.

The broadband spectrum of TBP in a jet expansion with
argon and helium (1:1) was recorded in the frequency range
between 2-8 GHz using the instrument described below.
Considering a signal-to-noise ratio (S/N) of at least 3/1, the
spectrum exhibits approximately a thousand transitions. These
were analyzed with the support of the computational calcu-
lations described earlier. The most intense pure rotational
transitions were promptly assigned to the lowest species in
energy. The assignment of the spectrum to conformer / is based
on both the correspondence between calculated and exper-
imentally obtained rotational constants and the ratio between

complex at B3LYP-D3(BJ)/def2-TZVP level of calculation.

Table 1. Relative energies, rotational constants and electric dipole moment components of the most stable conformers for TBP monomer and TBP--Ar

Conformer AE/cm™! A/MHz B/MHz C/MHz u,/D /D /D
TBP / o 1786.51 940.60 713.65 0.93 0.78 0.0
TBP Il 500 1779.22 933.76 710.32 1.73 0.76 0.0
TBP--Ar | o 886.67 596.64 523.34 0.73 0.65 0.74
TBP--Ar Il 264 1153.26 432.06 337.87 0.05 1.22 0.0
TBP--Ar Il 324 1215.77 336.80 306.94 0.98 0.2 0.62

[a] Absolute energy: —464.9472178 hartrees. [b] Absolute energy: —992.5000613 hartrees.
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Figure 2. Optimized geometry of the three most stable TBP--Ar complexes at
the B3LYP-D3(BJ)/def2-TZVP level of calculation.

the measured intensities of various rotational transitions. From
the ratio of these different types of transitions, an approximate
value of u./u,=1.1 was estimated, very close to the theoretical
calculation. Considering the high S/N ratio of the transitions, it
was also possible to readily observe and assign the naturally
abundant singly substituted isotopologues of different *C and
'®0 isotopopes of TBP.

Following the assignment of all these transitions, the
analysis proceeded to the less intense transitions. An initial
unsuccessful search focused on the second computationally
calculated conformer /I, which, however, was not observed in
the recorded spectrum. Subsequently, the search shifted to the
complex between TBP and argon. In this case, several weak
rotational transitions were observed and analyzed, with the
spectrum corresponding to the most stable calculated con-
former.

All rotational transitions were fitted using Watson's S-
reduction and [ representation, considering the following

rotational Hamiltonian:">'®

H = Hi + Hep

Here, Hy considers the rigid rotor's part, providing the
rotational constants A, B, and C, while Hc, takes into account
the effects of centrifugal distortion.

The experimental spectroscopic parameters resulting from
various fits of the parent species are reported in the Table 2
while lists of all the various transitions and the spectroscopic
parameters for the isotopologues are provided in the supple-
mentary material.

Despite the expansion being carried out in a mix of argon
and helium, only the complex with argon was observed in the
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Table 2. Experimental spectroscopic parameters for the TBP monomer and
the TBP--Ar complex.

TBP | TBP--Ar |
A/MHz 1778.6008(12) 1883.8750(12)
B/MHz 936.09620(71) 583.93790(85)
C/MHz 710.42736(69) 513.51904(90)
Dy/kHz 0.0157(50) 0.3292(82)
Dy/kHz 0.056(12) —0.330(27)
Dy/kHz 0.916(35)
d\/Hz —4.0015) —57.4(52)
dy/Hz 2.13(61) 23.4(19)
o®/kHz 6 5
N®! 148 139

[a] Standard deviation of the fit; [b] Number of transitions included in the
fit; [c] Errors in parentheses are expressed in units of the last digits

spectrum, with no transitions associated with the TBP--helium
complex identified.

Structure

The rotational constants of monoisotopically substituted spe-
cies allow for an accurate determination of the molecular
structure.

Over the years, various methods have been developed,
typically involving the use of theoretical models."” However,
among them, Kraitchman’s equations™ stand out as they
enable obtaining the positions of various atoms in the
coordinates of the starting system without assuming a
predefined structure. The coordinates obtained in this way are
in absolute value, but generally, the +/— signs can be easily
reconstructed."**"

The calculated structural coordinates for the entire main
molecular skeleton, including carbon and oxygen atoms, are
reported in Table 3.

The experimental results highlight that the molecule
effectively possesses a symmetry plane containing the aromatic
ring, as seen in Figure 1. Indeed, the positions of '*C8 and *C9
are equivalent. This is demonstrated by the fact that only one
isotopologue was identified, having a double relative intensity
compared to the other *C monosubstituted isotopologues. This
also implies that the hydroxyl group hydrogen atom is also in
the plane of the ring; otherwise, the positions of *C would not
be equivalent.

The mass distribution along the principal inertial axes and
the presence of symmetry planes can be verified from the
planar moments of inertia, ™" which are related to the
rotational constants by the equations:

v _h 11T L, N,
w=gme\"AtETc) =2 2 ma
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Table 3. Experimental substitution coordinates (r,) and theoretical coordinates (r,) at the B3LYP-D3(BJ)/def2-TZVP level of calculation.
a(A) b (A) c®
[rs] e [rs] e 14 re
c(1) 0.745(2) 0.754 0.918(1) —0.922 0.0 0.0
C(2) 0.166%i —0.013 0.239(6) 0.256 0.0 0.0
C(3) 0.696(2) 0.702 1.459(1) 1.454 0.0 0.0
C(4) 2.098(1) 2.091 1.508(1) 1.506 0.0 0.0
C(5) 2.828(1) 2.820 0.320(5) 0.328 0.0 0.0
C(6) 2.146(1) 2.145 0.888(1) —0.882 0.0 0.0
C(7) 1.541(1) —1.546 0.217(7) 0.228 0.0 0.0
C(8&9) 2.062(1) —2.060 0.486(3) —0.490 1.263(1) +1.263
c(10) 2.144(1) —2.143 1.644(1) 1.642 0.0 0.0
o(11) 0.09(1) 0.111 2.137(1) —2.135 0.0 0.0
Ar® 1.265(1) 0.210(7) 3.520(1)
Ar®! 2.464(1) 2373 1.631(1) 1.669 0.14(1) —0.145

. LI A S - b2
w=amc(ta"Btc) =2 Ml

o LI A N Lo,
«=amc\*AtE ) =2 2ma

As for the normal species, an experimental planar moment
of inertia M. of 56.325(1) uA? is obtained. This confirms that the
masses are primarily distributed in the ab inertial plane. The
obtained value can be compared with the theoretical value of
56.007 uA2. The two values are similar, though not within the
error range. The inequality may primarily result from two
contributions: a structural or dynamic contribution. The struc-
tural contribution arises from a non-planar distribution of
masses, typically leading to the loss of molecular symmetry.
However, this can be ruled out considering the previously
mentioned equivalence of *C positions. The dynamic contribu-
tion, on the other hand, stems from the fact that molecules are
not rigid rotors but may exhibit possible large amplitude
motions, which can cause the experimental planar moments of
inertia to deviate from the theoretical ones. To these motions,
one can likely attribute the small observed discrepancies (within
an error of approximately 0.5%). It is worth noting that the
calculated M, for 26BP is 113.89(1) uA?, which can be compared
with the theoretical value of 113.30 uA2 Again, in this case, the
experimental value is greater than the theoretical one. Consid-
ering that in this molecule, there are two tert-butyl groups
contributing to the out of plane mass distribution compared to
the single group present in TBP, we return to a discrepancy of
0.3 per group. However, in TBP, there is also a large amplitude
motion of the hydroxyl group that seems to not significantly
affect the moment of inertia. However, even in phenol, there is
a large amplitude motion of the hydroxyl group, but its M is
only 0.01 uA? compared to a theoretical M, of 0uA% This
evidence confirms that the origin of the fine splittings in 26TBP
has not yet been fully understood.

As for the argon complex, it can be observed that the most
significant variation in planar moments of inertia occurs for the

ChemPhysChem 2024, 25, 202400089 (4 of 7)

complex’s M. (+170 uA?), confirming that the argon atom lies
above the ab inertial plane, as hypothesized by computational
calculations for conformer /. Kraitchman'’s equations prove even
more useful in confirming the complex’s structure. Assuming
that the argon atom, with a mass of 40amu, replaces a
hypothetical dummy atom with no mass, one can deduce its
position relative to the PAS system of the monomer and vice
versa for the complex system. In this case, despite the drastic
approximation due to the significant mass variation, the
experimental coordinates of the argon atom coincide with
those theoretically calculated. This evidence confirms that the
argon atom lies above the aromatic ring. It can be noted how
the c-coordinates of the argon atom are similar in the two
complexes (TBP 3.520(1) A vs. 26BP 3.496(1) A). The results of
the bond distance show that the interaction is very similar in
the two complexes. The correct structural interpretation of the
experimental results is facilitated by the excellent computa-
tional predictions achievable nowadays. Looking at the differ-
ence between the calculated and experimental rotational
constants, it is evident that the percentage error is about 2%
for the complex and even less than 0.5% for the monomer.
Nowadays, such results can be obtained for the majority of
organic systems of moderate size.”?

This ensures the derivation of a precise molecular structure
capable of distinguishing even closely related isomers with
great accuracy.

Non-Covalent Interaction

Computational calculations also provide insights into non-
covalent intra- and intermolecular interactions.

In this investigation, we opted to model and present the
outcomes of molecular systems using the B3LYP-D3(BJ)/def2-
TZVP level of calculation. This choice was motivated by the
level’s ability to strike an excellent balance between result
accuracy and computational efficiency when compared to
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Figure 3. The TBP and TBP--argon complex optimized at the B3LYP-D3(BJ)/def2-TZVP level of theory, with §g""* =f(sign(X,)p) shown on the left and

8g™ =f(sign(A,)p) shown on the right.

various computational levels.”” Given the satisfactory descrip-

tion of the systems at this calculation level, it enables us to
derive information about non-covalent interactions (NCls) based
on the obtained structures. The IGMPlot®” utilizes the dg
descriptor, which is rooted in electron density analysis. The IGM
approach, leveraging the gradient of electron density (ED) in a
molecular system, identifies spatial regions indicative of chem-
ical interactions. It quantifies and probes interactions between
two specified molecular fragments, assessing bond strength
and estimating atomic contributions to intermolecular interac-
tions. The IGM-dg approach introduces a novel definition of a
non-interacting system in terms of ED contragradience, specifi-
cally represented by the difference between a virtual upper
limit of the ED gradient (Vp'®™) for a non-interacting system
and the actual ED gradient (Vp). The theoretical foundation for
this approach can be found in the references.

While the IGM approach uncovers all interactions between
atoms in a molecule, one of its attractive features is the ability
to automatically extract intra- (0Giw) and inter- (0Giner)
molecular interactions based on a user-defined fragment
scheme. The detection of intermolecular interaction regions is
automatic once the definitions for the two fragments (atom
indexes) have been provided. Since the IGM-6g approach
effectively separates intra/inter interactions, the program can
deliver intermolecular interactions, typically weak interactions,
without including intramolecular interactions such as covalent
bonding or weak intramolecular interactions.

Figure 3 illustrates the interactions present in both the TBP
monomer and the complex. Specifically, the left graph depicts
intramolecular interactions within the TBP monomer. In this
case, covalent bonds in the molecular structure are observed
for values below —0.1a.u., while non-covalent interactions
between the hydroxyl oxygen and the tert-butyl group are at

lower values. The interactions within the monomer are remark-
ably similar whether calculated for the isolated molecule or
when calculated for the molecule complexed with the argon
atom. This is consistent with the rare gas atom not significantly
perturbing the monomer during complexation. The right graph,
on the other hand, illustrates non-covalent interactions
between the argon atom and TBP. A noticeable difference
between the two graphs is the absolute scale of the vertical
axis (approximately 0.45a.u. for intramolecular interactions
versus 0.012 for non-covalent interactions). This demonstrates
that the method is quantitative, as the integrated Ag value
provides an assessment of the strength of the interaction. In
this case, the intermolecular interaction is attributed to van der
Waals forces, which are relatively weak.

To better quantify the NCls in the complex, supermolecular
methods can be employed. The simplest model is based on the
subtractive method, where the binding energy (D,) is calculated
by evaluating the energy difference in the complex (E,_g) and
the energy due to the sum of the constituent units of the
complex (E, and Ej) in their most stable conformation:

D, = (En_g)—(En +Eg)

The interaction energy is computed by taking the difference
between the energy of the complex (E,_g) and the energy of
the constituent units of the complex isolated (E,+ and Eg:) at the
same geometry they had in the complex:

Eit = (Eas)—(Ea" + Es")
As evident from the results in Table 4, the values are very

similar. This is attributed to: a) only TBP contributes to these
variations since the argon atom does not undergo conforma-

obtained with the SAPT approach are also reported.

Table 4. Theoretical binding and interaction energies for 26BP--Ar and TBP--Ar (kJ-mol™). The exchange-repulsion, induction and dispersion components

D, Ei Electrostatic Exch.-repulsion Induction Dispersion Total
26BP--Ar —3.78 —3.80 —4.13 11.85 —1.03 —14.63 —7.94
TBP--Ar —7.55 —7.56 —3.42 9.76 —0.70 -11.76 —6.13
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tional relaxations; b) structural relaxations in TBP are minimal
when complexed with the argon atom.

An alternative approach to assess NCls is based on
Symmetry-Adapted Perturbation Theory (SAPT).”® Unlike the
previous method, SAPT eliminates the basis set superposition
error for the interaction energy. In this context, we employed
SAPT methodology (SAPT2 + 3/aug-cc-pVDZ-RI) integrated into
PSI4%9 to determine E,,. The results, including components
related to electrostatic, induction, and dispersion contributions,
are presented in Table 4. The analysis of results reveals that the
primary contribution to the stabilization of the argon complex
arises from dispersion effects (74% of the stabilizing energy).
This effect mirrors what was observed for the complex with
26BP, which exhibited a similar structure. The total energy
values, 6.13 kJ/mol, fall within the range for weak NCls,
confirming the nature of the interaction.

Conclusions

The study presents the first rotational spectroscopic analysis of
the TBP monomer and its complex with argon. The detailed
spectrum analysis allowed for the determination of the
molecular structure through the examination of naturally
abundant isotopologues and revealed a C-type symmetry for
the monomer. By employing Kraitchman’s equations for
structural analysis, it was also possible to validate the conformer
obtained from the complexation of TBP with the argon atom,
wherein the rare gas lies above the benzene ring. Subsequent
computational calculations quantified the value of the non-
covalent interactions at a few kJ/mol, within the range of weak
NCls.

Unlike the spectrum observed for 26BP, which displayed
intriguing and complex tunneling phenomena still not fully
understood, the spectrum of TBP does not reveal large
amplitude motions. This was anticipated due to the movement
of the hydroxyl group could no longer lead to two equivalent
structures as the molecule no longer exhibits the necessary
symmetry. However, the complete absence of other motions
seems to negate the initial hypothesis that the additional
splitting observed in 26BP could be generated by an internal
rotation of the tert-butyl groups, as no large amplitude motion
is observed in TBP. The obtained results, therefore, confirm that
further investigations and hypotheses are necessary for a
complete understanding of the phenomena observed in 26BP.

Experimental and Computational Methods

The 2-tert-Butylphenol sample (CAS: 88-18-6, InChl=1S/C10H140/
c1-10(2,3)8-6-4-5-7-9(8)11/h4-7,11H,1-3H3) was purchased from
Merck. It is reported to be a colorless liquid at room temperature
with a declared purity of 99%. For spectroscopic analysis, CP-FTMW
spectrometer at Valladolid operating in the 2-8 GHz range was
employed. This technique is based on an instrument similar to the
one developed by B.H. Pate and co-workers.”” In summary, the
compound was placed in a heated Parker Series 9 solenoid injector
model at around 400 K. Above it, a gaseous mixture of helium and

ChemPhysChem 2024, 25, 202400089 (6 of 7)

argon at about 0.3 MPa is passed. The valve pulses the gas mixture
at intervals of 5Hz into the chamber, where a vacuum of about
0.01 mPa is maintained. This generates a supersonic expansion with
a cooling effect on the substance to rotational temperatures of
about 2 K. Following the expansion, an arbitrary wave generator
sends a chirped pulse excitation of about 4 ps, amplified by a
250 W TWT. An oscilloscope records the free-induction decay
produced by the molecular sample. The measurement sequence is
repeated 8times for each molecular pulse. After FFT, the
experimental spectrum in the 2-8 GHz region is obtained and
analyzed, taking into account that the uncertainty of the frequency
measurements and the resulting linewidths at full width at half-
maximum are 20 and 100 kHz, respectively.

Computational calculations, including geometric optimizations,
were carried out using Gaussian16®® at the B3LYP-D3(BJ)/def2-
TZVP level of theory with the dispersion correction (D3) and Becke-
Johnson (BJ) damping function, combined with the def2-TZVP basis
set. For the TBP--Ar complex, conformational search was initially
conducted using a distributed polarizability model executed
through the RGDMIN software. The TBP configuration was held
constant while the argon atom was allowed to vary its distance
from the monomer's center of mass, considering steps of 5° for
spherical coordinates §=0-180° and ¢ =0-360°. The resulting
minima were then subjected to optimization using the method
described earlier. In the supplementary material, geometric opti-
mizations obtained at the RI-SCS-MP2/aug-cc-pVTZ level of theory
performed with ORCA®” are also provided.
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