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ТОРСИОННЫЕ СОСТОЯНИЯ МОЛЕКУЛЫ  
ГИДРОПЕРОКСИДА МЕТИЛА, РАССЧИТАННЫЕ С УЧЕТОМ  
АНГАРМОНИЧЕСКОЙ ЭНЕРГИИ НУЛЕВЫХ КОЛЕБАНИЙ

Г. А. ПИЦЕВИЧ1), А. Э. МАЛЕВИЧ1), В. В. ЛОЗИЦКИЙ 1), В. В. САПЕШКО 2)

1)Белорусский государственный университет, пр. Независимости, 4, 220030, г. Минск, Беларусь 
2)Иллинойский университет в Чикаго, ул. В. Тэйлор, 845, 60607, г. Чикаго, США

2D-поверхности потенциальной энергии, кинематических коэффициентов и компонент дипольного момента, 
а также высоты потенциальных барьеров, энергии стационарных торсионных состояний и частоты туннелирова-
ния гидроксильной и метильной групп в молекуле гидропероксида  метила были рассчитаны на уровнях теории 
MP2/CBS и CCSD(T)/Aug-cc-pVTZ. Дополнительно выполнены расчеты 2D-поверхности энергии нулевых коле-
баний молекулы в гармоническом и ангармоническом приближениях на уровне теории MP2/Aug-cc-pVTZ. Энер-
гия нулевых колебаний, вычисленная в двух приближениях, просуммирована с потенциальной энергией молеку-
лы гидропероксида метила, рассчитанной на двух уровнях теории. Четыре варианта уточненной потенциальной 
энергии использованы для вычислений энергий стационарных торсионных состояний и частот туннелирования. 
Полученные результаты сопоставлены с представленными в литературе экспериментальными и теоретическими 
данными в целях оценки эффективности учета энергии нулевых колебаний при анализе внутреннего вращения 
в молекулах.

Ключевые слова: энергия нулевых колебаний; внутреннее вращение; торсионные колебания; частота тунне-
лирования; молекула гидропероксида метила.
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The 2D surfaces of potential energy, kinematic coefficients, components of the dipole moment, the heights of potential 
barriers, the energies of stationary torsional states, and the tunneling frequencies of hydroxyl and methyl groups in the 
methyl hydroperoxide molecule were calculated at MP2/CBS and CCSD(T)/Aug-cc-pVTZ levels of theory. Additionally, 
calculations of the 2D surface of zero point vibrational energy of the molecule in the harmonic and anharmonic appro
ximations were performed at MP2/Aug-cc-pVTZ level of theory. The zero point vibrational energy calculated in two 
approximations is summed up with the potential energy of the methyl hydroperoxide molecule, calculated at two levels 
of theory, and the resulting four outcomes of the refined potential energy are used to calculate the energies of stationary 
torsional states and tunneling frequencies. The results obtained are compared with the experimental and theoretical data 
presented in the literature to evaluate the efficiency of taking into account the zero point vibrational energy when exa
mining the internal rotation in molecules.

Keywords: zero point vibrational energy; internal rotation; torsional vibrations; tunneling frequency; methyl hydro
peroxide molecule.
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Introduction
The molecule of methyl hydroperoxide (CH3OOH) is the smallest and simplest among organic peroxides 

and one of the simplest peroxide molecules, second only to hydrogen peroxide (HOOH) in the latter case. 
The main characteristic feature of peroxides is the presence of the (O — O) bond, which is rather weak and is 
often unstable even at room temperatures. Wherein the dissociation energy of the peroxide bond in the methyl 
hydroperoxide (MHP) molecule – 42.6 kcal/mol [1] is comparable to the dissociation energy of complexes 
with the strongest hydrogen bonds – 30 kcal/mol [2]. The methyl hydroxide molecule also attracts the attention 
of researchers due to its active participation in atmospheric, tropospheric, and stratospheric processes [3–5], 
as well as because it is one of the probable candidates for detection in interstellar space. Studies of the proces
ses of formation and thermal decomposition of the MHP molecule were initiated a long ago [6 –9]. Later, the 
attention of researchers was focused on the interaction of MHP molecules with surface water and ice [10; 11], 
as well as on the investigation of the properties of MHP molecules in water and in water clusters [12]. Un-
fortunately, we were unable to find literature data on experimental IR and Raman spectra in the low-frequency 
spectral range (10 –500 cm–1). At the same time, the spectral region, in which the overtones of the stretching 
vibrations of the hydroxyl group (6000 –19 500 cm–1) appear, has been studied experimentally and theoreti
cally in great detail [13–17]. These studies showed the existence of a significant interaction of stretching and 
torsional vibrations of the hydroxyl group. These results once again emphasise the importance of analysing 
the torsional vibrations of O — H and СН3 groups in the MHP molecule. For the ground state of a molecule, 
such an analysis was first performed in [18]. In this work, rotational microwave and millimeter spectra of the 
molecule were obtained and analysed for the first time. It was found that the tunneling of the hydroxyl group 
in the ground state occurs at a frequency of 14.97 cm–1, while the corresponding tunneling frequency of the 
methyl group was 7.64 ⋅ 10–5 cm–1. Recently [19], a more deep and detailed theoretical study of torsional vi-
brations in the MHP molecule was carried out. 2D potential energy surface (PES) for two torsional coordinates 
was calculated at a high level of theory (CCSD(T)/Aug-cc-pVTZ). In  this case, the computed value of the 
tunneling frequency of the hydroxyl group in the ground vibrational state (14.805 cm–1) turned out to be very 
close to the experimental value. Besides, at the MP2/Aug-cc-pVTZ level of theory, the zero point vibrational 
energy  ZPVE) of the remaining 13 bending and stretching modes was additionally taken into account in the 
harmonic approximation. Although it could be expected that this should improve the representation of the po-
tential energy of torsional vibrations, the calculated value of the tunneling frequency, in this case, turned out to 
be underestimated (10.978 cm–1) compared to the experimental result. 
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In this work, an attempt has been made to calculate more accurately the 2D surface of the ZPVE of the MHP 
molecule. It is well known that the values of vibrational frequencies calculated in the anharmonic approxima-
tion turn out to be much closer to the experimental values than in the case of using the harmonic approximation. 
Due to anharmonic calculations requiring considerably more time they were carried out at the MP2/Aug-cc-
pVTZ level of theory. Calculations of the 2D PES due to the variation of the torsional coordinates were per-
formed at two levels of theory (CCSD(T)/Aug-cc-pVTZ and MP2/CBS). Besides, we paid special attention to 
determining the values of the torsional coordinate of the methyl group when constructing the 2D PES.

Calculation details
Determination of the values of the torsional coordinates of the methyl group. We will denote the tor-

sional coordinates of the hydroxyl group a, and the methyl group – q. The geometry of the molecule corre-
sponding to zero values of these coordinates is presented in fig. 1.

In fig. 1, atoms Н4, С3, О2, О1, and Н7 lie in the same plane, while Н5 and Н6 are located symmetrically rela-
tive to this plane. The value of the torsional coordinate a is equal to the value of the dihedral angle ∠С3О2О1Н7 
which is 180° in the configuration presented in fig. 1. Therefore, the coordinate a can always be calculated by 
the formula a = ∠C3O2O1H7 – 180°. The coordinate q determines the rotation of the methyl group around the 
С3О2 bond. If the values of the dihedral angles ∠ H4C3O2H5, ∠ H4C3O2H6 and ∠ H5C3O2H6 are fixed and are 
not optimised in the process of calculating the potential energy at the given nodes on a two-dimensional grid, 
then the value of the angle is uniquely determined by the formula: 
	 q = ∠ + ∠ + ∠( )H C O O H C O O H C O O

4 3 2 1 5 3 2 1 6 3 2 1
: .3 	 (1)

However, it is clear that in those cases when the values of the torsional coordinate a ≠ 0°, a ≠ 180°, i. e. H7 
appear outside the atomic plane С3О2О1, the local symmetry of the methyl group decreases to C1. Consequently, 
only one of the three angles in formula (1) can be left fixed, and the other two are optimised while minimising 
energy. In this case, it is clear that the value of the coordinate ceases to be uniquely determined. Therefore, the 
method for specifying the coordinate should be described in more detail. In this work, we used two approaches. 
In the first case (I), the angle value q is considered equal to the value of the dihedral angle ∠ H4C3O2O1 taking the 
values: 4°, 12°, 20°, 28°, 36°, 44°, 52°, 60°, 68°, 76°, 84°, 92°, 100°, 108°, 116°, and when calculating the ener
gy, these values are fixed, while the values of the other two angles are optimised (∠ H5C3O2O1, ∠ H6C3O2O1). 
The a coordinate takes the following values: 12°, 36°, 60°, 84°, 108°, 132°, 156°, 180°. Thus, the potential 
energy ( , )U a q( )  is calculated at 120 points and then expands to the full potential surface using the relation 

U U Ua q a q π a π q, , , .( ) = − −( ) = − −





2

3
2  It should be taken into account here that despite the absence of 

local symmetry, the potential function still has a period of 120° along the coordinate a. Indeed, for any relative 
arrangement of the H4, H5, and H6 atoms and an arbitrary arrangement of the H7 atom, if we rotate the methyl 
group so that in place of H4 there is H5, in place of H5 there is H6 and in place of H6 – H4, then the internal 
energy of the molecule is certainly will not change, and the value of the angle q determined by the formula (1) 
will increase exactly by 120°. In the second case (II), already performed calculations are used, but the value of 
the angle q at each of the 120 points is determined by the formula (1). In this case, the values q are somewhat 
different from those values in which the potential energy has to be found (qj → 4°, 12°, 20°, 28°, 36°, 44°, 52°, 
60°, 68°, 76°, 84°, 92°, 100°, 108°, 116°). The differences are not comprehensive, but at some points, the devi-
ations exceed 2°. For example, in the case when the value of the torsional coordinate is a = 84°, the true values 
of the torsional coordinate of the methyl group, which we will denote qj

r  for distinction, were: qj
r → 3.986°, 

Fig. 1. Configuration of the MHP molecule,  
in which the values of the torsional coordinates a  

of the hydroxyl group and q methyl group are considered to be zero
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11.408°, 18.914°, 26.577°, 34.459°, 42.595°, 51.0°, 59.644°, 68.442°, 77.25°, 85.843°, 94.269°, 102.315°, 
110.087°, 117.674°. To find the values of the potential energy at the required points, by analogy with [20], we 
introduced an analytical function in the form: V V m n V m nm n

c
m n
s

m n
a q a q a q, cos cos sin sin ., ,

,

( ) = ⋅ + ⋅( )
=

∑ 3 3
0

 

Then, using the Mathematica package1, the function V a q,( ) was fitted to find the coefficients Vm n
c
,  and Vm n

s
,  

which satisfy the following condition V Ui ij
r

i ij
ra q a q, , ,( ) = ( )  where ai ∈ 12°–180° in steps of 24°, i ∈ 1–15 

while qij
r  – true values of the torsional coordinate of the methyl group for a fixed torsional coordinate of the 

hydroxyl group ai, j ∈ 1– 8. Then, using the described V a q,( ) the potential energy at the nodes with the re-
quired values: U Vi j i ja q a q, ,( ) = ( ) of the torsional coordinates was determined. It turned out that the devia-
tions in the values of the potential energy at some points exceeded 100 cm–1. A similar adjustment was made 
for the 2D ZPVE surface calculated in harmonic and anharmonic approximations.

Determination of the energies of stationary torsional states of the MHP molecule. The vibrational 
Schrӧdinger equation with reduced dimensionality has the form (2). It was solved numerically and the values 
of the energies of the stationary torsional levels were calculated [21–26]:

	 − ( ) ∂
∂

− ( ) ∂
∂

− ( ) ∂
∂ ∂

+ ( )







F F F Uaa qq aqa q

a
a q

q
a q

a q
a q a, , , ,

2

2

2

2

2

Ψ ,, , .q a q( ) = ( )EΨ 	 (2)

The kinematic parameters Faa, Fqq, Faq were calculated using the formalism of the Wilson vectors [27; 28] 
using formulas [29 –31]

	

F B s s B s B s

F B s

aa
a a a a

qq
q

= ( ) + ( )

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=
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2
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1

,
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2
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2
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2
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7

2
    s B s B s s sq q q q q

C H 

= ⋅ + ⋅  + ⋅( )
,

.F B s s s s B s sg g
a q a q a q

1 2

2 22 2 1 1 3 3O C

     

	

Here, sN
x  is the Wilson vector for the coordinate x = { }a q, , and for the atom with the number N (the numera-

tion of atoms corresponds to fig. 1, B
M lY
Y

= h

2

0

2
2

, Y ∈{ }H, C, O , h is the Planck’s constant, l0 = 1 Å, MH, MC, MO  

are the corresponding masses of the hydrogen, carbon, and oxygen atoms).
Equation (2) was solved using the Fourier method [32–34]. Elements of the Hamiltonian matrix were cal-

culated by the formula [23]

	 H m F n F mnFm n m n m m n n m m n n m m n, , , , ,( ) ′ ′( ) − ′ − ′ − ′ − ′ − ′ − ′= − − −2 2
9 3

aa qq
nn m m n nUaq + − ′ − ′, , 	

where F F F Um n m n m n m n, , , ,, , ,aa qq aq  were found by fitting coefficients in equation (2) and employing 2D complex 
Fourier series using the Mathematica package:

	

F F e F F em n
m n M

M
i m n

m n
m n M

M

aa
aa a q

qq
qqa q a q, , ,,

,

,

,

( ) = ( ) =
= −

+( )

= −
∑ ∑3 ii m n

m n
m n M

M
i m n

m n
m

F F e U U

a q

aq
aq a qa q a q

+( )

= −

+( )( ) = ( ) =∑

3

3

,

, , ,,

,

,

, nn M

M
i m ne

= −

+( )∑ a q3
.

	

The wave function is described by a complex two-dimensional Fourier series of the form [34]

	 Ψ Ψa q a q
, ,,

,

( ) =
= −

+( )∑ m n
m n N

N
i m ne 3  Ｎ  M.	

2D PES for two torsional coordinates of the MHP molecule calculated at MP2/Aug-cc-pVTZ [35–37] 
and MP2/Aug-cc-pVQZ [35; 36; 38] levels of theory at 120 nodes of the above-described grid using quan-
tum-chemical package Gaussian 09 [39]. Then, using the formulas presented in [40; 41], the values of the 
kinetic parameters and energies were extrapolated to the complete basis set limit. Besides, 2D PES calcula-
tions were performed at 120 nodes of a similar grid at the CCSD(T)/Aug-cc-pVTZ [37; 42; 43] level of theory. 

1Wolfram Mathematica [Electronic resource]. URL: http://www.wolfram.com/mathematica (date of access: 12.11.2020).
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2D ZPVE computations were performed in harmonic and anharmonic approximations at 120 nodes of a similar 
grid using the [39] package at the MP2/Aug-cc-pVTZ [35; 36; 43] level of theory. When calculating the ener-
gies of stationary torsional states of the MHP molecule, which takes into account the ZPVE for the potential 
energy, calculated at one of the two levels of theory, the ZPVE was added at each of 120 points.

Discussion of the results
It is known, the MHP molecule is realised in two equivalent equilibrium gauche configurations, one of 

which is shown in fig. 2.

The 2D PES of the molecule calculated at the CCSD(T)/Aug-cc-pVTZ level of the theory is shown in fig. 3.
As can be seen from fig. 3, the cis-barrier (q = 180°) is significantly higher than the trans-barrier (q = 0°). 

On the 2D PES, six equivalent energy minima are formed, which leads to the splitting of each torsional state of 
the molecule into six sublevels. Figure 4 shows a 2D surface of the ZPVE calculated at the MP2/Aug-cc-pVTZ 
level of the theory.

Figure 5 presents 2D surfaces of the kinetic parameters of the MHP molecule, calculated at the CCSD(T)/
Aug-cc-pVTZ level of the theory.

To classify torsional states, we used the notation: ( , , ),n n XCH OH3

±  where n
CH3

 and nOH are vibrational quantum 
numbers of the torsional vibrations of methyl and hydroxyl groups, respectively; sign + and sign – determine the 
symmetry or antisymmetry of the torsion state for the plane containing the atoms С3, О2, О1 (plane normal to the co-
ordinate plane a q,( ) and intersecting it along the coordinate a = 0°); X is one of the symmetry species (А1, А2, Е) 
of the group G6 [44]. The computation results are collected in tables 1 and 2, where the following designations for 
various calculation options will be used: for the CCSD(T)/Aug-cc-pVTZ and MP2/CBS levels of theory, at which 
the potential energy was calculated – CCSD(T) and MP2, respectively, the first and second methods for determi
ning the torsional coordinate q will be denoted by adding (I) or (II), respectively. Since the energy of zero point 
vibrations was calculated only at one level of theory (MP2/Aug-cc-pVTZ), its accounting is denoted as +ZPVE. 

Fig. 2. Equilibrium configuration of the MHP molecule,  
calculated at the CCSD(T)/Aug-cc-pVTZ level of theory

Fig. 3. Calculated at CCSD(T)/Aug-cc-pVTZ level  
of the theory of 2D PES of the MHP molecule

Fig. 4. 2D surface of the ZPVE of the MHP molecule  
calculated at the MP2/Aug-cc-pVTZ level of theory
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Also, the symbols h or a will be used to denote the harmonic or anharmonic approximation when calculating 
ZPVE. 

Ta b l e  1
Calculated at the CCSD(T)/Aug-cc-pVTZ and MP2/CBS levels of theory and using two methods  
for determining the value of the torsional coordinate of the energy of stationary torsional states  

of the MHP molecule without taking into account the zero point vibration energy

n n XCH OH3
, ,

± Case (I) Case (II) CCSD(T), cm–1  
[19]

Experiment, cm–1 
[18; 19] CCSD(T), cm–1 MP2, cm–1 CCSD(T), cm–1 MP2, cm–1

1 2 3 4 5 6 7

0 0+ A1 0.000 0.000 0.000 0.000 0.000 0.000
0 0+ E 0.000 17 0.000 091 0.000 122 0.000 064 0.001 0.000 074 5 [18]
0 0– A2 14.62 22.17 14.47 22.01 14.81 14.97 [18]
0 0– E 14.62 22.17 14.47 22.01 14.80 14.97 [18]
0 1+ A1 119.19 115.88 118.70 115.25 119.05 130.00 [19]
0 1+ E 119.19 115.88 118.70 115.25 119.05 130.00 [19]
0 1– A2 202.48 209.11 202.24 208.42 203.52 191.00 [19]
0 1– E 202.48 209.11 202.24 208.42 203.52 191.00 [19]

Fig. 5. 2D surfaces of the kinetic coefficients Fqq (a), Faa (b),  
and Fqa (c), calculated at the CCSD(T)/Aug-cc-pVTZ level of theory
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n n XCH OH3
, ,

± Case (I) Case (II) CCSD(T), cm–1  
[19]

Experiment, cm–1 
[18; 19] CCSD(T), cm–1 MP2, cm–1 CCSD(T), cm–1 MP2, cm–1

1 2 3 4 5 6 7

1 0– A2 230.43 239.88 248.06 259.21 243.21 –
1 0– E 230.42 239.87 248.06 259.20 243.21 –
1 0+ A1 244.41 262.88 262.51 282.25 257.48 –
1 0+ E 244.40 262.73 262.50 282.25 257.47 –
0 2+ A1 314.85 322.51 314.11 321.49 316.26 –
0 2+ E 314.85 322.51 314.11 321.49 316.85 –
1 1– A2 347.71 356.09 365.67 375.26 361.84 –
1 1– E 347.71 356.09 365.67 375.26 361.84 –
0 2– A2 430.16 447.54 435.43 445.85 438.80 –
0 2– E 430.21 447.54 435.43 445.85 438.82 –
1 1+ A1 436.98 449.93 449.03 469.36 445.58 –
1 1+ E 436.98 449.94 449.06 469.37 445.60 –
2 0+ A1 451.85 469.87 476.02 497.06 467.75 –
2 0+ E 451.98 469.96 476.19 497.17 467.76 –
2 0– A2 463.07 492.53 488.45 520.28 467.76 –
2 0– E 463.24 492.62 488.63 520.39 479.91 –

Ta b l e  2
Calculated at the CCSD(T)/Aug-cc-pVTZ and MP2/CBS levels of the theory,  

using two methods for determining the value of the torsional coordinate of the energy  
of stationary torsional states of the MHP molecule while taking into account the ZPVE

n n XCH OH3
, ,

±

Case (I) Case (II)
CCSD(T)

+ZPVE(h), cm–1 

[19]

Experiment, cm–1

[18; 19]
CCSD(T)

+ZPVE(hI),
cm–1

CCSD(T)
+ZPVE(aI),

cm–1

MP2
+ZPVE(aI),

cm–1

CCSD(T)
+ZPVE(aII),

cm–1

MP2
+ZPVE(aII),

cm–1

1 2 3 4 5 6 7 8

0 0+ A1 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0 0+ E 0.000 18 0.000 14 0.000 084 0.000 085 0.000 089 0.001 0.000 074 5 [18]
0 0– A2 11.24 8.70 15.97 7.21 13.91 10.98 14.97 [18]
0 0– E 11.24 8.70 15.97 7.21 13.91 10.98 14.97 [18]
0 1+ A1 121.24 120.75 111.88 129.99 110.54 121.11 130.00 [19]
0 1+ E 121.24 120.75 111.88 129.99 110.54 121.11 130.00 [19]
0 1– A2 198.73 190.35 193.27 198.42 191.60 199.36 191.00 [19]
0 1– E 198.73 190.35 193.27 198.42 191.60 199.36 191.00 [19]
1 0– A2 233.22 241.29 249.30 256.06 269.12 245.58 –
1 0– E 233.21 241.29 249.30 256.06 269.12 245.58 –
1 0+ A1 243.86 248.07 263.30 262.29 282.46 255.85 –
1 0+ E 243.85 248.06 263.30 262.29 282.46 255.85 –
0 2+ A1 309.33 303.85 306.74 308.89 310.00 310.24 –
0 2+ E 309.33 303.85 306.74 308.89 310.00 310.24 –
1 1– A2 352.14 353.36 357.36 384.39 376.79 365.75 –
1 1– E 352.13 353.36 357.36 384.38 376.79 365.95 –

E n d i n g  t a b l e  1
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n n XCH OH3
, ,

±

Case (I) Case (II)
CCSD(T)

+ZPVE(h), cm–1 

[19]

Experiment, cm–1

[18; 19]
CCSD(T)

+ZPVE(hI),
cm–1

CCSD(T)
+ZPVE(aI),

cm–1

MP2
+ZPVE(aI),

cm–1

CCSD(T)
+ZPVE(aII),

cm–1

MP2
+ZPVE(aII),

cm–1

1 2 3 4 5 6 7 8

0 2– A2 429.24 419.73 425.64 425.82 424.17 430.40 –
0 2– E 429.30 419.73 425.64 425.82 424.17 430.40 –
1 1+ A1 439.80 421.06 436.63 452.94 454.53 443.93 –
1 1+ E 439.80 421.08 436.64 452.95 454.54 443.95 –
2 0+ A1 456.93 472.26 488.92 490.63 517.06 472.33 –
2 0+ E 456.94 472.40 489.01 490.77 571.17 472.45 –
2 0– A2 465.42 475.49 501.28 495.21 529.86 480.61 –
2 0– E 465.53 475.64 501.36 495.35 529.95 480.75 –

Analysis of the data given in columns 2 and 4 of table 1 indicates excellent agreement in the values of the 
calculated energies of torsional states of the hydroxyl group obtained in this work and in [19], despite the dif-
ferent approaches to compiling the vibrational Schrӧdinger equation and a different number of points, in which 
the calculations of the potential energy were carried out. Comparable inferences can be made by analysing the 
data in columns 2 and 7 of table 2, where the calculations took into account the ZPVE in the harmonic approxi
mation at the MP2/Aug-cc-pVTZ level of theory. 

If we now compare the results discussed above with experimental data, it is clear that taking into account 
ZPVE in the harmonic approximation lowers the accuracy of the calculated tunneling frequency in the ground 
vibrational state (10.978 [19] and 11.239 cm–1) in comparison with the experimental value (14.97 cm–1). 
It should be noted that in the case of neglecting the ZPVE, the calculated value of the tunneling frequency 
of the hydroxyl group in the ground state (14.805 [19] and 14.621 cm–1) is in excellent agreement with the 
experimental value. The work [19] also gives the experimental values of the first excited torsional states of 
the hydroxyl group 0 1+ – 130.0 and 0 1– – 191.0 cm–1, but it is not clear from which work these data were 
taken since the work [18] does not present the torsion-rotational transitions between states 0 0+, 0 0– on one 
hand and 0 1+, 0 1– on the other hand. The work [18] also provides the experimentally obtained value of the 
tunneling frequency of the methyl group in the ground state (7.45 ⋅ 10–5 cm–1). As can be seen from tables 1 
and 2, the corresponding calculated values of the tunneling frequencies of the methyl group, presented in the 
second columns with and without ZPVE, are respectively equal to 1.8 ⋅ 10– 4 and 1.7 ⋅ 10– 4 cm–1. These values 
are much closer to the experimental in comparison with the result obtained in [19] (1 ⋅ 10–3 cm–1). Note also 
that the computed value of the tunneling frequency of the hydroxyl group in the ground state, obtained at the 
MP2/CBS level of theory without taking into account the ZPVE, turns out to be overvalued (22.01 cm–1) in 
comparison with the experimental one. 

Now we turn to the analysis of the results, which take into account the ZPVE in the anharmonic approxi
mation (see table 2). As can be seen from the data in columns 2, 3, and 5 of table 2, the transition to the an-
harmonic approximation of the ZPVE in combination with the CCSD(T)/Aug-cc-pVTZ level of the theory 
leads to a further decrease in the calculated tunneling frequency of the hydroxyl group in the ground state to 
8.7 cm–1 and up to 7.21 cm–1 in the case of determining the value of the torsional coordinate by the second 
method. This leads to a further discrepancy with the experimental data. In this case, the calculated value of the 
energy of the 0 1+ torsional state (129.99 cm–1) fully matches with the experimental value (130.0 cm–1). Also, 
the computed value of the tunneling frequency of the methyl group (8.5 ⋅ 10–5 cm–1) turns out to be very close 
to the experimental one. In calculations at the MP2/CBS theory level of theory, the situation is different. As in 
the previous case, taking into account ZPVE in the anharmonic approximation and determining the values of 
the torsion angle q by the second method reduces the tunneling frequency of the hydroxyl group to 15.97 and 
13.91 cm–1, which suggests that taking the ZPVE into account improves the predictive ability of the approach 
at this level theory. Also, according to the data in column 6 of table 2, it can be argued that in the latter case, 
excellent agreement is achieved in the calculated value of the 0 1– energy of the excited torsional state of the 
hydroxyl group (191.60 cm–1) with the experimental value (191.00 cm–1). However, there is a big deviation 
in the calculated energy of the torsional state 0 1+ (110.54 cm–1) from the experimental value (130.00 cm–1). 

E n d i n g  t a b l e  2
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The computed value of the tunneling frequency of the methyl group (8.9 ⋅ 10–5 cm–1) is also in good agreement 
with the experimental one (7.45 ⋅ 10–5 cm–1). In summary, relying on the most assuredly established value of 
the tunneling frequency of the hydroxyl group in the ground vibrational state of the MHP molecule, it can be 
argued that taking into account the ZPVE, both in the harmonic and, to a greater extent, in the anharmonic 
approximation in combination with the CCSD(T)/Aug-cc-pVTZ level of theory worsens the agreement with 
the experimental result. However, in the case of taking into account the ZPVE, both in the harmonic and in the 
anharmonic approximation in combination with the MP2/CBS level of theory, the opposite is true. 

Conclusions
The energies of the torsional states of the hydroxyl and methyl groups in the MHP molecule were calculated 

at two levels of theory (CCSD(T)/Aug-cc-pVTZ and MP2/CBS) with and without taking into account the ZPVE, 
calculated in both harmonic and anharmonic approximations. Additionally, the values of the torsional coordinate 
of the methyl group were determined in two ways. For several variants of the calculation, good agreement was 
obtained with the previously performed calculations presented in [19] as well as with the experimentally estab-
lished values of the tunneling frequencies of hydroxyl and methyl groups in the ground vibrational state.

It is shown that taking into account the ZPVE in the harmonic and, to a greater extent, in the anharmonic 
approximation leads to a decrease in the calculated frequency of O — H group tunneling in the ground vibra-
tional state of the MHP molecule in calculations at MP2/CBS level of the theory that significantly improves 
the agreement with the experimental value.

It was found that in the second method for determining the value of the torsional coordinate of the methyl 
group, the calculated values of the energies of the torsional states of the hydroxyl group, as expected, change 
insignificantly. 

More accurate conclusions in regards to the efficiency of taking into account ZPVE when calculating the 
energies of torsional states can be made after registering low-temperature, low-frequency (10 –500 cm–1) tor-
sion-rotational IR spectra of the MHP molecule in the gas phase. 
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