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Internal rotation of two of hydroxyl groups in a methanediol molecule is analyzed by
constructing the 2D surfaces of the potential energy, kinematic coefficients and dipole moment.
The molecular characteristics in the nodes of 2D grids with different densities for distinct pairs
of dihedral angles of O-H groups were calculated at the MP2/cc-pVQZ level of theory with
optimization of the geometry for all other structural parameters. For optimized at the MP2/cc-
pVQZ level of theory geometries, the potential energy was additionally calculated at the
MP2/cc-pVTZ level of theory in the same grid nodes and then the extrapolation of energies in
every node to the complete basis set limit was performed. The kinematic parameters were
calculated using the formalism of the Wilson vectors. The Hamiltonian matrix was compiled
using the DVR method. As a result of its diagonalization, the wave functions and energies of
stationary torsional states were determined. The calculated torsional wave functions were
classified by irreducible representations of the C,y(M) molecular symmetry group. The
frequencies and intensities of the torsional spectrum of a methanediol molecule were calculated
at different temperatures for the trans- and cis-conformers. The tunneling frequencies for both

conformers were calculated too.

1. INTRODUCTION

A methanediol (MD) molecule is the simplest representative of diols and is used in
cosmetic and food industry. It has been considered for a long time that the only equilibrium
configuration [1-3] is realized in the MD molecule. However, Rodler [4] found out for the first
time that the molecule is featured by two equilibrium configurations. The trans-configuration, in
which the hydroxyl groups are oppositely directed, is much more preferable energetically than
the cis-configuration, in which the O-H groups are almost parallel. A new wave of interest to the
molecule was initiated recently by ascertaining the fact that MD plays an important role in the
formation of atmospheric aerosols [5] as well as can be present in the interstellar space [6-8] and
in the comets [9,10]. The search of this molecule in the cosmic space is complicated due to the
absence of registered microwave and IR spectra of MD in the gas phase at present that is caused

by low stability of the molecule. Indeed, the literature presents the experimental investigations of



IR spectra of MD in the matrix isolation [11] as well as IR and Raman spectra in water solutions
[10,12-16], however the effect of the environment and possibility of formation of various
associates reduces the significance of the results of these investigations for the identification of
the MD molecules in the atmosphere and space. Therefore, the theoretical investigations of the
spectral characteristics of this molecule are called for. MD stability in the gaseous phase was
analysed for the first time within the up-to-date quantum-chemical methods in paper [7]. It was
demonstrated that the molecule must be stable at temperatures below 100 K. The effect of
ammonia and formic acid on MD formation process in the reaction of formaldehyde with water
is investigated in papers [10] and [5], respectively. The structural and spectral characteristics of
MD and its associates in the water medium are analysed theoretically in paper [17]. The effect of
the solvent polarity on the ratio of MD conformers is evaluated in paper [18]. In paper [19] the
barriers of internal rotation of hydroxyl groups in MD were determined for the first time, the
rotational constants were calculated and the pure rotational spectrum of the molecule was
simulated. The IR spectrum of two conformers of the MD molecule in the harmonic
approximation and for the first time in the anharmonic one was computed and presented in paper
[8]. The last two papers are of the highest interest from the standpoint of use of their results for
searching MD in the atmosphere and interstellar space. However, it is obvious that the success of
such search is far from being ensured without analysis of internal rotation of hydroxyl groups in
the molecule. As far as we know, results of such calculations are absent in literature up to this
date.

In this paper, the energies of the stationary torsional states of the MD molecule were
calculated at the complete basis set (CBS) limit using the MP2/cc-pVQZ level of theory. The
torsional IR spectra of MD at various temperature were computed. The values of the tunnelling
frequencies for two conformers of the molecule were estimated.

2. CALCULATION DETAILS

The equilibrium configurations of MD are presented in Fig.1 at the global (trans-
conformer) and local (cis-conformer) energy minima as well as in the configuration being the
initial one for performing the calculation of the 2D potential energy surface (PES). The first two
configurations belong to the C, and Cs symmetry point groups. The last one belongs to the C,y
symmetry point group and represents the transition state having one imaginary frequency in the
calculated IR spectrum. The hydroxyl groups rotate around the C-O bonds. Further we will be

denoting the equivalent torsional coordinates as y and ¢. The zero values of y and ¢ were

chosen in the configuration presented on the right of Fig.1 where the hydroxyl atoms of

hydrogen (H1 and Hy) lie in the plane, which is formed by the Os-C7-Og atoms.



Figure 1. The equilibrium configuration of the trans- (on the left) and cis- (in the middle)
conformers of MD as well as configuration being the initial one for performing the calculations
of the 2D PES (on the right).

The potential energy satisfies the condition U (y,¢)=U (—y,—¢). Taking this relationship into
account, the value of one of the coordinates should be varied within the range (0-360°) while the
value of the second coordinate may be varied within the range (0-180°). Since the values of the
energy of the torsional states were calculated using the DVR method, for proper symmetry
account relative to the Os-C7-Og plane, the values of the torsional coordinates on the 15*15 grid
were varied from 12° to 348° with the step of 24° for y and from 12° to 180° with the step of
24° for ¢ . When performing the calculations on the 45*45 grid, the values of the torsional
coordinates varied from 4° to 356° with the step of 8° for ¥ and from 4° to 180° with the step of
8° for ¢. In the nodes of the 15*15 and 45*45 equidistant grids, keeping fixed values of the

torsional coordinates, MD geometry was optimized on all other coordinates using MP2 level of
theory [20,21] and cc-pVQZ [22] basis set in the frame of the quantum-chemical package [23].
Configurations optimized in each node were used to calculate the kinematic coefficients using
Wilson’s vectors (S - vectors) [24]. The Schrédinger equation with reduced dimensionality for
the torsional vibrations of two hydroxyl groups can be written as follows [25-27]:
2 2 2
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The kinematic parameters can be determined from the following relations [25-27]:
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Here S\ is Wilson’s vector for the coordinate x={7/,¢)} and for the atom with the number N
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(the numbering of atoms corresponds to Fig.1 (on the right)), B, oM.
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the Plank's constant, 1, =1A, M,,M,M, are the corresponding masses of hydrogen, carbon

and oxygen atoms.

For the MD molecule geometries that were optimized at all the grid nodes at the MP2/cc-
pVQZ level of theory, potential energy values were computed at the MP2/cc-pVTZ [28] level of
theory without optimization. Then energy values of every node were extrapolated over the two
datasets (MP2/cc-VTZ and MP2/cc-pVQZ) to the CBS limit using known formulas [29,30].

Since the Cartesian coordinate system changed its orientation in relation to the molecule
as the hydroxyl groups rotates, components of the dipole moment vector at each node of the 2D
grid were recalculated for the Cartesian coordinate system related to the molecular skeleton, in
which the Z axis was directed along Os-C7-Og angle bisector, the X axis lied in the plane of the
0s-C7-Og atoms and the Y axis supplemented the X and Y to the right-hand triple and was,
therefore, normal to the plane of three heavy atoms.

To solve the Schrédinger equation (1) the DVR method was used [31-36]. Hamiltonian

matrix was calculated by the formula:
H(i,j)(igjf) = _FW(% ' ¢j)Di}i/'y§jj’ - FW(Vi 1 P )d.Dﬁ(p - Fygp(Vi’(”j)Diiy'Dﬁ' +U (%, ¢7j)5ii'5jj' (5)

Here:
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Squares of matrix elements of the dipole moments operator were found using [37] and the

following formula:

k=x,y,z
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Here p,, p,,p, are the dipole moment vector components in the molecular fixed Cartesian

coordinate system, ¥, (7,¢), ¥, (7.¢) are the torsional wave functions in the initial (i) and

final (f) states.
3. SYMMETRY ANALISYS
As was mention above, the MD molecule is a non-rigid object having two equilibrium
configurations belonging to the C, and Cs symmetry point groups. Both conformers can tunnel to
the equivalent configurations passing through the transition state. It is natural to classify
stationary torsional states using the appropriate molecular symmetry group [38-40]. This group

includes only feasible permutation and permutation-inversion symmetry elements. One can see



that these elements are E, (12)(34)(56), (34)" and (12)(56)". These four elements form the
Cav(M) molecular symmetry group, which is isomorph to the C,y point group symmetry [40]. It
is important that all four symmetry elements are inherent to both equilibrium conformers (C, and
Cs) of the MD molecule. In addition, one can see that MD molecule transition state has the Cay
symmetry, which is consistent with the fact that the C,v(M) molecular symmetry group is
isomorph to the C,y point group. The irreducible representations of the C,y(M) molecular
symmetry group are shown in Table 1.

Table 1 The table of irreducible representations of the C,y(M) molecular symmetry group [40]

G4 E (12)(34)(56) (34) (12)(56)
Short name Py P, Ps Py

A 1 1 1 1

A; 1 1 -1 -1

B, 1 -1 1 -1

B, 1 -1 -1 1

It is important to know that the symmetry elements of the 2D surfaces of the potential
energy, wave functions, components of the dipole momentum and kinematic coefficients are
connected with symmetry elements of the C,v(M) group. Let’s call the plane which is
perpendicular to the coordinate plane 7,¢ and intersect it along diagonal (0°,0° — 360°,360°)
plane 1. The plane which is perpendicular to the coordinate plane y,¢ and intersects it along
diagonal (0°,360° — 360°,0°) will be plane 2. The intersection of these two planes will be the C,
symmetry axis. Then these elements will be connected with symmetry elements of the C,y(M)
group according to data from Table 2. In addition, the transformation of the torsional coordinates
7,@ under the action of the C,/(M) symmetry operations includes in Table 2 too.

Table 2. The transformation of the torsional coordinates under the action of the C,y(M)
symmetry operations and interconnection of the symmetry elements of the 2D surfaces of the

PES, wave functions with the C,,(M) symmetry operations.

Cov(M) E (12)(34)(56) (34)° (12)(56)"
Short name P, P, P3 P4
Transformations of 7@ oy 7, -0,y

the torsional
coordinates

Symmetry elements E Reflection in plane 1 | Rotation around C, | Reflection in plane 2

of the 2D surfaces axis

According to the data from Table 2 one can get, for example: P,(y,¢)=(-7.—¢).




Now it is obvious that using symmetry elements of the C,,(M) molecular symmetry
group (see Table 1 [40]) and data from Table 2 it is possible to classify any torsional wave

function ¥, (y,gp) as well as any other molecular property like, for example, PES by visual

analysis or with help of the next formulas:

it ¥, (7.0) =P, (7.0)| =¥ (r:0)- ¥ (R0n0) =0 = x,=1  ®

it ¥, (7.0)+ P, (7.0) =¥ (. 0)+ . (R 9)) =0 = x,=-1 ()
Gathering four characters of the irreducible representation I (x,=L1 %, %3 Xia) 1t IS

possible to determine one of four (A1,A2,B1,B2) symmetry species of the k — torsional state.

4. DISCUSSION OF THE RESULTS
The 2D PES of the MD molecule calculated at the MP2/cc-pVQZ level of theory is
presented in Fig.2.

Fig.2. 2D PES of the MD molecule calculated at the MP2/cc-pVQZ level of theory. The 2D
uniform grid nodes at which the potential energy was computed are shown by points in the 2D
PES.

The two global energy minima and the two local ones corresponding to the trans- and cis-
conformers of MD in two structurally equivalent configurations are well visible in Fig.2. Fig.3
presents the 2D surfaces of the kinematic coefficients. It should be noted that the 2D surfaces of

the kinematic coefficients F and F, are equivalent.



Figure 3. 2D surfaces of the kinematic coefficients F, and F_ (on the left), and F, (on the

right) calculated at the MP2/cc-pVQZ level of theory.

Fig.4 presents the 2D surfaces of the three components of the dipole moment of the MD

molecule calculated at the MP2/cc-pVQZ level of theory.

Figure 4. The 2D surfaces of the three components of the dipole moment of the MD molecule
calculated at the MP2/cc-pVQZ level of theory (x-component on the left, y-component in the
middle and z-component on the right). The values of the components are calculated in relation to
the molecularly fixed Cartesian coordinate system, the location of which relatively to the
molecule is described in section 2.

The 2D PES of the MD molecule as well as the 2D surfaces of all three kinematic
coefficients are symmetrical with respect to all the symmetry elements of the C,v(M) group and,
therefore, are transformed according to the fully symmetric representation of A;. The

components of the dipole moment p,,p, and p, are transformed by the irreducible

representations B;, By, and A; of the C,y(M) molecular symmetry group. Using the data given in
Table 2 and formulas (8) and (9), one can also classify torsional wave functions by the
irreducible representations of the C,(M) groups.

The values of the energies of the stationary torsional states of the MD molecule
calculated at the MP2/cc-pVTZ and MP2/cc-pVQZ level of theory and in the CBS limit on the
2D 45*45 and 15*15 grids (in the last case) are presented in Table 3 (columns 3-5). In columns

6-9 of Table 3, torsional frequencies of the transitions from the ground level are presented. We



were also able to determine the torsional quantum numbers for several lowest torsional states.

The n, and n, in 10 and 11 columns of Table 3 are the quantum numbers which specify

antisymmetric and symmetric torsional vibrations in trans- and cis-conformers (see the second
column in Table 3). The symmetry species of the torsional wave functions are represented in the
last column of Table 3.

Table 3. Values of the energies in [cm™] and symmetry of the stationary torsional states of the
MD molecule calculated at the MP2/cc-pVTZ and MP2/cc-pVQZ level of theory and in the CBS

limit.

Level’s | Configuration | MP2/cc- | MP2/cc- CBS MP2/cc- MP2/cc- CBS CBS n n Symmetry

number pVvTZ pvQzZ pVvTZ pVvQzZ as s species

45*45 45*45 45*45 45*45 45*45 45*45 15*15

1 trans 282.5 277.9 273.9 0 0 0 0 0 0 As
2 trans 282.5 277.9 273.9 187*10° | 1.99*10° 2.11*10° 157107 0 0 A
3 trans 639.8 625.2 613.8 357.3 347.3 339.9 328.1 1 0 B,
4 trans 639.9 625.2 613.8 357.3 347.3 339.9 328.1 1 0 B,
5 trans 693.9 681.5 671.7 4114 403.6 397.8 390.7 0 1 Ay
6 trans 693.9 681.5 671.7 4114 403.6 397.8 390.7 0 1 A,
7 trans 960.2 935.8 917.1 677.7 657.9 643.2 655.4 2 0 A
8 trans 960.2 935.8 917.1 677.7 657.9 643.2 655.4 2 0 A,
9 trans 1016.1 992.0 973.5 733.6 714.1 699.6 707.5 1 1 B,
10 trans 1016.1 992.0 973.5 733.6 714.1 699.6 707.5 1 1 B,
11 trans 1082.9 1062.2 1046.2 800.4 784.3 772.3 761.6 0 2 A
12 trans 1082.9 1062.2 1046.2 800.4 784.3 772.3 761.7 0 2 A,
13 cis 1113.8 1084.7 1062.5 831.2 806.7 788.6 786.8 0 0 B,
14 cis 1113.8 1084.9 1062.8 831.4 807.0 788.9 787.1 0 0 A
15 cis + trans 1220.2 1183.3 1155.1 937.6 905.3 881.2 862.8 1+1 0 B,
16 cis 1231.7 1197.3 1169.9 949.2 919.3 896.0 870.8 0 1 Ay
17 trans 1239.0 1199.5 1171.1 956.5 921.6 897.2 889.8 3 0 B,
18 cis + trans 1258.2 1221.3 1193.8 975.7 943.3 919.9 910.2 1+1 0 B
19 trans 12835 1247.2 1219.3 1001.0 969.3 945.4 912.2 2 1 As
20 trans 1290.7 1254.5 1227.0 1008.1 976.6 953.1 925.3 2 1 Ay
21 cis 1337.9 1292.7 1259.2 1055.4 1014.8 985.3 985.5 2 0 As
22 cis 1340.6 12955 1261.9 1058.1 1017.6 988.0 988.3 2 0 Ay
23 trans 1361.1 1323.9 12934 1078.6 1046.0 1019.5 1026.6 1 2 B
24 trans 1364.2 1329.5 1303 1081.7 1051.6 1029.1 1031.2 1 2 B,
25 cis + trans 1396.9 1347.7 1311 1114.4 1069.8 1037 1038.7 - - Ay
26 cis + trans 1399.7 1352.9 1320.3 1117.1 1075.0 1046.4 1039.7 - - B;

As seen from the data in Table 3, calculated in MP2/cc-pVTZ and MP2/cc-pVQZ
approximations values of the energies and frequencies of the torsional transitions from the
ground state converge to the respective values obtained in the CBS limit. It can be also noted that
the values of frequencies of the torsional transitions from the ground state obtained in the CBS
limit for the 15*15 and 45*45 grids overall agree well with each other. However, the results
obtained using the denser grid have to be more exact in comparison to results for the less dense
grid. It is also interesting to compare the values of the frequencies of the lowest-frequency
torsional transitions obtained in the harmonic and anharmonic approximations with the data
obtained by the solution of the Schrédinger equation. To do this IR spectra of the two MD
conformers were calculated in harmonic and anharmonic approximations using MP2/cc-pVQZ
level of theory. For the trans-conformer, the values of the frequencies of the torsional vibrations

in the harmonic and anharmonic approximations were 371 and 377 cm™ (harmonic




approximation), and 209 and 263 cm™ (anharmonic approximation). The respective values of the
frequencies obtained by solving the Schrodinger equation (MP2/cc-VQZ) were 347 and 404 cm’
1. For the cis-conformer, the values of the frequencies of the torsional vibrations in the harmonic
and anharmonic approximations were 192 and 387 cm™ (harmonic approximation), and -275 and
157 cm™ (anharmonic approximation). The respective value of the low frequency vibration
obtained by solving the Schrodinger equation (MP2/cc-VQZ) was 112,6 cm™. The symmetric
high frequency torsional vibration in cis-conformer is mixed with torsional vibrations of the
trans-conformer and cannot be directly compared with the vibration calculated in harmonic and
anharmonic approximations. As one can see, in the case of trans-conformer the values of
frequencies of the torsional vibrations obtained in the harmonic approximation are closer to the
grid calculations than the anharmonic ones. In the case of cis-conformer, the anharmonic
approximation is failed. The inability of the anharmonic approximation to predict the vibrational
frequencies in the case of very anharmonic PES was noted in a number of publications [41-44].

Now we will consider results of calculations of the tunnelling frequencies in the trans-
and cis-conformers. Having excluded the results of the calculation in the MP2/cc-pVTZ
approximation, it may be noted that the results obtained in the MP2/cc-pVQZ approximation and
in the CBS limit agree well. For the trans-conformer, the values of these frequencies are 1.99*10
®and 2.11*10° cm™ or 0.0597 and 0.0633 MHz, respectively. For the cis-conformer, the values
of the tunnelling frequencies in the MP2/cc-pVQZ approximation and in the CBS limit are 0.234
and 0.265 cm™ or 7015 and 7945 MHz, respectively. The values of the matrix elements of
the dipole moment operator calculated in the MP2/cc-pVTZ and MP2/cc-pVQZ approximations
and in the CBS limit are presented in the Additional materials.

To calculate the intensities of the torsional IR spectrum, it is also necessary to consider
the symmetry of the torsional wave functions with respect to the permutation of the chemically
equivalent atoms in the MD molecule. Since *°O and *C atoms have zero spin they can be
excluded from further consideration. First of all, one has to take into account symmetry
properties of the total, torsional and spin wave functions with respect to symmetry elements of
the C,v(M) molecular symmetry group which do not include the inversion operation [40,45].
These are E and (12)(34)(56) symmetry operations. Due to the last one interchanges even
number of the fermion nuclei (protons) the total wave function must be symmetric with respect
to these two symmetry operations and consequently has to belong to A; or A, symmetry species.
The torsional wave functions that belong to the A; and A, symmetry species are symmetric with
respect to interchange two pairs of fermion nuclei while the ones that belong to the B; and B,

symmetry species are antisymmetric. The reducible representation of the hydrogen’s nuclear spin



functions can be decomposed into irreducible representations of the C,y(M) molecular symmetry
group as follows [46]:

Iy =94, +14,+3B,+3B,; (10)
Thereby, the torsional wave functions must be combined with the spin wave functions as it is

shown in Table 4.
Table 4 Possible combinations of the torsional and spin wave functions for the MD molecule.

Symmetry species of the torsional wave functions A, A B, B,
Symmetry species of the spin wave functions A, A B;, B,
Symmetry species of the total wave functions A, A A, A

The degeneration of the torsional wave functions (g) 9+1 3+3
Specificator (5) 1 -1

As one can see from Table 4, the torsional wave functions that belong to A; and A, symmetry
species are tenfold degenerate, while the torsional wave functions that belong to B; and B,
symmetry species are sixfold degenerate. In addition, the symmetry of the spin wave functions
must be saved during the torsional transitions. Relative intensities of the IR bands for torsional

transitions from the initial state i to the final state f were calculated using the next formulas

[40,47-49]:

s +5] EE EE
~ 1

Const~vif~T-gi~ e T —e W
I —

i>f = ii; 11
i o p (11)

Ei-E

QM=2ge " ; (12)

where g, - the degeneracy of the initial torsional state value of which is consistent with the type

of symmetry of the torsional wave function in accordance with the data of Tables 3 and 4, s;and
st - the initial and final state specifier value of which, as indicated in Table 4, is 1 for the A; u A,

torsional states, and is -1 for B; u B, torsional states, Q(T) - partition function.

With the use of these data, the relative intensities of the IR absorption bands conditioned
by the torsional transitions in the MD molecule at different temperatures were calculated from
the formula (11). Fig. 5 presents the IR spectrum of the MD molecule at the temperatures of 300
and 30 K calculated in the CBS limit.




Figure 5. Torsional IR spectra of the MD molecule at the temperatures of 300 K (red colour)
and 30 K (blue colour) calculated in the approximation of the CBS limit.

As seen from the upper spectrum in Fig.5, only three intensive IR bands expected for the
MD molecule at room temperature. The most intense absorption band with a maximum of about
397.8 cm™ is due to transitions from the first to the fifth and from the second to the sixth
torsional energy levels. In both cases, this leads to the excitation of a symmetric torsional
vibration in the trans- conformer of MD. Note that the optical transitions from the first two states
to the third and fourth excited states, which would correspond to the excitation of the
antisymmetric torsional state in the trans-conformer, are forbidden since the combining states
belong to different multiplicities. Another two less intense absorption bands with frequencies of
maxima near 374.5 and 359.8 cm™ are due to transitions 5=11, 6=12 and 3=9, 4=10
respectively. Obviously, at low temperatures, torsional states 3-6 are not populated and,
therefore, only one intensive absorption band of 397.8 cm™ is expected in the calculated
torsional spectrum of trans-conformer of MD at 30 K.

If the potential barriers are sufficiently high, it becomes possible to make the cis-
conformer stable at temperatures below 30 K. To estimate the height of the potential barrier in
case of transition from the cis-conformer to the trans-conformer using Mathematica [37]

package, the potential energy of MD was determined at every point for the values y and ¢

specified within the range 0—2z with the help of interpolation. The map of gradients on the

potential energy surface is presented in Fig. 6.

Figure 6. Map of the energy gradient directions. The decrease of energy contributes to the
strengthening of the green colour while the increase of the energy contributes to the
intensification of the pink colour. The global and local minima along with saddle points are
marked by red dots.

Using Fig.6, one can find out that the minimum potential barrier, which must be
overcomed by the molecule during the transition from the cis- to the trans-configuration is 327

cm™. However, if one takes into account zero point energy for cis-conformer (258 cm™) it



becomes clear that the potential barrier is only about 70 cm™. This fact makes the cis-conformer
of the MD molecule potentially unstable. At 30 K more than 8% of the cis-conformers will have
the kinetic energy equal or higher than 70 cm™. On the other hand, at 10 K only 0,062% of the
cis-conformers will have the kinetic energy equal or higher than 70 cm™. Furthermore, to convert
this kinetic energy to internal energy successful collision needed. However, in the low density
interstellar space collisions don't happen often. Anyway, we have calculated the torsional
spectrum of the cis-transformer at the temperature of 10 K which is presented in Fig.7. In this
case, the 13th torsional level was considered the ground one and in the formula (12) when
calculating the partition function, the summation was performed from i = 13 to i = 50 with the
step of 1. While comparing the spectra in Fig.5 and 7, it should be noted that the torsional
spectrum of the cis-transformer is considerably richer. At least four absorption bands have
significant intensity in the calculated torsional IR spectrum of the cis-transformer of MD. These
bands have maxima near 282.9, 300.4, 377.4 and 397.6 cm™ and are due to transitions
14 =27, 13= 28,14 =35 u 13 = 38 respectively.
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Figure 7. The torsional IR spectrum of the cis-transformer of the MD molecule at the
temperature of 10 K calculated in the CBS approximation.

We also take into account that the 3rd torsional energy level is metastable since its
multiplicity differs from the multiplicity of the second and ground torsional levels. This means
that optical deactivation of an excited antisymmetric torsional vibration in the trans-conformer is
forbidden by the selection rules inherent in the spin wave function. It is known, for example, that
in the absence of external influences, water in the ortho-state can exist for a very long time
[49,50,51]. With this in mind, the torsional spectrum of the trans conformer of MD was
calculated for which the 3rd torsional level is ground at a temperature of 30 K. In this case, in the
formula (12) when calculating the partition function, the summation was performed from i = 13

to i = 50 with the step of 1. It is presented in Fig. 8.



Figure 8. Torsional IR spectra of the trans-conformer of the MD molecule at the exited
antisymmetric torsional state (third state) at the temperature of 30 K calculated in the

approximation of the CBS limit.

As can be seen from Fig.8, in this case, the calculations predict the presence of two
intense absorption bands with maxima near 359.7 and 374.5 cm™ in the torsional spectrum,

which are due to transitions 3= 9, 4=10 and 5=11, 6 =12 respectively. It should be noted

that in the IR spectrum of the trans-conformer in the usual case when the first torsional state is
ground at 30 K the second band is absent since the 5th and 6th torsional levels are located 391
cm™ above the ground state and at 30 K these levels are not populated. In contrast, in the trans-
conformer of MD, which is stuck in the third excited torsional state, levels 5 and 6 turn out to be
occupied, since they are only 57 cm™ higher than the third torsional state. However, the situation
under consideration may be of greater interest in relation to the tunneling frequency between the
3rd and 4th torsional states. According to the calculations in the CBS limit, the value of the
tunneling frequency, in this case, is equal to 1,102279*10° cm™ or 0,33045 MHz.

It is clear that these three absorption bands (397,8 cm™ 359,7 u 374,5 cm™) for the trans-
conformer and four absorption bands (282.9, 300.4, 377.4 u 397.6 cm™) for the cis-conformer
can serve as reference points for searching MD in the Earth atmosphere and interstellar space. It
is worth noting that calculated intensities of the tunnelling transitions in the ground and third
torsional states of the trans-conformer are weak enough due to very little permanent dipole
moment, while the respective tunnelling transition in the cis-conformer is forbidden due to the
changes of the symmetry of the spin wave functions.

5. CONCLUSIONS

The conformation states of the MD molecule have been analysed with the use of MP2/cc-
pVQZ level of theory.

The torsional spectra of trans- and cis-conformers of MD have been calculated for the
first time with the use of the several levels of theory. It has been shown that computed values of
the energies of the stationary torsional states are sensitive to the used levels of theory and density
of the grid, at the nodes of which the potential energy and the values of the kinematic

coefficients are evaluated. At the same time, there is a clear agreement between the frequency



values of the torsional vibrations in the MD molecule calculated at different levels of theory.
However, the computed values of frequency of the torsional vibrations obtained in CBS limit
should be considered as the most accurate ones.

The torsional and spin wave functions of the MD molecule were classified based on the
irreducible representations of the C,y(M) molecular symmetry group.

The MD molecule shows complex torsional vibrational dynamics. Among fifty
considered excited torsional states there are vibrations belonging to a) only trans-conformer, b)
only cis-conformer and c) both conformers, as well. Based on the torsional quantum numbers
represented in Table 3 one can recognize the fundamental, overtones and combination torsional
vibrations of the two hydroxyl groups in the MD molecule.

The tunnelling frequencies for the ground and metastable states of the trans-conformer as
well as for cis-conformer of the MD molecule were calculated. In the last case, the tunnelling is
forbidden due to the different symmetry of the spin wave functions of the 13 and 14 torsional
states. The tunnelling for the ground and metastable states of the trans- conformer of the MD
molecule is not forbidden by any symmetry restrictions. Thus calculated tunnelling frequencies
(0.0633 and 0,33045 MHz) in combination with calculated frequencies of the torsional vibrations
will be useful for the searching of the MD molecule in the interstellar space as well as in the

Earth atmosphere.
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