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In this work, the conformational and vibrational analysis of dipropyl sulfone in
its isolated gaseous state with identification of all stable conformers, their energy
and degeneracy, relative population determined by Boltzmann distribution, as well
as IR spectra have been performed by density functional theory (DFT) methods.
Several DFT methods and basis sets were tested. It was demonstrated that the
various local and hybrid DFT functionals such as well-known B3LYP, regardless
of the size of basis sets, completely fail in the prediction of correct molecular structures,
let alone the IR spectra. It was found that only long-range corrected hybrid density
functionals, combined with decently sized basis sets are capable to predict correct
values of dihedral angles between non-bonded atomic groups: the most important
coordinates in conformational analysis. Thus, wB97XD/6-311++G(2df,2pd)
method/basis set combination appears to be the best method for the titled system both
in terms of geometry and IR spectra prediction. A detailed analysis of the potential
energy surface revealed the existence of 28 distinct conformers with various
populations at 298 K, which have significant impact in the simulated IR spectra.
The linear scaling equation (LSE) fitting methodology was successfully adopted for
the calibration of wavenumbers and achievement of the best match between theore-
tical and experimental absorption regions of functional groups in sulfones. Moreover,
in the construction of the simulated IR spectra, the Lorentzian broadening of each
calculated mode with different full widths at half maximum was considered to
obtain extinction coefficients, thus more realistic ¢(v) dependency, that is directly
comparable with experimental spectra. The authenticity of the results obtained have
been verified by comparison with existing experimental literature data on sulfones.
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Introduction. The development of computational methods in recent decades
has greatly increased the accuracy of electronic structure calculations and the
prediction of many properties of molecules based on them: a stable molecular
structure, energy, IR spectra, etc. [1]. On one hand, the desired accuracy of electronic
structure calculations can be achieved using higher levels of theory and basis sets, but,
on the other, this requires larger computational resources, especially for large mole-
cules. One way to avoid complex calculations is to find a sufficient method/basis set
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combination for model molecules and to extrapolate it to further homologues of this
class of compounds.

Among quantum chemical methods, attracting considerable attention, density
functional theory (DFT) methods provide quite accurate computational models.
Up to date new density functionals continue to appear, taking the performance of DFT
to unprecedented levels [2]. Depending on the goals of computation the local density
approximation (LDA), pure, hybrid, double-hybrid and dispersion-corrected functio-
nals are available. The search for an efficient DFT method/basis combination is based
not only on its predictive ability of appropriate geometry obtained from optimization
procedure, but also on an accurate calculation of vibrational spectra. As is well known,
theoretical vibrational wavenumbers are usually calculated using the harmonic
oscillator model, so the overestimation is always expected. Therefore, the correction
of theoretically calculated data can be achieved by applying various scaling
procedures based on the minimization of the errors (root mean square, etc.) [3].

Sulfones are a promising class of dipolar aprotic solvents, which are used in
various fields of science and chemical technology [4-7]. Despite the widespread use
of sulfones, more precise experimental and theoretical studies were carried out for
the first homologues, in particular for dimethyl sulfone (DMSO2) [4, 7, 8]. Recently,
the full conformational analysis of diethyl sulfone (DESO2) by DFT methods has
been performed and optimized structures and IR spectra of both stable conformers
and transition states have been determined [9, 10].

To establish a link between the various properties of alkyl sulfones and
their structural features, a systematical theoretical study of sulfone series is necessary.
In this aspect, the main goal of the present study was the development of a combined
methodological approach directed towards correct evaluation of structural flexibility
and thermodynamic stability of molecules, their statistics and features like electronic
structure, bond lengths and angles, infrared spectra, etc. based solely on quantum
chemical DFT calculations. In this work, the strategy chosen was assessed on the
example of dipropyl sulfone (DPSO2) molecule, the next homologue of alkyl
sulfones: the conformational and population analysis, the prediction of molecular
properties, especially IR spectrum, which is previously unreported, were performed
with appropriate DFT methods. Among various DFT methods examined in our
study, surely, the proposed wB97XD/6-311++G(2df,2pd) method/basis combination
appears as a method of choice. The results were compared with available
experimental results for similar molecules.

Computational Methodology. All quantum chemical calculations, including
conformational and vibrational analysis, were performed using Gaussian 09 compu-
tational package [11]. First, in order to establish all stable conformers of DPSO?2 it was
necessary to construct potential energy surfaces for relevant molecular coordinates.
The initial input geometries of DPSO2 molecules were constructed based on 4 stable
conformations of DESO2 [10], by replacing the terminal hydrogen atom with one
methyl group on each side. Potential energy surface (PES) calculations were carried
out along the coordinate of the two dihedral angles as defined by D1(C15C14C4S1)
and D2(C12C10C7S1) in the range of 0 to 345° at an increment of 15°, while the
two core dihedral angles D(C14C4S1C7) and D(C10C7S1C4) were kept constant
with values consistent with those of corresponding DESO2 conformations (Fig. 1).
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Fig. 1. Relaxed optimization results for corresponding dihedral angles: a) potential energy surface of
DESO?2, calculated by RHF/6-311++G(d,p) method [9]; (b) four potential energy surfaces of DPSO2
conformers, calculated by AM1 semiempirical method.
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Thus, the total number of calculations is 4x24x24=2304 optimizations at this
stage, and the computational effort needed is huge — AM1 semiempirical method
was employed for this task.

All resulted local and global minima along the PES were subjected to
complete geometry optimizations by AM1, RHF and DFT methods with different
basis sets. During the optimization procedure the opt=verytight convergence
criterion was used. To ensure that real minima were obtained and to generate IR
spectra, vibrational calculations were also run with the same method/basis set
combination as for the geometry optimization. The absence of an imaginary
frequency confirmed the real minimum structure.

In selected cases, to identify all conformers and obtain the valid IR spectra,
additional pure, hybrid, and dispersion-corrected functionals (DFT methods)
were employed for calculations: BLYP (pure), B3LYP, cam-B3LYP, B3PW91,
MPW1PW91, PW91PW91 (hybrid), wB97, wB97X (LC hybrid functionals),
wB97XD (dispersion-corrected), LC-BLYP, LC-wPBE (long range corrected).
All these methods have been used in combination with various Pople/Dunning basis
sets as 6-31+g(d), 6-311++G(2df,2pd), aug-cc-pVTZ etc.

To calibrate the calculated harmonic IR frequencies, scaling procedures such
as single overall scale factor (OSF) and a linear scaling equation (LSE) were tested
[2]. The estimation of scaling coefficients for vibrational frequencies were
performed by minimizing the root mean square error (RMSE) between the calculated
and experimental values for DMSO2 molecule in the gas phase.

LabTalk and C Programming languages in Origin 8.5 program were used to
write and execute scripts to perform data analysis and plotting, calculation of
energetic states populations according to Boltzmann distribution, Lorentzian
broadening of IR modes of ensembles, etc.

Results and Discussion.

Potential Energy Surfaces. In order to find out all stable DPSO2 conformers,
it was necessary to analyze the potential energy surface, which is a graphical
relationship between energy of a molecule and its geometry. As is known, the
number of minima typically grows exponentially with the number of internal
variables, so the global optimization problem is an extremely difficult task for a
multidimensional function [1]. To solve this task, the following approach was
selected in this study: 4 stable conformations of DESO2 from our previous study [9]
were taken as starting geometries, then the two terminal hydrogen atoms (those in
trans position) were replaced with one methyl group each. Afterwards, conforma-
tional searching was done, performing a stepwise rotation around two C-C bonds
consequently (dihedral angles D1(C15C14C4S1) and D2(C12C10C7S1)) leaving
dihedral angles D(C14C4S1C7) and D(C10C7S1C4) frozen (Fig. 1). For the linear
alkanes, it is known in advance that trans conformations in general are favored over
gauche [12].

Four PES maps for DPSO2 originating from parent DESO2 structures, as
calculated by the AM1 semi-empirical method, are given in Fig. 1. After careful
examination of the conformational space of DPSO2 nine minima were discovered
for three maps and eleven minima for the remaining one. Thus, in total 38 minima
(local and global) were obtained, as expected. But taking into account the degenerate
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states of DPSO2 molecule (with the same structures and energies) only 28 distinct
conformers exist in reality. The analysis of PES | revealed 6, PES Il — 4, PES Il
and PES IV - 9 unique conformers each. The distinct structures with notations,
DPSO2 degeneracies (g2) related to the corresponding PES region, the degeneracies
(g1) of initial DESO2 structures, the calculated total degeneracies (gixg.) and
number of conformers are presented in Tab. 1. Thus, in total 101 minima were
found on the entire PES plot (DESO2, DPSO2 combined), while only 28 of them
represent unigue molecular structures.

Table 1

The distinct structures of DPSO2 with notations, their degeneracies (gz), degeneracies (g1)
of initial DESO2 structures, the calculated total degeneracies (gi1xgz), and the total number
of DPSO2 conformers in PES

Distinct structures Number of
of DPSO2 92(DPSO2) 9102 structures in PES

12
13
16
11
15
19
2.1
22
23
25
31

PES Ne | g1 (DESO2)

18

11

S NSNS S NI NS
R N RN BN BN RS ST ST N NS N

Il 4 36

[N
N

39
41 1 4

4.9 1 4

Then, using the same semi-empirical method, the positions of the energy
minima on the PES corresponding to the equilibrium structures of the stable
conformers were fully optimized removing all dihedral constraints. It should be
noted that not all structures were identified as stable at this stage of optimization
by AM1 method, since the “DESQO2 core” of molecule collapses for some cases.
Due to these instability issues and also that the AML1 is not suitable for quantitative
treatment in general, it was necessary to try various high-level ab initio and DFT
methods. These were successfully employed to reliably identify all minima
observable on PES, geometry optimization and further analysis.
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Computational Methods Assessment. The first challenge that arose was to
find a suitable high-level computational method that would give reliable geometric
structures for all conformers.

First issue with very popular DFT methods we encountered was the incorrect
prediction of some dihedral angles already in starting DESO2 molecule. Our
calculations have shown, that some DFT methods such as B3LYP and B3PW91, as
well as MPW1PW91, BLYP, PW91PW91 result in mispredictions regarding to
dihedral angle in one of conformers (gauche) of DESO2 (Fig. 2, a), i.e. these methods
predict that all carbon atoms lie in the same plane D(C10C7C4C14) ~ 0°.

To identify the underlying issue additional calculations were performed for n-
pentane molecule (gauche conformer), for which is well-known non-zero value of
dihedral angle: four carbon atoms do not lie in the same plane (in contrast to
cyclohexane) [12]. Calculations with aforementioned DFT methods resulted in
close-to-zero values for corresponding angles, i.e. the weakness of these methods for
predicting long-range interactions was confirmed (Fig. 2, b). It is worthy to mention,
that the expansion of the basis sets did not improve the results in any manner.

a) D(C10C7C4C14) ~ 0 b) D(C5C4C2C1) ~ 0

C) D(C10C7C4C14) # 0

Fig. 2. Representation of DESO2 conformer 1V (a) and pentane gauche (b) with incorrect structures
(zero dihedral angle), and real structure with non-zero dihedral angles (c).

Then, the performance of cam-B3LYP, wB97, wB97X, wB97X-D, LC-
BLYP, LC-wPBE, RHF, and MP2 methods in the calculations of long-range
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interactions was assessed. Satisfactory results, i.e. non-zero dihedral angle values
D(C10C7C4C14) # 0 in all cases were obtained for DESO2 molecule (see Tab. 2).
It is noteworthy that ab initio methods, even classic RHF, has an advantage in predicting
the molecule structure in comparison with widespread used B3LYP/DFT method.

Table 2

The calculated dihedral angle in DESO2 conformer (IV) by various ab initio and DFT methods

Method D(C10C7C4C14)
B3LYP, B3PW91, MPW1PW91, BLYP, PW91PW91 =0
cam-B3LYP 7.0
wB97 175
wB97X 155
wB97X-D 16.9
LC-BLYP 16.0
LC-wPBE 17.7
RHF 10.0
MP2 194

Next issue encountered was the identification of all 9 geometries in PES IV
conformational space, which manifested itself in terms of destabilization of
DESO2 core (conformation 1V [9]) in DPSO2 molecule after switching to fully
unconstrained optimization from “frozen” internal coordinates, as was described
above. The structures in other 3 quadrants were optimized without issues by nearly
all computational methods. This is due to the much more “crowded” structure of
particular DPSO2 conformations, where too much overlap between neighboring
hydrocarbon groups occurs, but mainly due to insufficient long-range interaction
energies, which would otherwise hinder the internal rotations and stabilize
molecular structure. In this context, among DFT methods tested cam-B3LYP,
wB97 and its extension, combined with expanded basis set provided much better
results. Only utilizing wB97XD/6-311++G(2df,2pd) combination it was possible to
obtain all predicted structures in the PES IV quadrant of DPSO2.

Another major goal of this study was to simulate the theoretical IR
spectrum of DPSO2: to calculate the IR absorption of substance in an exceptionally
theoretical manner, based on quantum chemical and statistical analysis, which
further can be directly matched with experimentally determined one. It is worthwhile
to note that concerning the vibrational analysis of sulfur-organic molecules Barnes
et.al have shown that among DFT methods cam-B3LYP, M06-2X, wB97X-D, and
PBEO with 6-311++G(2df,2pd) and triple-zeta Dunning’s basis sets predict the
harmonic IR spectra in close agreement with the experimental spectrum [13],
while most of other popular DFT methods completely fail. Thus, there is an overlap
of methods with our study, showing that particular methods provide good results
both from geometrical and spectral accuracy considerations. Therefore, only
cam-B3LYP, wB97XD with aug-cc-pVTZ/6-311++G(2df,2pd) expanded basis sets
were selected for further evaluation.
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Due to the lack of experimental IR spectra of DPSO2 in literature and
relatively large size of molecule, next approach was followed: a search was
performed for an efficient method/basis combination for predicting the theoretical
IR spectrum for the first homologue DMSQO?2, the model molecule. The choice was
made by the applying various scaling procedures based on the minimization of errors
of theoretically predicted IR frequencies in comparison with the experimentally
recorded IR spectrum of DMSO2 in the gas phase [7] (the NIST WebBook [14]),
and its further extrapolation to other homologues of this class of compounds.

A linear regression algorithm was employed to find the best correlation
between calculated and experimental IR frequencies of DMSO2. In essence it
provides the linear fitting parameters between the two, while keeping the RMSE
values to minimal. Theoretically calculated IR harmonic frequencies of DMSO2 can
be scaled using both a single overall scale factor (OSF) and a linear scaling equation
(LSE) [2]. Obviously using a linear equation instead of a single scaling factor gives
more accurate frequency calibration and smaller errors.

This procedure is based on establishing a linear relationship between the
calculated and experimental wavenumbers of a molecule:

Vexp = kvea + b, (1)
where v,,,, is experimental, v, is calculated wavenumbers, k is the slope and
b is the y-intercept.

wB97/6-311++ G(d,p)
WB97XD/6-311++G(2df,2pd)
cam-B3LYP/6-311++G(2df,2pd)
wB97XD/aug-cc-pVTZ
wB97X/6-311++ G(d,p)
cam-B3LYP/aug-cc-pVTZ
wB97XD/6-311++ G(d,p
cam-B3LYP/6-311++G(d,p)

1400 -

evAedH onm
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Experimental wavenumbers, cm!
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600 800 1000 1200 1400
Calculated wavenumbers, cm
Fig. 3. Linear regression fitting of the experimental wavenumbers versus calculated
wavenumbers by various DFT methods for dimethyl sulfone molecule.

The scaling procedure was carried out for the 0-1500 cm™ “fingerprint”
wavenumber range of DMSO2, which includes the vibrational modes of anti-
symmetric and symmetric SO, stretch, CHs; deformation, antisymmetric and
symmetric SC stretch, and SO bend [7]. Fitting results for different method/basis
set combinations are depicted in (Fig. 3, Tab. 3). The values of k and b thus
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obtained were used to recalculate the theoretical DFT wavenumbers, further
discussion is based on these scaled values only.

Considering the DMSO?2 vibrational spectrum, among the all methods
tested the following DFT method/basis combinations have given the acceptable
results (RMSE<4 cm™): wB97XD/6-311++G(2df,2pd); wB97XD/aug-cc-pVTZ;
cam-B3LYP/6-311++G(2df,2pd), and wB97/6-311++G(d,p). However despite the
smallest value of RMSE in the case of wB97/6-311++G(d,p) it was not capable
to stabilize DPSO2 (PES 1V) structure. Moreover, some of its non-corrected
IR peak wavenumbers for DMSO2 were underestimated in comparison with
experimental values, which is unphysical. Both issues were probably caused by
not large enough basis set choosen, nevertheless it fell out of further consideration.
Thus, only 3 methods remain, capable of correctly predicting DMSO2 experimental
spectrum. As can be seen (Fig. 4), there is a good agreement between the
experimental IR spectrum of DMSO?2 in the gas phase and linearly scaled calculated
spectra by the selected DFT methods.

Table 3

The root mean square errors (RMSE), coefficients k and b obtained in the scaled wavenumbers of
the DMSO2 modes by the linear scaling equation (Eq. 1) for various DFT methods

DFT method k b, cm™t RMSE, cm™
wB97/6-311++G(d,p) 1.07663 -95.48603 3.2424
wB97XD/6-311++G(2df,2pd) 0.97668 9.47251 3.3326
cam-B3LYP/6-311++G(2df,2pd) 0.99340 —6.57655 3.8741
wB97XD/aug-cc-pVTZ 0.97596 16.09653 4.0594
wB97X/6-311++G(d,p) 1.05446 —65.99861 6.3304
cam-B3LYP/aug-cc-pVTZ 1.01933 —23.61442 8.4638
wB97XD/6-311++G(d,p) 1.01515 —14.70476 9.4459
cam-B3LYP/6-311++G(d,p) 1.05953 —54.38533 15.6167
500 —— experimental
I VB9 7XD/6-311++G(2df 2pd)
I cam-B3LYP/6-311++G(2df,2pd)
I WB97XD/aug-cc-pVTZ
400 -
P
2
3
£ 3004
24
200
100
0 = ll T : /A\ I/Il\~il\ /m
1600 1200 800 400

Wavenumbers, cm™?

Fig. 4. Comparison of experimental IR spectrum of DMSO?2 in gas phase and
linear scaled calculated spectra by various DFT methods.
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Thus, of all the methods discussed, taking into account both the value of
root mean square error obtained by DMSO2 IR analysis (c.a. 3.3326 cm™
compared to experimental values), and the improved structural stability of
DPSO2 conformers (discussed above), the method of choice proposed is the
wB97XD/6-311++G(2df,2pd) method/basis combination.

Structural and Spectral Parameters of DPSO2. Thus, the wB97XD/6-
311++G(2df,2pd) method was chosen as optimal to obtain the geometry of all stable
conformers and for simulated IR spectrum of DPSO2, which was performed in the
following steps:

i. first of all, the geometries of all stable conformers were optimized,;

ii. the energy, structural parameters and the relative populations (based on
Boltzmann distribution) of these conformers were calculated;

iii. vibrational spectra of all DPSO2 conformers were calculated;

iv. to scale the calculated frequencies, the coefficients of linear fit obtained
for DMSO2 were applied;

v. finally, Lorentzian broadening of each modes was constructed, considering
Boltzmann distribution, degeneracy and temperature in order to obtain simulated
spectra, which is to compared with experimental results.

As it was proven in previous sections the only sufficient method/basis set
combination both in terms of structural stability and vibrational spectrum accuracy
is wB97XD/6-311++G(2df,2pd). All 28 distinct conformers (101 in total) of DPSO2
obtained from PES analysis were successfully optimized at this level of theory
utilizing a very strict opt=verytight criterion, parameters including total molecular
energies, geometrical parameters, vibrational frequencies and intensities, zero-point
energies, etc. were obtained. From the analysis of DPSO2 PES landscape
degeneracies for individual structures have been obtained (Tab. 4). This, combined
with exact total energies from wB97XD/6-311++G(2df,2pd) outputs made it
possible to perform population analysis of DPSO2 gas state at a given temperature.

The Boltzmann distribution was used to predict the relative populations (P;)
of stable DPSO2 conformations according to equation:

.e—€i/kpT
Pi= 3 e @
where ¢ is the potential energy of i-th conformers, g; is its degeneracy, kg is the
Boltzmann constant, and T is the absolute temperature (was taken 298.15 K).
To predict Boltzmann probabilities a script was written, that collects the required
total energies and degeneracies for all individual conformers, then calculates the
relative populations for each according to the equation.

The absolute and relative gas-phase energies for all 28 conformers of
DPSO2, their degeneracy and relative populations, according to the Boltzmann
distribution, calculated at wB97XD/6-311++G(2df,2pd) level are reported in Tab. 4.
As can be seen the energy differences among all these minima can reach up to
17 kJ/mol. If compared to the value of thermal energy at the same temperature
(RT =2.48 kJ/mol) it is concluded that the highest states are *“unreachable” and
remain highly unoccupied, as is evident from the figures in table. Indeed, along
the full conformational space there are regions where the molecular structure of
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DPSO2 molecule is very compact and repulsion forces between neighboring
groups become pronounced, especially in PES IV in the DPSO?2 case.

Table 4

The absolute and relative energies of all 28 conformers of DPSO?2 in the gas phase,
their degeneracy (g) and relative populations (P), according to the Boltzmann distribution,
calculated at wB97XD/6-311++G(2df,2pd) level

Conformer Ne g E, Hartree AE, kJ/mol P
1 2 —785.728558 0 0.20381
2 4 —785.727900 1.73 0.20305
3 1 —785.727676 2.32 0.04004
4 4 —785.727094 3.84 0.08647
5 4 —785.726817 4.57 0.06448
6 4 —785.726764 471 0.06096
7 4 —785.726647 5.02 0.05386
8 4 —785.726573 5.21 0.04980
9 4 —785.726319 5.88 0.03805
10 4 —785.726131 6.37 0.03118
11 2 —785.725949 6.85 0.01286
12 2 —785.725742 7.39 0.01033
13 4 —785.725522 7.97 0.01636
14 4 —785.725468 8.11 0.01545
15 4 —785.725436 8.20 0.01494
16 2 —785.725435 8.20 0.00746
17 4 —785.725347 8.43 0.01359
18 4 —785.725333 8.47 0.01339
19 4 —785.725245 8.70 0.01220
20 4 —785.725211 8.79 0.01177
21 4 —785.725127 9.01 0.01077
22 4 —785.724955 9.46 0.00897
23 4 —785.724507 10.64 0.00558
24 4 —785.724312 11.15 0.00454
25 4 —785.724193 11.46 0.00400
26 4 —785.724123 11.64 0.00372
27 4 —785.723499 13.28 0.00192
28 4 —785.722095 16.97 0.00043

Also, surprisingly the trans- conformation (Fig. 5, d) does not have the lowest
gas-phase energy, as it traditionally is discussed in similar cases, such as n-alkanes
and tetrahedral-carbon molecules [12]. The population calculated is only 4%,
which stems on the one hand from the degeneracy of this conformation (g=1),
on the other hand due to its relatively high energy. Almost 50% of the total
population relate to the three dominant conformations with 20.4%, 20.3% and 8.6%,
respectively. The optimized structures of these conformers with the lowest energy
are shown in Fig. 5.

In Tab. 5 are summarized some important geometrical parameters of these
structures: bond lengths, angles, dihedral angles, and dipole moments. In any case,
it will be further discussed, the values of relative populations for all individual struc-
tures proved to be helpful in the construction of simulated IR spectrum of gas phase.
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Fig. 5. DFT/wB97XD/6-311++G(2df,2pd) optimized three dominant conformers of DPSO2:
a) P=20.4% (Ne 1); b) P =20.3 % (Ne 2); ¢) P = 8.6 % (N\e 4); d) trans conformer (Ne 3).

For the vibrational analysis of DPSO2 spectra, it is worth noting that DPSO2
molecule contains 23 atoms, therefore, there are 3N-6=63 vibrational modes,
since 28 conformers were identified, in total 28-63=1764 modes must be taken into
account. First the wB97XD/6-311++G(2df,2pd) calculated frequencies must be
scaled with some factor, in order to provide a sensible match with expected
experimental spectrum. As it was discussed in previous sections, this was done
with reasonable accuracy for DMSO2 homologue utilizing LSE procedure, and
the values for linear fitting equation were obtained. Since the experimental
DPSO2 spectrum is not presented in literature, the scaling factors cannot be
obtained via similar procedure, instead they are taken from DMSO2 data. This is
an appropriate approach, since there are no functional group differences in
homologous series.

Table 5

DFT/wB97XD/6-311++G(2df,2pd) calculated geometrical parameters of low-energy conformers

Ne1(1.5) Ne 2 (3.5) Ne 4 (1_2) Ne 3 (2_5)
R(5102), A 1.4431 1.4431 1.4434 1.4442
R(S103), A 1.4433 1.444 1.4432 1.4439
A(C4S1C7) 105.4943 104.4891 105.3813 103.4066
D(C14C4S1C7) 59.6236 64.3005 51.4948 —-178.285
D(C10C7S1C4) 58.6647 178.4931 60.4686 178.2954
D(C15C14C4s1) 172.8079 172.0504 65.6181 —179.8555
D(C12C10C7S1) 170.8976 179.5936 174.8547 179.2361
Dipole moment, D 5.1324 4.7167 5.0396 4.3116
Population 0.20381 0.20305 0.08647 0.04004
Relative Energy, kJ/mol 0.0 1.73 3.84 2.32
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Also, the calculated IR intensities for all the modes must be scaled to take into
account the data obtained from population analysis. Here the corresponding inten-
sities are multiplied via probability values of individual structures, thus the “weight”
of each conformation in total spectrum is considered. Since these “weights” are
temperature-dependent variables in accordance to Boltzmann’s distribution function,
therefore the IR spectrum-gas temperature dependence is obtained automatically.

This IR spectrum, corrected in both frequencies and intensities domains,
is further processed to achieve the broadening of absorption peaks, which can then
be compared with experimental one. This is accomplished via Lorentzian function,
where the peak center position (V.) and area (A) are taken from corrected modes
data, and the full width at half maximum (FWHM) (w) is considered adjustable
to obtain the best match.

To obtain real intensity/wavenumber dependency for a given region of
wavenumbers 1764 Lorentzian functions (total modes of all conformers) must be
summed, each with own arguments:

—\ _ y"Nmods 24i w
eW) =BT e ®3)
where 7., w and A represent center (wavenumber), width and area of the absorption
peak respectively. The offset is set to zero.

To cope with the construction of such a large number of mathematical
functions a simple program in Origin 8.5 C scripting language was written, which
collects all the corrected peak data (areas, positions in spectrum) and for an
arbitrarily chosen FWHM generates the true absorption spectrum in the terms of
molar extinction — wavenumbers relationship.
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Fig. 6. Simulated IR spectra of DPSO2 with Lorentzian broadening (FWHM = 3 cm™).
Energy distributions (a) by Boltzmann at 298 K and (b) equiprobable for all conformers. Inset graphs:
zoomed part in CH and SOz stretching vibrations region of DPSO2.

Fig. 6 represents the weighted peak data in accordance with Boltzmann
distribution (a) and for comparison with equal probabilities only (b), accompanied
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with Lorentzian-broadening simulated spectra. For the most IR-active SO, symmetric
and antisymmetric stretching vibrations present around 1150 cm™ and 1350 cm™
regions, it can be observed that the temperature has a significant influence on the
spectrum. Indeed, the contribution of individual conformations in IR spectra is
highly unequal, as expected from the figures in Tab. 2, therefore the most prominent
peaks observed in Fig. 6, a belong to mainly to the 3 most populated states out of 28,
while the remaining peaks contribute to the overall spread and broadening only.
Also, it can be observed that in comparison to Fig. 6, b there is a splitting of the main
peaks in simulated spectrum due to the same reasons, which will appear as a
“shoulder” in experimental spectrum.
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Fig. 7. Simulated IR spectra of DPSO2 with Lorentzian broadening of various FWHM (2, 4, 8 cm™)
with Boltzmann distribution (a) and equal distribution (b) of all conformers.
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Fig. 8. Simulated IR spectrum of DPSO2 (b) and experimental FTIR ATR spectra
of pure liquid ethyl methyl sulfone (a) and dibutyl sulfone/CCls mixture (0.3 mol/L) (c).
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In order to obtain extinction coefficients, i.e. more realistic ¢(v) dependency,
that is directly comparable with experimental spectra in the construction of the
simulated IR spectra, the Lorentzian broadening of each calculated mode with
different FWHM values was considered (Fig. 7). Among the simulated IR spectra
with various FWHM the one with 8 cm™ was chosen to compare with experimental
spectra (Fig. 8).

From the experimental IR spectra of DPSO2 homologues EMSO2 and
DBSO2 it can be observed that in SO, absorption region the main peaks are rather
unsymmetrical, which is a result of multiple non-equal overlapping contributions
underneath, akin to the spectra we predicted for DPSO2 (Fig. 8, b). There appears to
be a somewhat upshifted in wavenumbers in simulated spectrum of DPSOZ2,
compared to empirical ones. This is expected, since IR calculations in our work
are done for the gas phase isolated molecules, while FTIR spectra are given for
condensed state. Therefore, the inconsistency is only superficial. The overall shape
and spectral features are practically undistinguishable from experimentally recorded
ones of homologues (Fig. 8 a, c). Thus, the general methodology of analysis
presented, the model of the DPSO2 gas-state and its simulated IR spectra are proved
to be precise.

Conclusion. A reliable strategy for the computational treatment of systems
with conformational flexibility is proposed in this work, the performance assessment
is conducted on the example of DPSO2 molecule. Several DFT methods and
basis set combinations were systematically probed, downsides of few mainstream
methods were revealed.

It is proven that DFT wB97XD/6-311++G(2df,2pd) method is suitable for
accurate calculations.

Complete potential energy surface of isolated DPSO2 molecule is examined.
In total 101 stable conformers are found with various degeneracy states, from which
28 unique structures are identified. Their absolute energies, degeneracies, IR spectra,
other important structural parameters, calculated by various DFT methods, are
presented. Linear fitting coefficients for the correction of theoretically calculated IR
wavenumbers (i.e. scaling factors) are given.

The structures of 4 dominant DPSO2 conformers (P >50% at 298 K)
and their impact on IR spectrum, based on population analysis, are established.
The simulated IR spectrum of DPSO2 is constructed considering Boltzmann
distribution of states for all conformers, as well as Lorentzian broadening of
each vibrational mode. The resulted spectrum is shown to be in excellent agreement
with experimental ones of homologues.
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2. lu. MINUL3UY, L U. QUAIPEL3UL

ApNCNNPLUNFLSNLE <USUNFESAFLLELP UULIuUSEUNRFUL
luSNF(EF8UL HNFLUSPNLULEL SGUNFE8UL UGN TFLEN 1.
uNLHNLUUSPNL ULULRD G4 UhUNFLUSIUS huy UNGus,

Unyl wphuwmwbpnid ppujubtugyly £ dtyniumgyud nhypnuhpuny-
Pnlih nbpnpiughntt b mumwbnnujud uytjunpitiph Yyapnionienih pnnp
Juynitt Ynbdnpdtipbitiph, npubg thtipghwtbtph b Jbpuutpdwb wunh6wb-
tiph, hwpwptpuub pulbgquonipjul pun Pnigdwbh puphoiwb b b4y
uytijmpbtph tnybwlubtugdudp” oqumugnpdtinyg hunnipyubt $nidyghniuh
wbunipjub (DFT) dtpnnibpn:

Onpawpyty G DFT (h pwbih dkpnnbtp b pughuwyhtt hwijupwon bitip:

Snyg £ wpby, np wwpptin nuy & hhpphnuyhtt DET $nitiyghntiwgbtipp,
htvwhuhtt £ wdtbwhwymbh B3LYP-p, wijuwp pughuwyhtt hwjupwdnih
suithutinhg, h yhtwyh skt jubpuuwnbiuly 6ogppn dnjinyuyhtt junnigguodp-
tipp, htwwtiu bwle b4 vytiumpbbpn:

Muipqyty E, np dhuyh htinnt fupgh thnpowgnbtigniggniibpp tipuwnnn
hhpphnuyhtt pnipyutn pnrbyghnbwgtipp, hudwlgywd  purfupunp swithh
pughuwyhtt hwjwpwdnih htin, h yhtwyh th ubhuwnbuly 6pgphn Gpljithun
wblnbbtpp quuuo dnibjghntiun hadptiph dhel, npnip wdkibwljuplinp
Ynnpnhundtp G Ynbdnpiwghnit Yipnionipyubt hwdwp:

8nyg E wpyty, np wB97XD/6-311++G(2df,2pd) dtpenn/pughuwyht
hujupwont hwdwnpnipniipn ujugnyt dtpnnd £ tpgwd hwdwljupgh
hwdwp pH tpypusuwhnipjubl, pt’ b uyblupbtph  Juihwnbodwb
wmbuwljinhg:

Mnutibighwy Lbtipghugh dwytplinygeh dwipuwdwul ybpnidnipgniin
pugwhuwyntg 28 wmwpptpulynn Ynbdnpitipiiph winuynipiniin mwuppbp
plhujtigyuwonipyunip 298 & stipdwumhbwilinid, hovp qquh wgnbignipynih niih
uhiniugyud hb uytijumpabpniy:

Qouyghtt dwwpymupuynpiwd hojuuwunpdwd dhpnnupwinignibp hwen-
nnipjudp Ghpwndty b whpughtt pdtph jughppdwd W uniybnbbtph $niby-
ghntiwy hadiptiph mbuwub b thnpdwpupujubt Juindub dwupgtph jhupdtip
hudwyunmwuuw ting pyuit hwatitijne hudwn:

Pwgh wyn, upinyugyud by uyblnpbtph unnigdwd dudwiul hwpyp
L wnlyly jnpuwpwbynip dnph nptibghwt  pbnuybnodp”  Epunhyghugh
gnpowyhgtiph, U htwmbwpwp, wdth hpunbuwuib e(v) Juhwonipjub
unwgiwh dyuwnwyny, npb nipnuijhnptt hwditdwnth £ thnpdwpupujub
uytijmpiitiph htin:

Uunwugwd wpryniiptph hwjuumhnipniop hwumwwnyt) £ unydnb-
ttiph Ytpuptpuw; wniu hnpdwupupujubt gpujubuut wyjugiitiph hin
hudbduwmnn pyundp:
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3. X. [IATTAHH, JI. C. TABPUEJISIH

[IPOTHO3UPOBAHUE CBOMCTB JIUIIPOIMICYJIb®OHA
METOJAMU TEOPUM OYHKLMOHAJIA IIJIOTHOCTU:
KOH®OPMAIIMOHHBI AHAJIM3 U
CUMYJIMPOBAHHbIN WK CIIEKTP

B nmannoii pabore mpoBeaeH KOH(QOPMAIIMOHHBIA U KOJeOaTeIbHbBIH aHAN3
JTUATIPOTTHIICYTb()OHA B €0 M30JMPOBAHHOM Ta3000pa3HOM COCTOSIHUN C UACHTH(H-
Kalueil Bcex CTaOMIbHBIX KOH(POPMEPOB, UX SHEPIUU U BBIPOXKIEHHOCTH, OTHOCHU-
TEIbHOM 3acelIeHHOCTH Mo pacnpenenenus bomnbimana, a taxke MK-cnextpos
Metoaamu Teopun ¢yHkuuonana motHoct (DFT). IlporecTupoBaHbl HECKOIBKO
METOJ0B U 0a3ucHBIX HabopoB DFT.

[IpoxpeMoOHCTpUPOBAaHO, YTO PAa3IMYHbIE JIOKATBHBIE M THOPHIHBIE (DYHKIIHO-
Hanel DFT, takue kak xopomo wu3BectHblii B3LYP, ne3zaBucumo ot pasmepa
0a3ucHBIX HAOOPOB, COBEPIICHHO HE B COCTOSIHHM TPEACKAa3bIBaTh MPaBUIHHBIE
MOJIEKYJISIpHBIE CTPYKTYpHI, He ToBops yxke 00 UK-crmekrpax. OOHapyKeHO, 4TO
TOJIBKO JallbHOACHCTBYIOIINE CKOPPEKTHPOBAaHHBIC THOPUAHBIE (YHKLIMOHAIIBI
TUIOTHOCTH B COYETaHNUH ¢ 0a3UCHBIMU HA0OPaMH JJOCTATOYHOTO pa3Mepa CIIOCOOHEI
Mpe/ICKa3bIBaTh MPaBUIIbHBIE 3HAYEHHS JBYTPAHHBIX YTJIOB MEXIY HECBSI3aHHBIMHU
ATOMHBIMH TpyIIIaMU — HanboJiee BXKHBIMUA KOOPAWHATAMH B KOH()OPMAIIMOHHOM
aHaJn3e.

Takum obpaszom, komoOuuanus WB97XD/6-311++G(2df,2pd) merom/6asmc-
HOr'0 Ha0opa MpelCcTaBIsSeTcsl JYUIIUM METOAOM AJS YKa3aHHOW CHCTEMBbI KakK C
TOYKH 3peHHs peacKa3anus reoMeTpun, Tak 1 MK-cnextpos.

JeranbHblid aHAJIN3 MOBEPXHOCTH MOTEHIUAIBHOW SHEPTUHU BBISIBUJI CYIIECT-
BOBaHHE 28 pa3iM4yHBIX KOH(OPMEPOB C PAa3HOUM 3aCENCHHOCTHIO TPH TeMIlepa-
type 298 K, KoTOpass OKa3blBaeT CYLIECTBEHHOE BIIMSHHE Ha CHUMYJIHPOBAHHBIC
HK-cnexTpsl.

Metopmonorusi ypaBHeHusi nuHeitHOTo MacmrabupoBanust (LSE) ycnenrno
OpUMEHEHa [ KaJuOpOBKM BOJHOBBIX YHCEN M JOCTHXKCHHS HaWIIyYIIero
COOTBETCTBHS MEXIY TEOPETHYECKUMU M SKCIEPUMEHTAIBHBIMH 00JaCTIMU
NOTJIONIEHUsT PYHKIIMOHATBHEBIX TPYHI B cylbdoHax. Kpome Toro, mpu noctpoeHun
cumyianpoBaHHbIX MK-CIeKTpoB y4YMTHIBAJIOCH JIOPEHLEBO YIIMpPEHHE KaxKaoH
pacyeTHOM MOIbl € Pa3IMYHOM MIUMPUHOW HAa MOJYBBICOTE MJIA IOJYyYEHHUS
KO (GHUIMCHTOB AKCTUHKIUH, T.e. 0OOJiee pEaTMCTHYHYH0 3aBUCHMOCTH &(V),
HEIOCPEICTBEHHO CPABHUMYIO C SKCIIEPUMEHTAIBHBIMU CIIEKTPAMH.

JloCTOBEpHOCTh IONTYyYEHHBIX PE3YJIbTATOB IMOATBEPIKIECHA CPABHEHHEM C
JKCHEPUMEHTAILHBIMH JIUTEPATYPHBIMH JAHHBIMU, NOITY4YE€HHBIMU 1151 CYJIb(OHOB.



