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Hydrogen-bonded systems of water with dimethyl and diethyl sulfoxides.
Theoretical study of structures, stability and vibrational spectra
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The structural and vibrational characteristics (vibrational frequencies and infrared intensities) of the hydrogen-
bonded systems dimethylsulfoxide (DMSO)—water (1:1, 1:2) and diethylsulfoxide (DESO)—water (1:1, 1:2) have been
investigated employing ab initio and DFT calculations at different basis sets. The calculations show that the optimised
structures of the studied systems 1:2 are cyclic while the optimised structures of the hydrogen-bonded systems 1:1 are
linear. The corrected values of the dissociation energy for the hydrogen-bonded systems have been calculated by ab
initio and DFT calculations at different basis sets in order to estimate their stability. It was established that the
hydrogen-bonded systems DESO-water (1:1, 1:2) are more stable than the systems DMSO-water (1:1, 1:2). The
influence of the hydrogen bonding on the properties of the monomers (H,O, DMSO and DESO) has been investigated.
The hydrogen bonding between H,O and DMSO, and DESO leads to changes in the vibrational characteristics of the
monomers. The predicted vibrational characteristics for the studied hydrogen-bonded systems are in very good
agreement with the experimentally observed.
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INTRODUCTION

Hydrogen bonding is of fundamental importance
in chemistry, physics and biology. Computational
methods based on quantum theory and developed
for the treatment of chemical bonding, intermole-
cular forces, reactivity and interactions with electro-
magnetic radiation can reproduce or predict the
measurable characterizing the hydrogen bonds. A
large number of theoretical studies on the structures,
stability and vibrational spectra employing ab initio
and DFT calculations have been undertaken in recent
years for the hydrogen-bonded complexes [1-8].

In many industrial and biomedical fields dialkyl
sulfoxides (DASO) have found applications because
of their unusual physicochemical properties. DMSO
and DESO are used as industrial solvents for polar
and ionic substances in chemistry, biology and
medicine. DESO exhibits strong self-associative
effects, even stronger than in DMSO. To this
purpose, vibrational spectroscopy (Raman and IR)
has been widely used [9-14] for studying the
vibrational features of DMSO and DESO both pure
and in aqueous solutions. The biomedical signifi-
cance of DESO has been reported also [15].
Thermodynamic measurements of DESO-water
mixtures (heat of fusion and solidification, melting
and freezing temperature) suggested very strong
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deviatios from ideality, like in DMSO-water solu-
tions, but to a greater extent [16].

The objects of the present study are the hydro-
gen-bonded systems DMSO-H,O (1:1, 1:2) and
DESO-H,0 (1:1, 1:2). The aim of the study is first,
to established the most stable structures of the
hydrogen-bonded systems, secondly, to study the
nature of the hydrogen bonding and finally to
estimate the changes in the vibrational character-
istics upon hydrogen bonding.

METHODS

The structures, stability and vibrational char-
acteristics of the hydrogen-bonded systems dime-
thylsulfoxide (DMSO)-water (1:1, 1:2) and diethyl-
sulfoxide (DESO)-water (1:1, 1:2) are studied
extensively in this work by ab initio and DFT
calculations with various basis sets using the
GAUSSIAN 98 series of programs [17]. Full
geometry optimisation of the studied hydrogen-
bonded complexes was performed. On Figs. 1 and 2
are presented the optimized structures with
B3LYP/6-311++G (d,p) calculations for the
DMSO-H,0 (1:1, 1:2) and DESO-H,O (1:1, 1:2),
complexes 1 and 2. The optimized values of the
hydrogen-bonded parameters (bond lengths and
angles) obtained with B3LYP/6-311++G (d,p)
calculations for the complexes studied are shown on
Figs. 1 and 2.
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Complex 1 (1:1)

Complex 2 (1:2)

Fig. 1. Optimized structures with B3LYP/6-311++G(d,p) calculations for the hydrogen-bonded: DMSO and one
molecule H,O (Complex 1); DMSO and two molecules H,O (Complex 2):
Complex 1: R010~~~Hll:1~822 A, Angles (O)Z H“...OIOSI=41.3; 010...H11012:8.7.
Complex 2: R010. . .H15:1.851 A, RO[Oc--H11:1-981 A, R014. . .H13:2.436 A, Angles (0)1 H15...010...H11:72.7;
O]()...H]5014:161.2; 010. . .H|1012:152.7; 014. . .H130]2:122.1; H|5...O]()S]:124.0; H]]...O]()S]:40.1.

Complex 1 (1:1)

Complex 2 (1:2)

Fig. 2. Optimized structures with B3LYP/6-311++G(d,p) calculations for the hydrogen-bonded:
DESO and one molecule HO (Complex 1); DESO and two molecules H,O (Complex 2):
COI’I’IplGX 1: R016-~~Hl7:1'811 A, Angles (0): H17...01681:31.1; 016...H17018:158.3.

Complex 2: R016. . .H17:1.961 A, R016...H21:1.842 A, ROZO- . .H19:2.460 A, Angles (O): ng. . .020H21:83.7;
Hlt)Olg. . 020:1230, H17. . ~016- . H21:738, 018H17. . 016:1563, 016- . .H21020:161.9; H17. . -01651:29-9;
H21...O]681:31.3.

The density functional (DFT) calculations in this
work were carried out in the framework of Kohn-
Sham density-functional theory [18] (DFT) with the
nonlocal three-parameter gradient-corrected exchange-
correlation functional of Becke and Lee, Yang and
Parr including partially exact HF-exchange
(B3LYP) [19].

The dissociation energy is used for the esti-
mation of the stability of the hydrogen-bonded
systems between two and more partners. The super-
molecular variation method determines dissociation
energy (AE) as a difference between the energy of
the complex and the energies of the isolated
molecules:
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AE':E‘com._(E‘l+E2+E'3---) (1)

where E), E,, E;... are the energies of the isolated
monomers in their own basis set and E.,, is the
energy of the complex.

The supermolecular approach is theoretically
able to provide dissociation energy at any accuracy,
however, only if a sufficiently large basis set and a
sufficiently high level of correlation is used. For the
exact determination of the interaction energy in the
supermolecular approach the consideration of the
zero-point energies is very important.

The zero-point vibrational energy correction for
the studied complexes can be defined as a difference
between the calculated zero-point vibrational energy
of the complex and the zero-point energies of the
monomers:

AE‘zp vib = Ezp vib.(com‘) - (Ezp Vib(l) +
+ Ezp vib(2) + Ezp vib(3)~ . ) (2)

The dissociation energies, uncorrected and
corrected with zero-point energy differences are
calculated by ab initio and DFT calculations with
different basis sets.

The MP2 method for different basis sets (6-
31G(d,p); 6-311++G(d,p)) is used in this study in
order to estimate the MP2 correlation contribution
to the dissociation energy for the hydrogen-bonded
systems dimethylsulfoxide (DMSO)-water (1:1, 1:2)
and diethylsulfoxide (DESO)-water (1:1, 1:2) (See
Figs. 1 and 2). The MP2 correlation contribution
OE(MP2) to MP2 dissociation energy is:

SE(MP2) = AE(MP2) — AE(SCF) 3)

where AE(MP2) is the dissociation energy, cal-
culated at the MP2 level, and AE(SCF) is the dis-
sociation energy, calculated at the SCF level.

RESULTS AND DISCUSSION
Structures and stability

In order to establish the most stable structures of
the hydrogen-bonded hydrogen-bonded systems
dimethylsulfoxide (DMSO)-water (1:1, 1:2) and
diethylsulfoxide (DESO)-water (1:1, 1:2) full geo-
metry optimization have been performed by ab
initio and DFT (B3LYP) calculations with basis
sets: 6-31G(d,p) and 6-311++G(d,p) using the
GAUSSIAN 98 series of programs [17]. On Figs. 1
and 2 are shown the optimized structures of the
complexes 1 and 2 with B3LYP/6-311++G(d,p)
calculations. As can be seen the hydrogen bonding
between two water molecules and DMSO, and
DESO molecules leads to the formation of cyclic
structures (Figs. 1 and 2, complexes 2), while the

hydrogen-bonded systems of one water molecule
with DMSO and DESO are open (Figs. 1 and 2,
complexes 1).

The dissociation energies, uncorrected and
corrected with zero-point energy differences for the
studied hydrogen-bonded systems of one and two
water molecules with DMSO and DESO (complexes
1:1 and 1:2) are calculated by ab initio and DFT
calculations with different basis sets. The results
from the calculations are presented in Table 1. As
can be seen from the data of AE (uncorrected and
corrected with AFE(zp vib) the values of the
dissociation energy calculated with ab initio SCF
and MP2 level are different. The main cause for this
effect is the MP2 correlation contribution to the
dissociation energy (8E(MP2)). The calculated
values of the dissociation energy as well as of the
MP2 correlation contribution to the dissociation
energy for the hydrogen-bonded complexes of two
water molecules with DMSO and DESO molecules
(complexes 1:2) are approximately twice as much in
comparison with the values calculated at the same
basis set for the hydrogen-bonded complexes 1:1. In
all cases, the complexes of water with DESO are
more stable than the complexes of water with
DMSO. On Figs. 1 and 2 is given the description of
the full characteristics of hydrogen bonds with
lengths and angles of all hydrogen-bonded bridges
(distance between donor and acceptor of proton).

Vibrational spectra

It is known from previous studies [1-8] on the
hydrogen-bonded complexes that the hydrogen
bonding leads to the substantial changes in the
vibrational characteristics of the stretching vibra-
tions for the monomer bonds involved in the
hydrogen bonding.

The changes in the vibrational frequencies and
infrared intensities of the monomers characterizing
their interactions have been evaluated by ab initio
and DFT calculations employing the GAUSSIAN
98 series of programs [17].

The predicted values of the vibrational character-
istics are presented in Tables 2 and 3 together with
the detailed description of the normal modes based
on the potential energy distribution (PED) obtained
from MP2/6-311++G(d,p) calculations.

The changes in the vibrational characteristics
arising from the hydrogen bonding of DMSO and
DESO molecules with one and two water molecules
have been estimated. The predicted frequency shift is:

AVI — vicomplex _ vimonomer (4)

The changes in the infrared intensities (A4;) upon
hydrogen bond formation are also estimated using
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ab initio and DFT calculations.

__ 4 complex monomer
Ad; = 4™ 4 ()

The predicted changes in the vibrational frequen-
cies and infrared intensities are shown in Tables 2
and 3. As it was noted the hydrogen bonding leads
to the substantial changes in the vibrational charact-
eristics of the stretching vibrations for the monomer

bonds involved in the hydrogen bonding. The data
presented in Tables 2 and 3 show that for the
complexes studied the hydrogen bonds are formed
between O—H group from water molecule and S=0
group from DMSO and DESO molecules. For the
complexes of two water molecules with DMSO and
DESO the weak hydrogen bonds are predicted
between water molecules: Oy4...Hyz and O,... Hs.

Table 1. Dissociation energies AF (uncorrected and corrected), MP2 correlation contribution to the dissociation energy
O0E(MP2) and zero-point energy differences AEzpve in kcal/mol for the hydrogen-bonded complexes DMSO-H,0 (1:1;

1:2) and DESO-H,O (1:1; 1:2).

Basis set AE yncorr AE i, AE¢or SEMP?
DMSO-H,0 DESO-H,0 DMSO-H,0 DESO-H,0 DMSO-H,0 DESO-H,0 DMSO-H,0 DESO-H,0
(1:1D)%, (1:2)° (1:1)%, (1:2)° (1: D)%, (1:2)° (1:1)*, (1:2)° (1:1)% (1:2)° (1:1)*, (1:2)° (1:1)% (1:2)° (1:1)%, (1:2)°
SCF/ ~10.20965° —10.37462°  2.26955° 221640  -7.94005°  —8.15822° - -
6-31G(d,p)  —19.15788" —19.33295"  4.65554°  4.50172° -14.50234" —14.83123° - -
MP2/ —13.30635° —13.64866"  2.22666°  235560° —11.07969° —11.29306° -3.13960° -—3.27404"
6-31G(d,p)  —25.39533° -25.83961°  5.17173°  4.78348° 2022360 -21.05613° —6.23745° —6.50665"
B3LYP/ ~12.89533% —12.94699°  2.49229*  2.10752°  -10.40304" —10.83947° - -
6-31G(d,p)  —24.40386° —24.71574°  5.30508"  5.19523°  -19.09878" —19.52051° - -
SCF/ -8.76556"  -8.92809°  2.2064° 2.03070°  —6.55916°  —6.89739° - -
6-311++G(d,p) —15.92620° -16.25602° 431929  4.13148°  —11.60691° —12.12454° - -
MP2/ —11.17922°  —11.31106*  2.27932°  222151*  —8.89990°  -9.08955" -2.41366° —2.38297°
6-311++G(d,p) —20.21712° —20.54988"  4.49494°  435326° —15.72218" -16.19662° —4.29092° —4.29386"
B3LYP/ —9.92093*  -9.94363"  2.30743*  2.09343*  -7.61350°  —7.85020° - -
6-311++G(d,p) —17.36322° —17.52736"  4.47088°  4.41286° —12.89234° —13.11450° - -

a-Complexes(1:1); b - Complexes (1:2).

Table 2. Calculated vibrational characteristics (v in cm ™', 4 in km'mol ") and changes in the vibrational characteristics
(4v in cm™', A4 in km'mol ") from monomers to a complex for the hydrogen-bonded systems DMSO-H,O (1:1) and

DMSO0-2H,0 (1:2).

Mode MP2/6-311++G(d,p) B3LYP/6-311++G(d,p)
1:1 1:2 1:1 1:2
vicompl./Avi Aicompl./AAi Vicompl./Avi Aicompl./AAi Vicompl./Avi Aicompl./AAi vicompl./Avi Aicompl./AAi
v(O-Hypy) 3591/-282 443.9/430.8 3747/-126 221.3/208.2 3498/-319 483/473.9 3680/-137 243.8/234.6
v(O,-Hi3) 3983/-12  72.6/23.6  3930/-65 103.8/42.9 3892/-31  60.4/3.4  3831/-95 110.6/53.5
v(O14-H;5) - - 3648/-225 446.1/432.9 - - 3596/-221 432.9/423.7
v(O14—H6) - - 3962/-33 98.8/37.9 - - 3889/-34 87.9/30.8
59v(Cy—Hg)+41v(Cy—Hs)  3213/22 1.1/-0.6 3216/25 1.0/-0.6 3150/15 0.9/0.8 3153/18 0.4/0.3
69v(Cs—Hg)+26v(Cs—H;)  3203/0 0.9/-0.7 3208/5 0.8/-0.8 3149/1 1.3/-0.2 3155/7 0.9/-0.5
49v(C,—Hy)+29v(C—-Hs) 3191/112  1.3/-4.4 3190/111 1.2/4.4 3142/104  4.4/-0.7  3145/107 2.4/-2.7
+19V(C2*H6)
49v(C3—Hy)+45v(Cs-H;) 3183/-12  1.5/-4.7 3188/-17 0.4/-5.8 3139/-9 0.6/-2.8 3141/-7 0.4/-2.9
48v(C,—Hy)+28v(Co,—Hs) 3078/-23 9.9/9.1 3078/-23 9.4/8.7 3041/-98  12.6/1.6  3044/-95 11.1/0.1
+21V(C2—H6)
43v(Cs—Hy)+27v(Cs—H;) 3071/-14 6.7/0.4 3073/-12 4.2/-2.0 3038/-2 4.6/-4.8 3041/1 2.71-6.5
+26V(C3—H8)
v(S-0) 1071/-24 112.1/6.7 1053/-41  133.6/35.2 1030/-21 112.1/3.8 1024/-27 92.8/43.2
v(S-C) 701/-19  4.9/-12.8 704/-16 5.5/-12.3 631/8 4.9/-4.0 667/44 7.2/-1.7
©(OHy;...046S)) 704 69.5 719 114.1 698 107.5 698 145.3
8(0pHyy...049) 442 1343 462 70.1 478 158.8 452 56.6
1(O14...H1305Hyy) - - 356 61.1 - - 341 61.3
8(H,5014...Hy3) - - 247 55.7 - - 198 46.7
V(Oyy...Hyy) 212 17.8 203 23.8 209 11.3 195 12.6
v(Oyo...Hys) - - 178 1.1 - - 151 1.4
O(Hy;...040S)) 106 28.8 101 24.9 98 24.7 88 224
V(014...H13) - - 85 3.8 - - 62 4.6
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Table 3. Calculated vibrational characteristics (v in cm™', 4 in km'mol™") and changes in the vibrational characteristics
(Av in cm™', A4 in km'mol™) from monomers to a complex for the hydrogen-bonded systems DESO-H,O (1:1) and

DESO-2H,0 (1:2).

Mode MP2/6-311++G(d,p) B3LYP/6-311++G(d,p)
1:1 1:2 1:1 1:2
Vicomp]./AVi IAi&:ompl,/Ap‘i Vicomp]./AVi A‘icompl,/AAi Vicompl./AVi A‘icompl,/AAi Vicompl,/AVi Aicompl'/AAj
v(O15-Hy7) 3583/-290 471.7/458.6 3753/-120 228.4/215.3 3479/-338 537.1/527.8 3669/-148 293.3/284.1
v(O15—Hjg) 3933/-62  80.2/19.3  3890/-105 134.3/73.4  3890/-33 59.4/2.3 3832/-91 109.9/52.9
v(O,y—-Hy) - - 3670/-203 444.7/431.6 - - 3579/-238 476.3/467.1
v(O,0—Hy,) - - 3951/-44  109.9/19.0 - - 3887/-36  87.1/30.1
56v(C;~H;3)+27v(C-Hs) 3181/-9 8.1/3.5 3183/-6 7.4/2.8 3122/3 12.3/-2.2 3124/5 8.9/-5.6
48v(C4—H ) +12v(Ci—Hyp) 3174/-3  13.2/-1.2 317972 10.8/-3.6 311872 9.2/-11.3 3123/9 7.6/-12.8
59v(C4—Hy)+38v(C4—Hyp) 3168/102 9.6/-3.2 3173/107 9.6/-3.2 3108/76 0.8/~15.3  3108/76 1.1/-15.0
56v(C—H4)+31v(C;—H;5) 3164/-3 10.2/-10.8  3161/-6 4.4/-16.6 3098/64 17.1/-8.1 3102/68 17.7/-1.5
41v(C5—Hy)+21v(C5—Hg) 3157/-19  2.9/-11.1 3157/-19 6.5/-7.4 3094/54 13.0/-4.7  3097/57 17.7/0.1
31v(Cy—Hg)+18v(Cy—Hs)  3153/51 2.5/-3.7 3155/53 1.8/-4.5 3092/39 10.4/-3.2 3096/43 2.3/4.2
+26v(Cy—Hyy)
61v(C,—Hs)+36v(C,—Hg) 3089/-80  2.8/-7.6 3091/~78 1.2/-9.2 3057/44  1.9/-12.8 3062/-39  0.0/~14.6
52v(C5—Hg)+38v(Cs—Hy)  3079/-66 19.3/18 3081/—-64 17.2/16.0 ~ 3047/43  14.6/12.8 3047/-43 10.8/8.9
30v(C4,—Hp)+28v(C4—H,;) 3077/-73  5.3/-9.3 3079/-71 12.8/-1.7  3035/-57 23.7/5.0  3037/-55 20.8/6.1
+26v(C4—H,o)
40v(C—H4)+33v(C—H;5) 3075/-82  19.4/6.9 3077/-80 10.1/-2.4  3032/-62 17.8/2.4  3036/-58  17.6/2.23
+26v(C,—Hy3)
v(S-0) 1032/-28 104.9/34.0  989/-71 133.1/62.3  984/-30  60.8/-10.1  955/-59  158.5/87.5
v(S-C) 724/63 45.6/36.8 727/66 58.1/49.2 657/5 33.7/11.5 702/50 46.8/27.6
1(O15H,7...016S)) 692 61.3 459 55.7 697 102.7 442 63.0
8(H,049...Hyy) - - 695 118.1 - - 702 175.2
8(04...H17013) 458 110.6 616 204.1 458 153.5 649 194.7
1(Oy...H19013H17) - - 398 95.9 - - 367 112.1
(Ogs...Hz1On0H20) - - 356 61.1 - - 341 61.3
v(Oys...Hay) - - 304 28.1 - - 335 24.8
©(Hy9015H7...016) 272 114.4 150 91.1 253 111.1 156 1253
v(Oy4...Hy7) 240 31.5 202 30.1 243 20.2 257 24.1
8(S1016...H}7) 109 13.1 137 8.1 91 18.4 146 10.5
8(0y...H19015) - - 133 34 - - 138 10.5
V(Osp...Hyo) . . 73 34 - . 146 0.5

Changes in the vibrational characteristics of the
stretching O—H modes

As can be seen from the results in Tables 2 and
3, the predicted changes in the vibrational char-
acteristics of the stretching O—H vibrations are the
most considerable. For the complexes of DMSO
with one and two water molecules (Table 2) the
MP2/6-311++G(d,p) and B3LYP/6-311++G(d,p)
calculations predict considerable changes in the
vibrational frequencies and IR intensities for the
stretching vibrations v(O,—H,;) and v(O4—H;s). The
predicted frequency shifts for the stretching vibra-
tions v(O;,—H;y;) in the complex 1 (1:1) are in the
range of —282 cm 'to 319 cm ! and for v(O14—H;s)
in the complex 2 (1:2) are from —225 to —221 cm .
The IR intensity of these vibrations increases
dramatically upon hydrogen bonding. In the same
time the changes in the vibrational characteristics
for the vibrations v(O;,—H;3) and v(O4—Hi¢) are
negligibly. Bearing in mind these results it could be
concluded that the stretching vibrations v(O;,—Hj;)

and v(O4—H;s) (in the complex 1:2) taking part in
the hydrogen bonding with DMSO, while the vibra-
tions v(O;,—H;3) (in the complex 1:1) and v(O;4—
Hi¢) (in the complex 1:2) are free from the hydrogen
bonding.

For the hydrogen-bonded complexes of one and
two water molecules with DESO the predicted
changes in the vibrational characteristics for the
stretching O—H vibrations show that the bonds Os—
Hy; and Oy—H,, are taking part in the hydrogen
bonding. Their frequencies are shifted to lower
values more than —200 cm '. The IR intensities of
these vibrations increase dramatically in the com-
plexes. In the same time the vibrational character-
istics of the modes v(O5—Hjy) (in the complex 1:1)
and v(O,—Hy,) (in the complex 1:2) are changed
negligibly. These vibrations are free from the
hydrogen bonding.

Changes in the vibrational characteristics of the
stretching S=0 modes

As can be seen from the optimized structures of
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the hydrogen-bonded systems between one and two
water molecules with DMSO and DESO, shown on
Figs. 1 and 2, the hydrogen bonds are formed
between O—H group from water molecules and S=0O
group from DMSO and DESO. The experimental
evidences based on the Raman and FT IR ATR
studies of these hydrogen-bonded systems [16] also
confirm that the S=O group is taking part in the
hydrogen bonding: “The lower frequency peak near
1010 cm ' both in the Raman and IR spectra, whose
intensity of which increases with dilution with a
simultaneous shift to lower frequency, is attributed
to the v(SO) directly involved in H-bonds with
water molecules only”. Bearing in mind this state-
ment the changes in the S=O stretching vibrations
upon hydrogen bonding are studied here by ab initio
and DFT calculations with 6-311++G(d,p) basis set.

It was established for the hydrogen-bonded
systems between one and two water molecules and
DMSO (see Table 2) that the stretching vibration
v(S=0) is shifted in the complexes (1:1; 1:2) to
lower frequencies of about 24 cm ™ for the complex
1(1:1) and of about 41 cm ' for the complex 2 (1:2).
The experimentally observed frequency shift [11]
for this vibration is 8 cm™'. The calculations show
that the IR intensity of the stretching vibration
v(S=0) increases in the complexes. As a con-
sequence the double character of the S=O bond
decrees, becoming more polar: S=0 <> S —O".

For the hydrogen-bonded systems of one and two
water molecules with DESO (see Table 3) the
observed appearances are the same as for the sys-
tems DMSO-H,O (1:1; 1:2) only at higher extent.
The predicted frequencies shifts by ab initio and
DFT calculations at 6-311++G(d,p) basis set of the
stretching vibration v(S=0) for the hydrogen-
bonded systems DESO-H,O (1:1; 1:2) are larger
and the IR intensity increases in these complexes at
higher extent. It can conclude that the water-sulf-
oxide interactions in the hydrogen-bonded systems
DESO-H,O (1:1; 1:2) are stronger than in the
DMSO-H,0 (1:1; 1:2) systems.

Changes in the vibrational characteristics of the
stretching C—H modes

The predicted values of the vibrational character-
istics for the hydrogen-bonded systems of one and
two water molecules with DMSO and DESO,
presented in Tables 2 and 3 show that for the
stretching C—H modes they are also sensitive to the
complexations.

The potential energy distribution (PED), based
on the MP2/6-311++G(d,p) calculations shows that
for the hydrogen-bonded systems DMSO-H,O (1:1;
1:2) the v(C,—H) vibrations are more sensitive to the

8

complexation than the v(C;—H) vibrations. In agree-
ment with the experiment [16] the v(C,—H) vibra-
tions are shifted to higher frequency more than 100
cm ' by water dilution and their IR intensities are
changed negligibly.

The similar changes are observed for the
stretching vibrations v(C2—-H) and v(C4-H) of the
hydrogen-bonded systems DESO-H,O (1:1; 1:2)
(see Table 3). Bearing in mind the experimental
results from Raman and FT IR ATR spectra of these
hydrogen-bonded systems the authors [16] sup-
posed, “This effect could be due to the breaking of
the hydrogen bonds CH...OS, the existence of
which has been evidenced in both pure liquid
DMSO and DESO”.

The v(C3-H) vibrations for the hydrogen-bonded
systems DMSO-H,O (1:1; 1:2) and v(C3-H), and
v(C7-H) for the hydrogen-bonded systems DESO—
H,O (1:1; 1:2) are shifted to lower frequency in the
complexes. These bonds become weaker upon
hydrogen bonding.

Intermolecular vibrations

The results from potential energy distribution
(PED), obtained from MP2/6-311++G(d,p) calcula-
tions show that the hydrogen bonding of one and
two water molecules with DMSO and DESO mole-
cules leads to arising of the intermolecular vibra-
tions (see Tables 2 and 3).

The stretching intermolecular vibrations for the
hydrogen-bonded system water—DMSO (1:1; 1:2))
are predicted with B3LYP/6-311++G(d,p) calcula-
tions in the range: from 62 cm™' to 195 cm ' (see
Table 2). For the complexes water—-DESO (1:1; 1:2)
the predicted stretching v(O...H) vibrations are:
from 146 cm™ to 335 cm' (see Table 3). The
calculated IR intensities of the stretching intermo-
lecular vibrations for the complexes DMSO-H,0
(1:1; 1:2) and DESO-H,O (1:1; 1:2) are low.

Having in mind the PED distribution, the tor-
sional intermolecular vibrations for the studied
hydrogen-bonded systems are in the range 156—698
cm ' with medium IR intensities.

The predicted frequencies for the deformation
vibrations are at lower wavenumbers in comparison
with the frequencies of the torsional intermolecular
vibrations. Their IR intensities are higher in compa-
rison with the IR intensities of the torsional inter-
molecular vibrations for the studied hydrogen-
bonded systems.

CONCLUSIONS

The structures, stability and vibrational spectra
of the hydrogen-bonded complexes of one and two



Y. Dimitrova: Theoretical study of structures, stability and vibrational spectra

water molecules with DMSO and DESO molecules
have been studied using ab initio MP2 and DFT
calculations. The main results of the study are:

- The hydrogen bonding of two water molecules
with DMSO and DESO molecules leads to the
formation of cyclic structures, while the hydrogen-
bonded systems of one water molecule with DMSO
and DESO are open.

- It was established that the hydrogen-bonded
systems DESO-water (1:1, 1:2) are more stable than
the systems DMSO-water (1:1, 1:2).

- The predicted changes in the vibrational
characteristics for the stretching S=O and C-H
vibrations in the complexes DMSO-H,0O (1:1; 1:2)
and DESO-H,0 (1:1; 1:2) are in good agreement
with the experiment. Having in mind this result, it
could be concluded that the optimized structures are
reliable.
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BOJOPOAHO-CBBP3AHU CUCTEMU HA BOJIA C JUMETWJI- U AUETUJICYJIOOKCUIN.
TEOPETUYHO U3CJIEJIBAHE HA CTPYKTYPU, CTABUJIHOCT U BUBPAIITMOHHU CIIEKTPU

1. Tumurposa

Hucmumym no opzanuuna xumusi ¢ yenmsp no pumoxumus, bvacapceka akademus na naykume,
. ,,axao. I'. bonues* 61. 9, 1113 Cogus

[ocrenuna va 9 sHyapu 2009 r.; IIpepaborena Ha 11 rorm 2009 T.
(Pesrome)

W3cnenBanu ca CTPYKTYpHHUTE W BUOPAIMIOHHHUTE XaPaKTEPUCTUKHA HA BOJOPOIHO-CBBP3aHUTE CUCTEMHU JTHUMETHII-
cyndpokeun (AMCO)-Boxa (1:1, 1:2) u muermicyndoxcun (JECO)—Boma (1:1, 1:2) mocpenctBom ab initio u TOII
MPEeCMSATaHUsl C pa3in4Hu OasucHu Habopu. [IpecMsTaHusITa TMOKAa3BaT, Y€ ONTHUMH3UPAHUTE CTPYKTYpH Ha
M3CIEIBAHUTE CUCTEMH 1:2 ca UUKIUYHH, JOKATO ONTUMHU3UPAHUTE CTPYKTYPH Ha BOJOPOIHO-CBbp3aHHUTE cucTeMu 1:1
ca nuHeitnn. Kopurupanute CTOHOCTH Ha eHeprusta Ha CBbp3BaHEe 332 BOJOPOAHO-CBBP3aHUTE CUCTEMH Ca M3YUCICHU
nocpenacTBoM ab initio u TOII mpecMmsiTaHus ¢ pa3IUYHU 0a3uCHU HAOOPH C IeN Ja Ce OIECHU TAXHATa CTaOMITHOCT.
YcraHoBeHO €, ue BonopoaHo-cBbp3annute cuctemu JJECO—Bona (1:1, 1:2) ca mo-ctabunau ot cucremure JIMCO-Boa
(1:1, 1:2). N3cnenBano e BIMSHUETO Ha BOJOPOIHOTO CBBP3BaHE BBPXY cBoiicTBaTa Ha MoHoMepure (H,O, IMCO u
JECO). YcTaHoBEHO €, 4e BOJOPOJHOTO CBBbP3BaHE BOIM J0 MPOMEHH BHB BUOPAIIMOHHUTE XapaKTEPUCTHKH (BHOpa-
IWMOHHH YE€CTOTH U MHTCH3MBHOCTHU Ha I/IBI/II_ll/ITe) Ha MOHOMEPHUTEC. HpeﬂCKa?)aHI/lTe Bl/I6pa]_II/IOHHl/I XapaKTCPUCTHUKHU 3a
M3CIIeIBAHUTE BOOPOHO-CBBP3aHNTE CHCTEMHU Ca B MHOTO JIOOpPO ChIilacue ¢ eKCIIEpUMEHTAIHO HaOIrojaBaHuTe.
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