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Abstract MP2/6-31++G(d,p) and DFT B3LYP/6-31++
G(d,p) calculations were performed of the structure, binding
energies, and vibrational modes of complexes between di-
methyl sulfoxide (DMSO) as a proton acceptor and
monoprotic linear acids HX (X = F, Cl, CN) as well as
monoprotic carboxylic acids HOOCR (R=-H, -CHj;, —
CgHs) in 1:1 and 1:2 stoichiometric ratios. The results show
that two different structures are possible in the 1:2 ratio: in the
first, the DMSO molecule interacts with both acid molecules
(leading to a “Y” structure); in the second, the DMSO inter-
acts with only one monoprotic acid. The second structure
shows a lower stability per hydrogen bond. The spontaneities
of the reactions to form the 1:1 and 1:2 complexes are greatly
influenced by the X group of the linear acid. With the excep-
tion of HCN, all the reactions are spontaneous. In the 1:2
complexes with Y structure, we observed that the hydrogen
atoms of the linear acid are coupled in symmetric and asym-
metric modes, while this type of coupling is absent from the
other 1:2 complexes.

Keywords Dimethyl sulfoxide - Theoretical calculations -
Hydrogen bonds - Carboxylic acid

Introduction

Hydrogen bonds in biomolecular systems are extremely im-
portant [1-7]. These interactions influence the functionalities
of the molecular species, as well as our understanding of
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various physical properties of the system, such as energetic
stabilities, structural properties, the band shift in the infrared
spectrum, and chemical reactivity [8—16]. Even though the
hydrogen bonds are weak in comparison with covalent bonds,
they increase the stability of proteins and stabilize the structure
of DNA and RNA due to interactions between the pyrimidine
and purine bases [17].

A hydrogen bond forms between an electron-rich or more
electronegative element (e.g., O, N, or F) and the hydrogen
atom of a donor molecule. Several experimental methods are
employed to characterize the existence of hydrogen bonds.
Infrared (IR) and Raman spectroscopy are often performed to
identify the existence of hydrogen bonds in complexes in the
gas or solution phase [18, 19]. For solid-state compounds,
nuclear magnetic resonance spectroscopy [5, 7, 20, 21] and X-
ray diffraction [21-23] are the preferred methods. Computa-
tionally, ab initio and DFT calculations are widely used in
simulations of spectroscopic properties of hydrogen-bonded
complexes between a proton acceptor molecule and a proton
donor molecule [8, 14, 15, 24, 25]. QTAIM theory is also
employed to elucidate the electronic nature of the hydrogen
bond [26, 27].

Dimethyl sulfoxide (DMSO) is an important solvent that is
widely used in biomolecular systems as a drug carrier across
cell membranes [19]. The partial negative charge on the
oxygen atom of the DMSO molecule favors the formation of
hydrogen bonds with proton donor molecules. For example,
studies of complexes involving DMSO and water molecules
showed nonideal behavior of the mixture [28].

In this article, we performed MP2 and DFT B3LYP calcu-
lations of the structures, binding energies, and vibrational
modes of complexes between DMSO as a proton acceptor
and monoprotic linear acids HX (X = F, CI, CN) as well as
monoprotic carboxylic acids HOOCR (R=-H, —CHj3, —C¢Hs).
1:1 and 1:2 complexes between DMSO and one or two acid
molecules were studied.
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Computational procedure

For comparison purposes, we performed MP2 (second-order
Maoller—Plesset perturbation theory) [29] and DFT B3LYP
[30] calculations with the 6-31++G(d,p) basis set [31] to

obtain molecular and vibrational properties of the complexes
between DMSO and monoprotic acids. We optimized the
geometries of the 1:1 and 1:2 hydrogen-bonded complexes.
The energetic stabilities (AFE) of the hydrogen bonds were
obtained and corrected for the zero point energy (ZPE) and

Table 1 MP2/6-31++G(d,p)-de-
rived and B3LYP/6-31++G(d,p)-
derived values of structural
parameters after complexation.
B3LYP values are shown in
parentheses

@ Springer

Complex S(X-H), (&) 5(X-H), (A) 58=0 (A)

DMSO--HF 0.044 (0.048) - 0.021 (0.023)
DMSO-HCI 0.072 (0.078) - 0.017 (0.024)
DMSO--HCN 0.013 (0.016) - 0.008 (0.007)
DMSO-HOOCH 0.035 (0.037) - 0.023(0.023)
DMSO-HOOCCH; 0.032 (0.033) - 0.022(0.022)
DMSO-HOOCC4Hs 0.036 (0.036) - 0.024(0.023)
DMSO-+(HF), (Y structure) 0.026 (0.029) 0.026 (0.029) 0.038 (0.042)
DMSO-+(HCI), (Y structure) 0.026 (0.033) 0.026 (0.033) 0.027 (0.033)
DMSO-+(HCN), (Y structure) 0.011 (0.013) 0.011 (0.013) 0.020 (0.021)
DMSO-(HOOCH), (Y structure) 0.044 (0.026) 0.044 (0.026) 0.026 (0.044)
DMSO-(HOOCCH;), (Y structure) 0.025 (0.024) 0.025 (0.024) 0.047 (0.041)
DMSO-(HOOCCHs), (Y structure) 0.027 (0.026) 0.027 (0.026) 0.047 (0.042)
DMSO--HF--HF 0.071 (0.081) 0.025 (0.031) 0.032 (0.035)
DMSO-HCI--HCl 0.061 (0.131) 0.012 (0.020) 0.024 (0.037)
DMSO-HCN-HCN 0.017 (0.021) 0.008 (0.010) 0.012 (0.013)
DMSO-HOOCH--HOOCH 0.044 (0.046) 0.023 (0.028) 0.025 (0.025)
DMSO-HOOCCH;~HOOCCH; 0.040 (0.041) 0.020 (0.024) 0.026 (0.024)
DMSO-HOOC,CHs+HOOCCgH; 0.045 (0.041) 0.020 (0.020) 0.028 (0.024)
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Table 2 Uncorrected binding energies (AE), binding energies corrected for ZPE (AE“*®), binding energies after BSSE and ZPE correction (AEPSSE4PE) and
Gibbs free energies (AG) of formation obtained from MP2/6-31++G(d,p) and B3LYP/6-31++G(d,p) calculations. B3LYP values are given in parentheses

Complex AE (kJ mol ") AE?PE (kJ mol ™) AEBSSEZPE (1) mol ™) AG (kJ mol ")
DMSO-HF —65.4 (—63.7) —55.6 (—54.2) —54.0 (-51.2) -22.0 (-21.0)
DMSO-HCl —48.2 (—44.4) —41.8 (-38.1) —33.3 (-34.0) —9.0 (—4.4)
DMSO--HCN —37.7 (-33.8) -33.0 (-30.8) —34.6 (-26.8) +2.1 (+5.4)
DMSO--HOOCH —68.8 (-54.0) —43.0 (-49.5) —44.6 (-46.2) -19.5 (-10.1)
DMSO-+-HOOCCH; —68.8 (—57.7) —63.2 (-52.7) —48.1 (—49.1) -18.3 (—6.0)
DMSO--HOOCC4Hs ~71.2 (-54.9) —67.8 (-51.1) —49.2 (—46.9) 213 (-74)
DMSO-+(HF), (Y) —110.0 (-104.7) -92.0 (-87.3) —71.6 (-80.8) —33.7 (-27.5)
DMSO-+(HCI), (Y) —85.7 (-70.5) ~73.0 (-58.3) —45.4 (-50.2) -1.3 (-0.8)
DMSO-+(HCN), (Y) —68.9 (—56.7) —59.7 (—48.9) —43.6 (—46.6) +0.4 (+9.3)
DMSO-+(HOOCH), (Y) -117.0 (103.1) ~106.1 (—94.0) —88.3 (—96.0) 212 (-11.2)
DMSO-+«(HOOCCH;), (Y) -126.6 (-98.0) -116.9 (-90.1) —86.1 (—90.5) —32.7 (-25.5)
DMSO-(HOOCCgHs), (Y) -130.2 (-130.2) ~121.8 (-93.3) -91.8 (-122.1) -12.8 (-7.7)
DMSO-HF-HF -113.9 (-113.6) -95.9 (-96.3) —80.9 (-107.5) —28.9 (-30.7)
DMSO-HCI-HCl ~74.9 (-67.0) —63.2 (-57.5) —41.5 (-50.2) +1.2 (+6.6)
DMSO-+-HCN-HCN —68.0 (—62.7) —58.0 (—54.2) —48.5 (—49.3) +1.2 (+4.0)
DMSO-+-HOOCH--HOOCH -117.0 (-100.2) ~106.1 (-95.1) —88.3 (-95.8) —21.2 (-274)
DMSO--HOOCCH;~HOOCCH; —114.1 (-93.0) -105.5 (-86.0) —85.9 (—88.4) —24.4 (-23.3)
DMSO--HOOC¢CHs*HOOCCHs —125.0 (-90.5) —119.1 (-84.7) —94.3 (-85.2) -30.0 (-21.7)

basis set superposision error (BSSE) using the counterpoise
method [32]. The vibrational modes were also calculated.
Finally, the thermodynamic reaction pathways were obtained
from the Gibbs free energies of the complexes in the gas
phase. The calculations were performed with the Gaussian
09 program [33].

Results and discussion
Structural properties

Initially, we considered the complexes between DMSO and
the monoprotic acids with a 1:1 stoichiometric ratio. A second
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Fig.2 Thermochemistry of the complexation reactions between DMSO and monoprotic acids (HF or HOOCCH3) in stoichiometric ratios of 1:1 and 1:2
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bonds. AE and AG were determined by subtracting the sum of
the total energies of the isolated molecules from the total energy
of the complex.

In the 1:1 complexes between DMSO and linear
monoprotic acids (HF, HCI or HCN), the order of energetic
stability is HF>HCI>HCN. The MP2 AEPSSE2PE yalues range
from —33.3 kJ mol ! to —54.0 kJ mol™'. However, the AG
values indicated that reaction spontaneity was greatly influ-
enced by the X group of HX. For example, the MP2 AG
values range from +2.1 kJ mol ' to —22.0 kJ mol .

On the other hand, for the 1:2 Y-structured complexes, the
AEPSSEZPE Galue per hydrogen bond decreased after the sec-
ond complexation. For example, the MP2 AE®SSE4PE valye
for the DMSO--HF complex is —54.0 kJ mol ', whereas this
value is —71.6 kJ mol ' (=35.8 kJ mol " per hydrogen bond)
in the corresponding 1:2 Y-structured complex. This effect
was also observed, albeit less intensely, in complexes between
DMSO and monoprotic carboxylic acids. For example, the
MP2 AEBSSEZPE yalue of the DMSO-+-HOOCC¢Hs complex
is —49.2 kJ mol™', but this value is —91.8 kJ mol™’
(—45.9 kJ mol ™" per hydrogen bond) in the corresponding
1:2 Y-structured complex.

The AG values indicate that the second complexation is
thermodynamically spontaneous for all hydrogen-bonded
complexes, except in cases involving the HCN molecule; in
those cases the AG values are always positive, whether the
complex is 1:1 or 1:2.

The 1:2 complexes present similar binding energies for
both structural forms. For example, the MP2 AEBSSEZPE
values for DMSO---(HOOCH), (Y structured) and
DMSO--HOOCH*HOOCH are almost equal. Once again,
we observed that the electronegativity of the X group affects
the reaction spontaneity for the complexes involving
monoprotic linear acids; for systems with HF and HCN, the
second hydrogen bond is probably not spontaneous. Finally,
for 1:2 complexes with carboxylic acids, the second complex-
ation is spontaneous and the R group of the HOOCR molecule
does not significantly affect the stability energy and

spontaneity of the complexation. The MP2 AEBSSE-ZPE range
values from —85.9 kJ mol ! to —94.3 kJ mol !, while AG
ranges from —21.2 kJ mol™' to —30.0 kJ mol'. Figure 2
illustrates the reactions of formation of the 1:1 and 1:2 com-
plexes between DMSO and the monoprotic acids.

Vibrational modes

In Table 3, we present the MP2/6-31++G(d,p)-derived and
B3LYP/6-31++G(d,p)-derived frequency shifts observed for
the H-X stretching modes and the ratios of their intensities
before and after complexation for 1:1 complexes. The H-X
stretching frequency of the HX monoprotic acid is shifted
downwards. In both the MP2 and B3LYP calculations, the
displacement (A''™™) is more pronounced in complexes in-
volving the HF molecule; the MP2 Av value for the complex
DMSO--HF is 941 cm™'. For the 1:1 complexes between
DMSO and carboxylic acids, the MP2 Av values range from
—657 cm ' to =733 cm .

The infrared intensity associated with the H-X and H-O
stretching modes increases upon hydrogen-bond formation.
The main changes were observed for the complexes involving
the carboxylic acids, where the B3LYP 4"Ostmeomplex/ 4.
HOstiisolated rc«qp.” — stretching) values range from 24.6 to 33.7.

Two different situations occurred in the 1:2 complexes
(Table 4). The first involved the Y-structured complexes, in
which—due the second hydrogen bond—the hydrogen atoms
of the HX stretching modes coupled to form symmetric and
asymmetric vibrational modes. The second situation occurred for
the DMSO---acid---acid complexes, where we observed indepen-
dent vibrational modes for the HX groups. In the first situation,
the harmonic frequency shifts of HX stretching in the asymmet-
ric vibrational mode are always larger than the corresponding
shifts in the symmetric mode. For example, in
DMSO-+(HOOCCH;), (Y structured), the MP2 A% and
AHO™ values are —543 cm ' and —482 cm !, respectively.
For the independent vibrational modes of H-X stretching, we
observed that the monoprotic acid that formed two hydrogen

Table 5 MP2 and B3LYP/6-

31++G(d,p) values of the har- New vibrational mode Parameter DMSO:--HF DMSO-HCI DMSO-~HCN
monic frequencies v (in cm ') and
infrared intensities 4 (in H-bond stretch Vo (em™h) 303 (296) 183 (190) 157 (146)
km mol ') for the new vibrational ~ HX(-0) Ay (km mol ") 14.3 (16.1) 56.1 (78.7) 27.0 (18.5)
modes that arise due to hydrogen-  pry U ineptane (€M) 1016 (1009) 740 (846) 912 (933)
bond formation .
A g inplane (km mol ) 4417 (358.0)  133.5(174.1)  77.3(76.5)
Vg outof-plane (€M ') 931 (934) 659 (744) 904 (922)
A pouotprne (kmmol ') 89.3(78.5) 34.1 (38.2) 50.2 (49.0)
H bena Vg incplane (cm ') 97 (89) 66 (65) 57(48)
A ginplane (km mol ) 11.8 (11.8) 3.9(1.7) 20.7 (18.5)
Vp.outof-plane (€M ') 71 (61) 49 (59) 23(29)
A g outotplane (km mol ") 0.5 (0.6) 0.1 (0.1) 0.1 (0.1)
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bonds (--acid--) was always the most strongly affected of the
two acids. For instance, in the
DMSO-+-HOOCCH;+HOOCCH; complex, the MP2 Ay 1O~
and Av MO shift values are —815 cm ! and —400 cm !,
respectively.

Table 5 lists the frequencies of the five new vibrational
modes for the 1:1 complexes between DMSO and linear
monoprotic acids (HF, HCI, HCN). The new vibrational modes
arise due to hydrogen-bond formation. Initially, we observed
that the intermolecular stretching mode (Hpond streten) that is
directly associated with the hydrogen bonding ranges between
183 and 303 cm . The IR intensity of this mode is very weak,
so it is not easy to characterize this mode from the experimental
vibrational spectrum. We also observed two H-X bending
modes (HXpenging) that are associated with the in-plane and
out-of-plane bending modes, where the proton of the HX
molecule moves along a line which is perpendicular to the
H—X bond axis. These two modes have considerable intensi-
ties. For the DMSO-HF complex, the MP2 IR intensities (4)
values for the in-plane and out-of-plane bending modes of HF
are 441.7 km mol ' and 89.3 km mol ', respectively. Finally,
we also show (in Table 5) the mode with the lowest frequency
for each complex. This is associated with an intermolecular
bending vibration, where the atoms of each molecule in the
complex move in a direction perpendicular to the respective
molecular axis. For example, its intensities for the in-plane and
out-of-plane modes of the DMSO---HF complex are
11.8 km mol " and 0.5 km mol ', respectively, with frequencies
of 97 cm ' and 71 ecm™, respectively.

Conclusions

In this work, MP2 and DFT B3LYP calculations with the 6-
31++G(d,p) basis set were performed for complexes between
DMSO (proton acceptor) and monoprotic linear acids HX
(X =F, Cl, CN) as well as carboxylic acids HOOCR (R= -
H, —CHj3, —C¢Hs) in order to obtain their structures, binding
energies, and vibrational modes. Complexes with stoichio-
metric ratios of 1:1 and 1:2 were studied. In all cases, we
observed similar behaviors for the properties whether they
were calculated using MP2 or the B3LYP method. Our results
show that the formation of the second hydrogen bond can
result in two possible structures. In the first, DMSO behaves
as a bridge; in the second, one of the acid molecules behaves
as a bridge. The second complexation caused by hydrogen-
bond formation leads to a decrease in the stability energy per
hydrogen bond. The spontaneities of the reactions to form the
1:1 and 1:2 complexes are greatly influenced by the X group
of'the linear acid. With the exception of HCN, all reactions are
spontaneous. In the 1:2 Y-structured complexes, we observed
that the hydrogen atoms of the linear acid are coupled in

@ Springer

symmetric and asymmetric modes, whereas this type of cou-
pling is absent from the other 1:2 complexes.
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