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ABSTRACT: Dimethyl sulfoxide (DMSO), a polar solvent
molecule, is used in a wide range of therapeutic and
pharmacological applications. Different intermolecular interactions,
such as dimerization and hydrogen bonding with water, are crucial
to understanding the role of DMSO in applications. Herein, we
study DMSO in various solvation environments to decipher the
environment-dependent dimerization and hydrogen-bonding pro-
pensity. We use a combination of infrared spectroscopy, quantum
mechanical calculations, and molecular dynamics simulations to
reach our conclusions. Although DMSO can exist in a dynamic
equilibrium between monomers and dimers, our results show that
the relative intensity of the SO stretch and the CH3 rocking
modes is a spectroscopic indicator of the extent of DMSO
dimerization in solution. The dimerization (self-association) is seen to be maximum in neat DMSO. When dissolved in different
solvents, the dimerization propensity decreases with increasing solvent polarity. In the presence of a protic solvent, such as water,
DMSO forms a hydrogen bond with the solvent molecules, thereby reducing the extent of dimerization. Further, we estimate the
hydrogen-bond occupancy of DMSO. Our results show that DMSO predominantly exists as doubly hydrogen-bonded in water.

■ INTRODUCTION
Dimethyl sulfoxide (DMSO) is one of the polar aprotic
molecules with a large dipole moment.1 In the field of
pharmacology, toxicology, biochemistry, and other analytical
applications, DMSO is extensively used as a prospective
cosolvent in various chemical reactions.1,2 Being a cryopro-
tective agent, DMSO averts the development of intracellular
and extracellular crystals during the cell and tissue freezing
processes.3−7 In addition, DMSO has various therapeutic and
pharmaceutical uses, such as anti-inflammatory, analgesic,
antibacterial, antifungal, antiviral, and membrane penetration
enhancement properties that remain underexplored by
pharmaceutical developers and ophthalmologists.8 In bio-
chemical and biophysical assays, it is reported that DMSO
concentrations influence protein aggregation and stability.9,10

Experimental and computational studies revealed that DMSO
induces structural and conformational changes in pro-
teins.11−13 These wide ranges of applications have generated
a profound interest in the structural behavior of DMSO, either
neat or in the solution state, in recent years.14−25

The structural properties and the dimerization strategies of
DMSO have been previously reported.25−30 The intermolec-
ular geometry of DMSO in the liquid state, determined from
X-ray and neutron diffraction studies, showed that DMSO
mostly prefers to arrange in the antiparallel ordering of SO
dipoles in the liquid state.14 The formation of hydrogen bonds
between DMSO and water molecules has been shown to

dictate molecular behaviors, enhancing polarizability in the
molecules.15−17 Having the propensity toward intermolecular
associations, either with itself or with other molecules (such as
water), DMSO occasionally exhibits abnormal physicochemical
properties and can form DMSO−water aggregates with various
stoichiometries.18−21 At a higher DMSO concentration, the
hydrogen-bond network of water is ruptured and stable water−
DMSO complexes are formed.22−24 For a detailed exploration
of the structures of DMSO, infrared (IR) absorption and
Raman scattering spectroscopies were employed.25−30 These
experiments revealed that DMSO can form antiparallel dimers
and chain-like associations both in the pure liquid state and in
solutions.25−31

Although several vibrational spectroscopic reports on
DMSO have been published, a consensus regarding the peak
assignments has yet to be reached.26,30 The band at 1027 cm−1

is assigned to the SO stretch arising from parallel chain-like
molecular associations. For antiparallel cyclic associations, the
bands at 1058 and 1044 cm−1 are attributed to the out-of-
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phase and in-phase SO stretch modes, respectively.31 The
out-of-phase SO stretch of the cyclic dimer is detected at
1063 cm−1 in the IR spectra.30 Toshiyuki Shikata et al.
reported that associations of DMSO dimers are formed in the
pure liquid and also in the presence of nonpolar solvents.32

When dissolved in CCl4, antiparallel cyclic dimers of DMSO
are formed due to limited self-interaction,33 with peaks at 1060
and 1000 cm−1 arising from the SO stretch of monomers
and dimers, respectively.33 Recently, it has been reported that
DMSO dimerization happens even at low DMSO concen-
trations.34 Gajda and Katrusiak used single-crystal XRD at high
pressure to study the detailed dimeric structure of DMSO.35

The calculated electrostatic potentials revealed a large positive
partial charge on the “S” atom and a negative partial charge on
the “O” atom, through which a variety of intermolecular
electrostatic interactions can occur.36 Natarajan et al.
investigated the structure and stability of DMSO molecules
using molecular electrostatic potential and atoms-in-molecules
(AIM) analysis with the employment of density functional
theory (DFT) studies.37

Another interesting aspect of DMSO is the structural and
physicochemical behavior difference in aprotic and protic
solvents. To this end, similar behavioral changes can be found
in molecules containing a carbonyl (CO) moiety where the
less polarizable C atom replaces the S atom. Furthermore,
studies on hydrogen-bond occupancy have shown that SO-
and CO-containing molecules can form one or more
hydrogen bonds in a protic solvent.38−49 Recently, a
temperature- and concentration-dependent study on DMSO/
water mixtures indicated the presence of four distinct forms of
DMSO, namely self-associated (aggregated), free-monomer
(0HB), singly hydrogen-bonded (1HB), and doubly hydrogen-
bonded (2HB) species.38,39 On the contrary, a recent study has
shown that CO-containing esters are exclusively doubly
hydrogen-bonded in water.40 The reported differences in
structures’ hydrogen-bond occupancies upon changing the C
atom in CO to the S atom in SO warrants a detailed study
of DMSO in the solution state. Moreover, a significant SO
IR absorbance signature for DMSO dimers, either neat or in
the solution state, has been surmised in the previous
studies.25−38 Such an observation cannot be explained based
on the symmetric structure of the DMSO dimer.
To identify the structural conformers underlying the

overlapping DMSO vibrational spectra and to determine
their structural details and hydrogen-bonding nature in water,
we performed a detailed investigation using IR absorption
measurements, DFT calculations, and MD simulations on neat
DMSO and DMSO dissolved in various solvents, namely
carbon tetrachloride (CCl4), dichloromethane (DCM), and
water (D2O). We combined IR spectroscopy with ab initio
quantum mechanical calculations to analyze the monomer−
dimer equilibrium in different solvents to show that the relative
intensity of the SO stretch and the CH3 rocking modes
provide an estimate of the DMSO dimer present in the
solution. Furthermore, in the presence of a protic solvent like
water, we showed that the extent of dimerization is drastically
reduced due to the formation of DMSO−water hydrogen
bonds. We subsequently analyzed the hydrogen-bonded
conformations of DMSO in water. Interestingly, we observed
that DMSO interacts predominantly with two water molecules
to form a double hydrogen-bonded conformer. Such
conformations are well known for molecules containing the
CO moiety.40 Overall, our findings suggest an efficient

spectroscopic approach to elucidate the details of the
microsolvation environment of DMSO despite the complexity
of overlapping bands in the spectra.

■ MATERIALS AND METHODS
Sample Preparation. Dimethyl sulfoxide (DMSO 99.9%),

thiophene oxide (TPSO, 99.9%), and all solvents (99.9%) were
bought from Sigma Aldrich. The chemical structure of DMSO
and TPSO are shown in Scheme 1. Karl Fischer titration

(coulometric) was performed to quantify the moisture present
in used solvents. These titrations indicated negligible water
content. Solutions of DMSO and TPSO at a 0.1M
concentration in all solvents were prepared for IR absorption
measurements.

IR Spectroscopy. All IR absorption spectra were collected
on a Bruker 70S FTIR spectrometer equipped with a DTGS
detector at 2 cm−1 resolutions. A 50 μL volume of each
solution was placed between two CaF2 windows separated by a
64 μm Teflon spacer, housed in a homemade sample cell.
Along with the SO stretch region, the OH stretch region was
also monitored to identify any small amount of water
contamination. A flat baseline in the OH stretch region
indicated that the samples were not contaminated by water.

DFT Calculations. All initial geometries of DMSO, TPSO,
and their water complexes were optimized preliminarily by
density functional theory and B3LYP/6-311G(d) calculations
using the Gaussian 09 suite of programs to estimate the dipole
moments of the DMSO monomer and the dimer.50,51 Further,
to expose the dissociation energies of one hydrogen bond and
two hydrogen bond complexes of DMSO in water, the “scan”
analyses were performed on the B3LYP/6-311G(d) optimized
structures.52

MD Simulations. Classical molecular dynamics simulation
was conducted on the GROMACS 2016.5 package.53

Parameters for DMSO were derived from quantum chemical
calculation followed by RESP charge fitting by ANTECHAM-
BER software to produce the general AMBER force field.54

Simulation box was prepared by adding 7 DMSO molecules
with 4000 water molecules. Here, water molecules were
modeled using the TIP4P-EW model. For short-range
electrostatic interactions, a periodic boundary condition with
a cutoff distance of 16 Å was used. Before the simulation, an
energy minimization using a steepest-descent algorithm was
performed, followed by equilibrium in the NVT ensemble at
300 K for 1 ns using a velocity rescale thermostat and
equilibrium for the NPT ensemble at 300 K and 1 bar using a
Parrinello−Rahman barostat for 5 ns. LINCS was used to
constrain all covalently bonded hydrogen atoms. MD run was
carried out for 10 ns. A hydrogen-bond analysis was performed
on GROMACS with the last 5 ns of the trajectory where a
cutoff distance of 3.5 Å and an angle cutoff of 30° were used.

Scheme 1. Chemical Structure of the Sulfoxide Compound
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■ RESULTS AND DISCUSSION

The delicate balance in the noncovalent (solute−solute and
solute−solvent) interactions drives the formation and dis-
ruption of intermolecular interactions of DMSO dissolved in
different solvents. To resolve the detailed molecular structure
of DMSO, in both neat and solution states, we performed a
series of infrared absorption experiments on 0.1 M DMSO in
different solvents (Figures 1 and 2). The second derivatives of

the broad overlapping IR absorption spectra (Figures 1b, and
2b,2d,2f) in the 950−1100 cm−1 region indicate four
underlying peaks. Each spectrum is fitted with four peaks
using Voigt line shape functions. The fits are shown in Figures
S1 and S2. The peak positions are fixed to the frequencies
corresponding to the minima in the second derivative spectra
(Table S1). The fitted peaks in Figures 1 and 2 are assigned to
the SO symmetric stretching mode and three CH3 rocking
modes based on previous reports.31−34,38,39 In neat DMSO
(Figure 1), three rocking modes and the symmetric SO
mode are observed at ∼1019, 1030, 1045, and 1059 cm−1,
respectively. Interestingly, the intensity of the SO mode is
comparable to that of the CH3 rocking modes even though the
transition dipole moment of SO is larger than those of the
rocking modes. One plausible explanation for the comparable
intensities in Figure 1 can be that neat DMSO predominantly
exists as symmetric dimers even at low concentrations, as
reported previously.34 Theoretical calculations (discussed
later) suggest that the SO mode of antiparallel dimers is
not IR active. However, when dissolved in another solvent, the
dimers should not be formed at a low DMSO concentration.
Indeed, the IR absorption spectra of a dilute solution of

DMSO in different solvents show that the intensity of the S
O stretch band is distinctly larger than those of the CH3
rocking modes (Figure 2).
We performed DFT calculations at the B3LYP/6-311G(d)

level of theory50,51 to estimate the dipole moments of the
DMSO monomer and the dimer. Our calculations suggest that
the dipole moment is zero for an antiparallel DMSO dimer,
whereas a considerable dipole moment (5.6D) is estimated for
the monomer. We surmise that the SO peak in the IR
spectrum (Figure 1) arises from the monomeric species, which
are in equilibrium with DMSO dimers in neat DMSO. The
self-association of the monomers to form antiparallel dimers is
quite likely due to the high polarity of the SO bond. In
addition, the dynamic monomer−dimer equilibrium happens
due to the intrinsic molecular fluctuations.
We further evaluated the ratios of SO peak areas to the

integrated peak areas of the rest of the bands in the 950−1100
cm−1 region (Figure 3a). The ratio has a minimum value for
neat DMSO and subsequently increases with the polarity of
the solvent. In water, the ratio is remarkably enhanced by a
factor of ∼6 from that in neat DMSO. The polarity and the
hydrogen-bonding capacity of the solvent play a key role in the
monomer−dimer equilibrium of DMSO. A nonpolar aprotic
solvent like CCl4 or DCM weakly interacts with the solute
(DMSO), but a polar protic solvent like water can form
hydrogen bonds with the SO moiety of DMSO (see Figure
S3 in the Supporting Information). Therefore, the propensity
of the monomeric species is higher in water than in other
organic solvents. In neat DMSO, two polar DMSO molecules
can form the antiparallel dimer, giving rise to an increase in the
dimeric species. This effect is corroborated by the ratios shown
in Figure 3. The trend remains the almost same if the area of
one of the rocking modes is considered (Figure 3a) instead of
the integrated area (Figure 3b). The small discrepancy in the
ratios for CCl4 and DCM solvents (Figure 3b) most plausibly
arises due to the effect of the coupling between the SO
stretch and the CH3 rocking modes (see the Supporting
Information). However, the overall trend remains the same.
To elucidate this phenomenon, we calculated the dimeriza-

tion energy of DMSO and compared it with solvation energy
in organic and aqueous solvents (Figure 4). When compared
to aprotic solvents, Figure 4 clearly shows that the stability
obtained from the dimerization of DMSO is much smaller than
that obtained from the solvation of DMSO by water molecules,
thereby increasing the ratio in water (Figure 3).
To confirm our arguments, we performed control IR

absorption experiments and DFT calculations on TPSO. The
DFT calculations suggest that the bulky five-membered ring of
TPSO provided steric hindrance when two TPSO monomers
approached one another, making the dimerization unfeasible
even in neat TPSO. We performed a series of IR absorption
experiments of TPSO and analyzed the 950−1100 cm−1

spectral region (same frequency range as DMSO). The IR
spectra of neat TPSO show three peaks (Figure 5a), one
arising from the SO stretch and the other two arising from
CH2 rocking modes. Interestingly the absorption of the SO
mode was stronger than that of the rocking modes. Similar
results are obtained when TPSO was dissolved at a low
concentration in other solvents (Figure 5b−d). Herein, we
fitted TPSO IR absorption spectra based on the quality (Figure
S4) and second-order derivative spectra (Figure S5). Figure 6
shows the ratios of the SO peak area to that of the rocking
mode (∼990 cm−1). The similar ratios in TPSO, CCl4, and

Figure 1. (a) IR absorption spectrum of neat DMSO (black). The
experimental spectrum was fitted to four peaks corresponding to the
SO stretch (orange) and the CH3 rocking modes (green, blue, and
magenta) using Voigt line shape functions. During the fitting protocol,
the peak positions are assigned based on the (b) second derivative
spectrum.
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DCM corroborate the DFT prediction of the dimerization
infeasibility in neat TPSO. The lower polarity of TPSO when
compared with DMSO, along with the steric hindrance in
TPSO to the formation of hydrogen bonds might have resulted
in a lower ratio in water. However, the control experiments in
TPSO provide additional support for the formation of an
antiparallel DMSO dimer in a neat solution.
To resolve the hydrogen-bonded populations of DMSO, we

further performed MD simulation with GROMACS (version
4.6.5) in neat water. The hydrogen-bond occupancy of DMSO
has been explored by keeping the angle of H-donor−acceptor
(H−O−O) between 0 and 30° and the O (donor)−O
(acceptor) distance was below 3.5Å.40 The force-field
parameters for DMSO were obtained from virtualchemis-
try.org.41 The TIP4P-Ew model was used for water.42 The
simulations reveal the hydrogen-bond formation and breaking
mechanisms of DMSO in neat water. The hydrogen-bond
analysis from the MD simulation trajectories demonstrates that

Figure 2. Black curves denote the IR absorption spectra of DMSO in (a) CCl4, (c) DCM, and (e) D2O. The experimental IR spectra are fitted to
four peaks using Voigt line shape functions. The orange peaks correspond to the SO stretch, and the green, blue, and magenta peaks correspond
to the CH3 rocking modes. The peak positions during the fitting protocol are obtained from the second derivative spectra of DMSO in (b) CCl4,
(d) DCM, and (f) D2O.

Figure 3. (a) Ratio (R) of the IR absorption area of the SO stretching mode and the integrated area of the rocking mode at around 1045 cm−1.
(b) Ratio (R) of the integrated IR absorption area of the SO stretching mode and the integrated area of all overlapping rocking modes.

Figure 4. Solvation energy (orange) and dimerization energy (green)
of DMSO in different solvents.
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SO can form zero, one, or two HB complexes with the
surrounding water molecules.44−48 Interestingly, the free
DMSO (0.35%) and 1HB complexes (3.5%) are found to be
negligibly small in comparison to 2HB (96.15%) populations.
Similarly, TPSO predominantly forms 2HB populations (92%)
compared to 1HB (8%) and 0HB (0%) in neat water. These
results support our experimental results wherein we mentioned
only one SO stretching IR absorption peak for both DMSO
(Figure 2e) and TPSO (Figure 5d) in neat water.
To further understand the stability of HB complexes of

DMSO in neat water, we performed density functional theory
(DFT) calculations by employing Gaussian 09 software.50,51

The hydrogen-bond energies of 1HB and 2HB complexes are
obtained from the B3LYP-6-311G-optimized structures. To
calculate the hydrogen-bond dissociation energies of 1HB and
2HB bonds, we used the Morse potential energy calculation
method (eq 1)52

V D e(1 )a r r
e

( ) 2e= − − −
(1)

where r is the distance between the atoms, re is the equilibrium
hydrogen-bond distance, and De is the dissociation energy. The
Morse potential diagrams show that the HB dissociation
energies of 1HB and 2HB of DMSO are almost comparable
(Figure 7), which signifies that DMSO can form 1HB and 2HB

with equivalent probability, as the estimated energy difference
is almost negligibly small. The calculated formation energy
values of 1HB and 2HB complexes are −24.33 and −22.72 kJ/
mol, respectively. The similar values of formation energy
indicate the equal probability of 1HB and 2HB formation. We
calculated the change of Gibbs free energy of both the
hydrogen-bond formation from DFT calculations and finally,

Figure 5. IR absorption spectra (a) of neat TPSO (black) and TPSO in (b) CCl4 (c) DCM, and (d) D2O. The experimental spectra were fitted to
three peaks corresponding to the SO stretch (red) and the CH2 rocking modes (green, blue) using Voigt line shape functions. During the fitting
protocol, the peak positions are assigned based on the second derivative spectrum shown in Figure S5.

Figure 6. IR absorption ratio of the SO stretching frequency and
the CH2 rocking mode (≈990 cm−1) of TPSO.

Figure 7. Morse potential diagram of one hydrogen bond and two
hydrogen bond complexes of DMSO in water.
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used it to calculate the equilibrium constants. Subsequently,
after calculation of K1 and K2 (7942.63 and 718.38/mol,
respectively), we calculated the ratio of C1HB/C2HB from the
eqs 1−6 of Scheme S1. The negligible ratio (2.50 × 10−5) of
C1HB/C2HB is the indication of negligible 1HB populations
compared to 2HB (Table 1). Quantitative SO H-bond

populations in water are extracted for 1HB and 2HB
complexes with values of 0.0025 and 99.9975%, respectively.
Thus, the DFT analysis made our assessment a concrete
conclusion. From our experimental and theoretical studies, a
clear parity of H-bond populations is undoubtedly recognized.
Subsequently, we confirmed conclusive 2HB populations of
DMSO in neat water, which is also logically explained in
Scheme S1. Especially, in the mixing process, hydrogen
bonding is simply transferred from water−water interactions
(18.5 kJ/mol) to water−DMSO interactions as the H-bond
interaction of water−water is lower than the H-bond
interaction of water−DMSO in neat water (22.72 kJ/mol).

■ CONCLUSIONS
In this work, we inspected the structural arrangements of
DMSO molecules in the neat form and in solution. We showed
that the presence of dimeric associations in neat DMSO
decreases the IR intensity of the SO stretch, making the
intensity comparable with the CH3 rocking modes. We
demonstrated that the zero net dipole moment of the
antiparallel dimer, in contrast to that of the monomer, can
affect the overall intensity of the SO peak arising from
monomer−dimer equilibrium. We showed that the dimeric
configurations are disrupted with the increase in solvent
polarity and therefore the SO absorbance enhances when
compared to that of the rocking mode. The relative intensity of
the SO stretch and the rocking mode reaches the highest in
water as all dimeric structures of DMSO are disrupted by the
formation of hydrogen-bonded complexes. A single HB
conformation (i.e., 2HB) is found to be present in neat
water from MD simulations. This result is in contrast with the
previously published reports.25−39,44,45 Our experiments
provide a detailed molecular understanding of the structure
of neat DMSO and DMSO−water binary mixtures. Finally, our
results provided an overview of the influence of solvent polarity
in the dissociation of DMSO dimers. We envisage that our
findings will help in future studies based on the solvent effects
on dynamical configurations of biomolecules in DMSO−water
mixtures.
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