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ABSTRACT

Dimethyl sulfoxide (DMSO) is a widely used chemical in synthetic chemistry and also
has unique and important biological applications. In the pure liquid, DMSO forms chain like
structures of alternating sulfur and oxygen atoms due to its high self-association. However, it is
known that DMSO/water mixtures form solutions with unique physical characteristics depending
on the mole ratio. For instance, at a 1:2 ratio of DMSO/water a eutectic mixture forms with a
freezing point of-70 C. Vibrational spectroscopy allows us to study the effects of noncovalent
interactions when water and DMSO interact in solution. Spectral shifts can be analyzed in order
to give a clearer picture of the structure of DMSO in DMSO/water mixtures and also in solutions
with other hydrogen bond donors that cannot form as extensive hydrogen bonded networks.
The anomalous properties of DMSO/water mixtures have been the subject of a large number of
studies. It has been previously established that the reason for the unique properties of such
solutions lies in the formation of strong hydrogen bonds between water and DMSO. Despite the

many studies there is still no clear picture of the structure of DMSO in the water mixture. When



a DMSO/water mixture is formed there is great increase in temperature of the solution. This
suggests a significant perturbation of water’s hydrogen bond network due to interactions with
DMSO. Here, the hydrogen bonding geometries of DMSO/water mixtures are studied using

Raman spectroscopy and computational chemistry.
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CHAPTER 1

NONCOVALENT INTERACTIONS

Noncovalent interactions, unlike covalent bonds, do not involve the sharing of electrons.
Instead, they rely on interactions within a molecule or between them. The energy released in the
formation of a non-covalent bond is considerably less than that of a covalent bond. Many
molecules at room temperature possess enough energy to break these bonds. Non-covalent
interactions can be both intermolecular forces and intra molecular forces. The non-covalent
interaction that will be most important to this research is the hydrogen bond. Hydrogen bonding
is a special type of dipole-dipole interaction. Figure 1.1 shows an optimized molecular cluster
with a number of hydrogen bonds of varying strength. The uppermost methanol is donating an
OH---N hydrogen bond to a nitrogen atom in pyrimidine but is also accepting an OH---O
hydrogen bond from a second methanol molecule below it. Pyrimidine is also donating a weak
CH---O hydrogen bond to a third methanol molecule. This type of hydrogen bond is called
weak because carbon and hydrogen have similar electronegativities and therefore the interaction

with the adjacent oxygen atom is weaker than in the case of OH---O hydrogen bonds.
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Figure 1.1 Pyrimidine/water cluster*

o

*3(\
D
o

The Lewis structure of DMSO is shown in Figure 1.2. In DMSO/water interactions,
DMSO can accept OH---O and OH---S hydrogen bonds from water and donate CH---O
hydrogen bonds to water.  Hydrogen is able to form one bond with just one other atom.
However, if bonded to an electronegative donor atom, hydrogen can form another weak
association with an acceptor group. This additional weak association is a hydrogen bond. The
hydrogen bonding between water molecules is responsible for the aqueous environment in which
all life on earth depends. Water molecules are a prime example of hydrogen bonding. The
hydrogen of one water molecule forms a hydrogen bond to another through attraction to the
valence electrons of oxygen. Water molecules can also form hydrogen bonds with other
molecules, especially those that possess a hydroxyl group, which are also soluble in water.
Hydrogen bonds are weaker than covalent bonds because there is no direct sharing of electrons
between atoms. Due to this fact hydrogen bonds are longer than covalent bonds. The strongest
hydrogen bonds possess the donor, the hydrogen atom, and the acceptor in a bond angle closest

to 180°. The strength of a hydrogen bond is related to directionality. Though weaker than linear



hydrogen bonds, non-linear hydrogen bonds still help stabilize 3-dimensional structures like

proteins.
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Figure 1.2 Lewis Structure of DMSO



CHAPTER 2

SPECTROSCOPIC AND COMPUTATIONAL METHODS

2.1 FUNDAMENTALS OF SPECTROSCOPY

Spectroscopy is the study of the interactions between light and matter. The nature of
matter and light had been a source of debate in the pages of sciences history for centuries since
Christiaan Huygens and Issac Newton had differing views in describing the nature of light in the
17th century. Huygens described light as waves while Newton, on the other hand, described
light as particles. Einstein put the debate to rest when he concluded that both theories were
needed to fully describe light and that separately they could not fully explain light, but together
they could. Planck further revolutionized 20th century science through his work on quantum
theory. All of this work led to advances in spectroscopy and opened up a new door for research
and exploration. When describing light, it is sometimes easier to think of light as a stream of
particles. These particles are known as photons. The following equation, developed by Planck,

describes the energy of a photon (E).

E=hv=" 2.1)

h is Planck’s constant, and v is the frequency in hertz.?
This research focused on the use of vibrational spectroscopy which detect transitions
between vibrational states, but they can occur between other states as well. A transition occurs

when there is a change in the energy of a molecule. A change in energy can occur from any



change in motion or electron energy. There are multiple possibilities of transitions between
energy levels in molecules such as vibrational, rotational, and electronic. The energy of these
transitions is increasing in this order rotational < vibrational < electronic. Transitions in
rotational states lead to spectra in the microwave region. Transitions involving vibrational states
produce spectra in the infrared region. Transitions can also occur in electronic states of
molecules which can produce spectra in the visible and ultraviolet regions. There are other types
of transitions as well as types of spectroscopy to study them. However, this research is only
concerned with using Raman spectroscopy. At room temperature most molecules exist in their
ground state, the lowest energy state. When light, an excitation source, hits a sample of matter,
the light can take several paths. Light can be absorbed, transmitted, reflected, or scattered by the

sample. An excitation source can excite a molecule at ground state to an elevated state.

2.2 RAMAN SPECTROSCOPY

In this project vibrational spectroscopy was used in order to study how water and DMSO
interacted with one another. Raman spectroscopy was used in order to generate vibrational
spectra to study the shifts in energy levels that occur with differing concentrations of DMSO in
water. Raman spectroscopy was first developed in 1928 by C. V. Raman and is hence named in
his honor. Raman spectroscopy is referred to as the compliment of IR spectroscopy because the
selection rules differ between the two methods. While infrared spectroscopy requires a change in
the dipole moment of the molecule, Raman spectroscopy depends on the molecular polarizability

of the molecule. Polarizability is the tendency of a molecule to take on an electric dipole when in



the presence of an electric field.> In other words this is the ability of the molecule to distort its
electron cloud.

In Raman spectroscopy when the molecule is hit with radiation the photons are absorbed
at one frequency which is followed by the emission of photons with a change in frequency. The
difference between the photon energy is either absorbed or scattered. The scattered radiation is
observed and measured at right angles to the beams direction. The three types of Raman

scattering; Rayleigh, Stokes, and Anti-Stokes are depicted in the figure below.
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Figure 2.1. Types of Raman scattering.

Rayleigh scattering, also known as elastic scattering, is the most common and indicates
that the scattered radiation has the same frequency as the source radiation. A laser is typically
used as the source of radiation. Stokes and anti-Stokes are examples of inelastic scattering. The
change in energy between the scattered and the incident beam indicates vibrational transition in

the molecule.



2.3 EXPERIMENTAL METHODS

Raman spectra were obtained for this project using a Jobin-Yvon Ramanor HG2-S
scanning Raman spectrometer. Molecules were excited using a SpectraPhysics Kr+/Ar+ laser

using the 514.5 nm line.

Sample Half-Wave Plate

\ Mirror
O I \
Line Filter
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Photomultiplier Scanning LASER

Tube Detector Spectrometer X )

Figure 2.2 Raman spectrometer setup
As depicted in figure 2.2 the light from the laser follows a path through the line filter which
narrows the light to exclusively the 514.5 nm line. The light is then reflected off a mirror towards
the sample but first passes through the half-wave plate which rotates the light to the correct
polarization. Finally the light hits the sample and is scattered into the spectrometer at a right

angle. Within the spectrometer the light is reflected off a mirror into a grating which separates



the light back to another mirror and through another grating before individual lines of light are
focused into the photomultiplier tube detector. A photomultiplier tube detector is used to amplify
the signal that occurs from Raman scattering due to the fact that Raman Stokes scattering only
occurs in about 1 in a million photons. Although the photomultiplier tube, PMT, is capable of
amplifying these signals it requires a maintained cool temperature to do so. This cool
environment reduces the possibility of stray electrons hitting the detector. Figure 2.3 shows the

spectrometer while in use during this research.

Figure 2.3 Raman spectrometer in use



24 COMPUTATIONAL METHODS

Computational chemistry was used in this study to model the micro-hydrated hydrogen
bonded network of DMSO and to explain the experimental observables. Density Functional
Theory, DFT, calculations were used to simulate Raman vibrational spectra of DMSO/water
mixtures. The calculations used in this research were done through Gaussian 09 software using
the B3LYP method with a 6-311++g(2df,2pd) basis set.* These calculations approximate to
solve for the time-independent Schrodinger equation for multiple electron systems. The
Schrodinger equation cannot be completely solved for in systems containing more than one

electron due to electron-electron interactions.®



CHAPTER 4

DIMETHYL SULFOXIDE (DMSO)

4.1 WHAT IS DMSO?
Dimethyl Sulfoxide, DMSO, is the byproduct of the wood industry which has been
discovered to have many applications including those in medicine. DMSO has the formula

(CH3),S0 and its structure is depicted below in Figure 4.1.

Figure 4.1. Molecular structure of DMSO.

DMSO has been used as a solvent since 1953.% However, despite the more than 40,000 articles
about this organosulfur compound it is still not fully understood. DMSO has a tendency to form
intermolecular associations with itself, in the dimer form, and other molecules. This is what has

sparked so much interest around the non-ideal physicochemical behaviors that DMSO exhibits.®
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4.2 HISTORY AND APPLICATIONS OF DMSO

Along with being used as a solvent DMSO also has many other uses in both industry and
medicine. In the United States DMSO only has a limited approval for medical use by the FDA.
However, in Canada, Great Britain, Germany and Japan it is commonly prescribed by doctors for
many uses including pain, inflammation and arthritis.” What makes DMSO so useful in the
medical field is its ability to permeate membranes. DMSO can even pass through skin at higher
concentrations. This gives it the unique ability of transporting other drugs such as a pain
relievants across membranes. DMSO/water mixtures also have a variety of uses. At 1:2 mixtures
DMSO/water mixtures form a eutectic mixture, a chemical composition that solidifies at a lower
temperature than either compound in the mixture would regularly form. At low concentrations
DMSO also forms a cryoprotectant which is important due to its ability to protect biological

tissue from freezing damage. This is commonly used in sperm preservation.

4.3 PREVIOUS STUDIES

DMSO has been at the center of thousands of papers for multiple applications and
studies. Due to its early use as a pharmaceutical the first vibrational spectroscopic study
involving hydrogen bonding took place in 1958." This research is focused on DMSO/water
mixtures. Previous studies have revealed that DMSO forms intermolecular associations with
other DMSO molecules to form dimers as well as other molecules such as water.® These dimeric
formations were also confirmed using dielectric relaxation techniques.® DMSO/water mixtures
themselves have a variety of uses including being used to study the biochemical properties of

some alpha-amino acids.” Infrared spectroscopy spectra revealed both DMSO/water hydrogen

11



bonding and water/water hydrogen bonding within DMSO/water mixtures. The reorientation
time of water was identified to be coupled to the reorientation time of DMSO.° DFT
calculations using M06-2X theory have also been carried out to reveal that DMSO and water
form stable structures due to hydrogen bonding between the two molecules. The hydrogen
bonding between DMSO and water was found to be stronger than the hydrogen bonding between
water molecules. Polarizabilities were also found to increase with cluster size.!* Raman
spectroscopy studies have been carried out with 1:1 DMSO/water mixtures and identified that
decreasing temperatures enhance the hydrogen bonding between DMSO and water.'?
Configurations of DMSO/water mixtures have also been studied before with some success. In a
previous study involving infrared spectroscopy, NMR spectroscopy, and ab initio calculations
two configurations of DMSO/water clusters were identified. In half of the water monomers both
OH groups formed hydrogen bonds with DMSO. While in the other half of the water monomers
only one OH group formed a hydrogen bond with DMSO.*®

Within DMSO/water mixtures some unique properties arise at varying concentrations of
DMSO. This unique property is due to the fact that while water is both a hydrogen bond donor
and accepter DMSO is only an acceptor. However, DMSO does possess the potential to donate
weak hydrogen bonds. The unique properties of these mixtures have resulted in multiple studies.
At 1:2 ratio of DMSO and water a eutectic mixture is formed. However at lower concentrations
of DMSO a cryoprotectant is formed. The DMSO/water cryoprotectant has a depressed freezing
point of 203K.™ There are also strong deviations from ideality, resulting from an increase in
viscosity in mole fractions from 0.3-0.4 of DMSO in the DMSO/water mix.*> Most recently
Raman scattering experiments and DFT calculations were used to analyze structural features of

DMSO and water mixtures focusing on the S=O stretching region at ~1045cm™. Upon dilution,

12



the smaller the DMSO mole fraction, an additional peak was observed at ~1017cm™ due to the
hydrogen bonding of DMSO to water. Due to the stretching of the dimeric S=O mode at 0.1
DMSO mole fraction it was determined that even at low concentrations DMSO still exists as a
dimer. The blue shifting of the C-H shifting region was also attributed to the hydrogen

bonding.*®
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CHAPTER 5
RAMAN SPECTROSCOPIC AND COMPUTATIONAL ANALYSIS OF THE

EFFECTS OF NONCOVALENT INTERACTIONS ON DMSO

5.1 INTRODUCTION

The anomalous properties of DMSO/water mixtures have been the subject of a large
number of studies. It has been previously established that the reason for the unique properties of
such solutions lies in the formation of strong hydrogen bonds between water and DMSO.
Despite the many studies there is still no clear picture of the structure of DMSO in the water
mixture. When a DMSO/water mixture is formed there is great increase in temperature of the
solution. This suggests a significant perturbation of water’s hydrogen bond network due to
interactions with DMSO. While the S=0 and the C-H stretching regions have been analyzed this

research will look at the spectra from 200 cm™ to 1800 cm™.

5.2 EXPERIMENTAL AND COMPUTATIONAL PROCEDURES

Purified Dried DMSO and purified water obtained from a NANOpure Diamond machine
were used to create the DMSO/water mixtures. The spectra were obtained using a Jobin-Yvon
Ramanor HG2-S Raman spectrometer with a scan speed of 1 cm™/s. Molecules were excited via
a SpectraPhysics Kr+/Ar+ laser using the 514.5 nm line. DMSO/water mixtures were formed at

7 different mole fractions of DMSO (x=0.9,0.66,0.5,0.4,0.2,0.1).

14



5.3 RESULTS

Figure 5.1 depicts the experimental Raman spectra of DMSO at x=0.1, 0.2, 0.4, 0.5, 0.66,
0.9, DMSO, and water. Spectra was obtained from 200 cm™— 1800 cm™. As can be seen in the
figure there are several red and blue shifts present. Figure 5.2 shows an enhanced visual of the
spectra obtained. As the concentration of DMSO is decreased the magnitudes of the spectral

shifts increase.
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Figure 5.1 Experimental Raman spectra at different mole fractions ()
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Figure 5.2 Experimental Raman spectra of select normal modes

Figures 5.3-5.6 show optimized molecular geometries for a monomer of DMSO
hydrogen bonding to water molecules. As can be seen in Figure 5.6, DMSO is an acceptor to

both water molecules in the formation of the hydrogen bonds.

Figure 5.3 DMSO optimized molecular structure (Cs symmetry)

16



Figure 5.4 DMSO 1W-A molecule optimized molecular structure (Cs symmetry)

Figure 5.5 DMSO 1W-B molecule optimized molecular structure (Cs symmetry)

17



Figure 5.6 DMSO 2W-A optimized molecular structure (Cs symmetry)

Struct Energy E.. Z(:,Ero Point c ZPEt . E,° REeIative
ructure (hartrees)  (kcal/mole) (har:'i:ggs) (hoarrrt?’((:aees) (kcal/mole) (kc;l?rrngcille)
DMSO  -553.301445 - 0.079017 -553.222428 - -
Water -76.463541 - 0.021350 -76.442191 - -
1W-A -629.778317 8.4 0.103742 -629.674575 6.2 0.0
1W-B -629.769330 2.7 0.102226 -629.667104 1.6 4.7
2W-A -706.245928 10.9 0.126621 -706.119307 7.8 -

Table 5.1 Computed Energies, Interaction Energies (Eint), Zero Point Energies (ZPE), ZPE

Corrected Energies, ZPE Corrected Interaction Energies (Ein°), and Relative Energetics of

DMSO/Water Molecular Clusters.

Figures 5.7 and 5.8 show the theoretical Raman spectra of DMSO/water mixtures for the

optimized geometries considered here.

As shown in the figures, the same shifts that occur

18



experimentally also reproduced theoretically. This can be more clearly seen in Figure 5.9 which

suggests that the experiment can be described by the theoretical models considered here.
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Figure 5.7 Theoretical Raman spectra of optimized molecular structures
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Figure 5.8 Theoretical Raman spectra of selected normal modes
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Figure 5.9 Comparison of the experimental and theoretical Raman spectra of DMSO/water
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5.4 DISCUSSION

Overall, theory and experiment agree very well, suggesting that the hydrogen bonding of
just one water molecule to DMSO’s oxygen atom is sufficient to describe the important
electronic and structural interactions at play. Table 5.2 summarizes the experimental and
theoretical shifts observed here. Poor absolute agreement in DMSO’s S-C stretching modes is
likely due to DMSO - DMSO interactions, which are not considered here. Red and blue are terms
commonly used in literature to explain a shift to lower wavenumbers (red) or to higher
wavenumbers (blue). There are a number of noticeable red and blue shifts apparent in DMSO’s
Raman spectrum. The largest shift is a red shift of -30 cm™ in DMSO’s S=O stretching mode
(vao) centered at 1045 cm™. This agrees well with earlier studies of this mode and predictions

from theory.'®

Earlier investigations attributed this peak to several complex DMSO/water
structures. Here, the 30 cm™ shift is recovered very well by the 1W-A structure, which predicts a

shift of 31 cm™.

Mode"’ Original location(cm™) Max shift (cm™)  1W-A shift (cm™)
V12 308 -1 +5
Vo3 335 +5 +4
Vit 384 +10 +20
Vio 670 +9 +7
V22 700 +14 +15
Vg 955 -2 +10
Va0 1045 -30 -31
Ve 1308 +10 +13
vi17 & Vs 1419 -1 +4

Table 5.2 Maximum Experimental Shifts of Selected Normal Modes of DMSO in

Aqueous Solution Compared to Shift Observed in the 1W-A Structure

21



DMSO also exhibits several blue shifts. The largest blue shift is +14 cm™ in DMSO’s S-
C asymmetric stretching mode (v2,) centered at 700 cm™. This blue shift is also recovered very
well by the IW-A structure, which predicts a shift of 15 cm™. A blue shift of +5 cm™ is apparent
in DMSO’s C-S-O bending mode (v,3) centered at 335 cm™. Theory predicts this shift to be 4
cm™. A blue shift of +10 cm™ in DMSO’s deformation mode (vi;) centered at 384 cm™
compared to a predicted shift of 20 cm™. The poor agreement in the case of this mode is likely
due to not considering effects of DMSO dimer interactions. A blue shift of +9 cm™ in DMSO’s
symmetric S-C stretching mode (v10) centered at 670 cm™ agrees well with the predicted shift of
+7 cm™. A blue shift of +10 cm™ in DMSO’s CH; wagging mode (ve) centered at 1308 cm™ also
agrees well with the predicted shift of +13 cm™. Interestingly, only very small shifts were
observed in DMSO’s CSC bending mode (vi2) at 308 cm™ and the overlapped CH bending
modes (vi; & vs) centered at 1419 cm™. When forming the 1W-A complex, the S=O bond
length in DMSO changed from 1.49576 to 1.50936 Angstroms. This lengthening is believed to
be due to an electron density transfer due to the hydrogen bonding of the water molecule to
DMSO. The large blue shifts, however, also have an additional origin. The large +14 cm™ shift

in vo2 is likely due to the fact that this mode in the 1W-A complex is strongly coupled to a water

wagging motion of the hydrogen bound proton.

5.5 CONCLUSIONS

The effects of hydrogen bonding by water on DMSO’s normal modes can be adequately
reproduced by the addition of just one water molecule. This includes the large red shift of -30

cm™ in DMSO’s S=O stretching mode (v20) and the large blue shift of +14 cm™ in DMSO’s S-C

22



asymmetric stretching mode (v22). In both cases, a theoretical structure of DMSO and one
hydrogen bound water molecule reproduces experimental results to within 1 cm™.  The reasons
for these two shifts, however, have different origins. In the case of the large red shift, electron
density reorganization lengthens the S=O bond, which leads to the red shift. In the case of vy,
strong coupling of a large amplitude motion of the water molecule to the mode leads to the large

blue shift.
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