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Solutions

H. C. Allen,' D. E. Gragsonf and G. L. Richmond*
Department of Chemistry, Usrsity of Oregon, Eugene, Oregon 97403
Receied: April 28, 1998; In Final Form: Neember 20, 1998

Surface vibrational sum frequency generation (VSFG) spectroscopy complemented with surface tension
measurements has been utilized to probe the air/ dimethyl sulfoxide (DMSO) interface as a function of DMSO
concentration in water. For the neat DMSO surface, the DMSO methyl groups extend away from the liquid
phase and VSFG polarization studies show that the methyl transition dipole moments of pure DMSO are on
average oriented a maximum of 55om the surface normal. A blue shift of the methyl symmetric stretch

is observed with decreasing DMSO concentration and attributed to an electronic interaction between the
sulfur and the methyl groups of DMSO. From surface tension data of the aqueous DMSO system, it is shown
that DMSO number densities are higher at the surface of DM&@ter solutions relative to bulk DMSO
concentrations revealing surface partitioning effects. Structural changes of surface DMSO are discussed in
terms of monomers, dimers, and clusters which could account for the large differences in VSFG intensities
and surface number densities. From surface tension measurements and utilizing DMSO adi8figds
calculated to be-19.8 @0.4) kJ/mol.

Introduction aerosol phas# Dependent on relative humidity and aerosol
] ) .. number densities, atmospheric partitioning of DMSO from the

The study of dimethyl sulfoxide (DMSO) adsorbed ataliquid g55 phase to the aqueous phase is likely to occur due to its
surface has relevance to a broad range of topics in environmentajs ge Henry's law constant (9.9 10* mol kg-! atn )13 and
and medicinal science. Understanding the surface adsorptionyass accommodation coefficient of 0.10 (at 273 as-phase
and surface partitioning properties of DMSO is important since agsorption of a species such as dimethyl sulfoxide is the first
DMSO is an intermediate in the atmospheric oxidation of gte hefore absorption into bulk solutiéh.Consequently,
dimethyl sulfide (DMS)."® DMSO is also important because  gy,dying the properties of the air/DMS@vater interface and
of its utilization in a broad range of applications in medictne. e surface partitioning of DMSO in water has relevancy.
DMSO easily penetrates biological membranes, facilitates |, this study we examine the molecular structure of DMSO
chemical tansport into biological tissue and is well-known for o+ e neat liquid DMSO surface and at the surface of aqueous

its cry'oprote.ctive effects on biological syst?rﬁsiﬁ Also well solutions of varying bulk concentrations of DMSO. There have
established is the use of DMSO as an antiinflammatory agenty .., very few studies exploring DMSO at a liquid surface in

which commonly h_as been use_d fo_r arthritic and't'émso contrast to the many bulk liquid studies. Recently, Dabkowski
hag also been utilized as an in situ free rqdlcal scavenger for ¢ 5116 ang Karpovich and RaJ have investigated the surface
various cancer t(eatmer?tihe unique properties of DMSO also 4t the aqueous DMSO system at low concentrations.Q7
give rise to its wide use as a solvent. Solvent properties of bulk H\iso mole fraction) using surface tension and second

DMSO have been exploited for several decades, and itSpgmonic generation (SHG), respectively. Their studies show
applications span many areas of science. evidence for surface partitioning of DMSO at an aqueous
Recently, the importance of studying aqueous DMSO surfacessyrface. The studies presented here are focused explicitly on
has become more apparent. Oceanic DMS, the dominant sourc@xamining DMSO at the solution surface by VSFG. Similar to
of atmospheric sulfur in the southern hemisph€rexidizesin ~ SHG and surface tension measurements, VSFG is surface
the atmosphere to intermediates such as DMSO and eventuallyselective. However, VSFG also provides information about the
forms methanesulfonic acid (MSA) and sulfuric acid. Neither molecular structure of an adsorbate which is inherent in any
DMS oxidation mechanisms nor the role of DMSO in such type of vibrational spectroscopy. The combination of this
processes is completely understddtmospheric measurements  powerful surface specific spectroscopic techni§u® with
of MSA have revealed that high MSA particle concentrations syrface tension measurements allows us to provide valuable
coexist with lower than expected MSA gas-phase concentra-jnformation which may have important implications for chem-
tions**12In addition, the aqueous phase in-cloud oxidation of istry at the surface of atmospheric aerosols and at interfaces of
DMSO to form MSA is inferred from recent modeling studies pjplogical significance.
in which DMSO appears to be the major source of MSA inthe  puch is known about the unique properties of DMSO in a
bulk liquid. DMSO has a pyramidal structure with sulfur at the
* To whom correspondence should be addressed. apex where the €S—C bond angle is~ 96.4, the O-S—C
;%Olitg;lcéor:g'nfeé'!OVL‘J’(‘;CKRth\?iS’#ﬁAASggsttg?‘g?ga'r;nggram in Climate  ong angle is~106.7, C—S bond length is 1.8 A, and-S0
ik Current addregs; Department ofgChemistry anngiochémistry, California 1.5 A. Two resonance structures can be drawn for DMSO where
Polytechnic State University, San Luis Obispo, CA 93407. the S-O bond order is~1.5. The dipole moment is 4.11 D for
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neat DMSC® The high capacity of DMSO for solvating both  were used in the DMSO studies presented.
polar and nonpolar molecules, in addition to DMSO dimer

formation in solution, has been well documentéd2? The losp 0 IR i, 21 (3a)
strong interactions between DMSO and water also disallow the
convenience of assuming ideality of the aqueous solution. lps IFf fiXizi(2)|2 (3b)

Therefore, activities rather than mole fractions should be used
when interpreting raw data. The electron donating and accepting @2
capacity by the sulfur and the oxygen give DMSO both its acid lpssU F Az (3c)
and basic characteristics. It has been termed as a supersolvent
and has been documented as a rate accelerator for certain I, Ay, @ 4 Fiffy, @ 4+ Fify, @+ Fffy, @)
reactions (3d)
The affinity for DMSO to bond with itself has been reported
for a number of bulk liquid systems. DMSO has been found to
exist as chainlike aggregates in solution. It has also been
postulated that at high DMSO concentrations an equilibrium
exists between chainlike and ringlike aggreg&tislicative of
self-association characteristics, frequency shifts shown in spec-
troscopic studies are well documented for bulk DMS@ater
systems:23 In addition, DMSO molecules may form clusters
which protect HO molecules from the hydrophobic DMSO
methyl groups. At high concentration in benzene, DMSO has
been shown to form chain polymers. In 06830 M DMSO
in carbon tetrachloride solutions, DMSO forms dim&dhe
S—0O bond entity may be aligned with the- bond of an
adjacent molecule (i.e., cyclic dimer), revealing strong self-
association characteristics. DMSO self-association was studie
in acetonitrile solutions from 0 to 14.04 DMSO mot L At

The subscripts ssp on the intensitglenote the sum, visible,
and infrared polarizations, respectively. The subsérijgnotes

the x or y polarizations and thé= and f are the Fresnel
coefficients for the reflected and incident waves, respectively.
In order for a surface to be sum frequency active, the vibrational
modes must be both Raman and IR active. The different
polarization combinations are sensitive to the direction of the
IR and Raman transition moments, where the ppp polarization
combination records all components of the resonant vibrational
mode.

To estimate the orientations of the neat DMSO;Gjfoup
dipole transition moments at the air/fDMSO interface, the
approach presented by Eisenthal and co-wofkeras em-
OIponed. The final equation from which orientation is determined

DMSO concentrations approaching 5 motllin acetonitrile, @ \ 112

spectroscopic studies show that 50% of the DMSO molecules 0 = arc co Yoz~ 1+ R|L-R )

are in the cyclic dimer formation relative to the monomer f&tm. % @ 1- R} 2R

The self-association properties may have relevance on the X

heterogeneous chemistry of DMSO at an interface. wheref is assumed to have a delta function distribution and is

VSFG Background. Surface vibrational sum frequency an average angle of all azimuthal angles of the; @8insition
generation spectroscopy has been employed in this study togipole moment relative to the surface. Physicaflyepresents
prObe the surface of agueous DMSO solutions. VSFG is a the angle between tmy axes of the Cb{groups and the surface
surface-specific nonlinear optical technique that has been usethormal.R is the molecular hyperpolarizability ratio. The ratio
extensively in the study of surfaces and interfaces and which is of .. £2) to ,,{2) is rearranged using eqs 3a and 3b and is shown
sensitive to surface number density, Orientation, and Raman anqn eq 5. From previous sum frequency experiments on the
infrared transition probabilities. The theory has been well geyterated methyl group of GOCH,)1sCN, this ratio which

developed~2**9Therefore only a brief summary is given here.  getermines the phase of the hydrophobic methyl group, was
The intensity lsig, of the VSFG signal is proportional to the  experimentally found to be negatiée.

square of the surface nonlinear susceptibijit?) which is a

function of the sum frequencysfig=awvis+wir) generated from XD FEf Nl

a noncentrosymmetric media. S Er AL (5)
XXZX s's'p sps

loig 0 IPeigl® O lne® + Y e D171, (1)
sfo sfe NR Z R e The Fresnel coefficients for each of the three fields are calculated

utilizing the angles of the reflected and incident laser beams.
Pstg is the nonlinear second-order polarizatidn,is the phase  In addition,R from eq 4 can be simplified from the molecular
factor, and;s andl;; are the intensities for the incident visible  hyperpolarizability ratio to being related to the Raman depo-
and infrared beams. The resonant terrri? dominates when Jarization. If the transition is completely symmetric this ratio is
the infrared frequency is resonant with a vibrational mode of a defined as
molecule at the surface or interface and is proportional to the
number density of orientationally averaged molecules. Whereas R— (Q - 1) Q= ’§(} _ ﬂ)]yz ©)
the nonresonant terpr@ is negligible. The surface suscep- Q+2 50 3
tibility is a 27 element tensor and can be reduced to a few ) o )
nonvanishing elements by invoking symmetry constraints. Whered is the Raman depolarization ratio. The valuedot

Assuming an isotropic surface in the surface plag® reduces ~ 0.03 from DMSO Raman studies completed by Forel and
to four independent nonzero elements Tranquille’® was used for these calculations.

() @_. @ 2) _ Experimental Section

Xzzz v Xxxz = nyz d szx( - Xyzy(z)’ szx(2) =Xzyy(2) (2)

The laser system utilized for these VSFG studies consists of
where z is defined as normal to the surface. These four a Ti:sapphire regenerative amplifier system that pumps a two-
nonreducible elements contribute to the VSFG intensity. The stage optical parametric amplifier (OPA). The two stage
first two polarization combinations of the four shown below amplifier is also seeded with a portion<{1.6 um) of white
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TABLE 1: DMSO Mole Fractions, Activities, Weight
Fractions, and Molarities

solution surface DMSO DMSO DMSO DMSO

PMT 300nm mole fraction activity weight fraction molarity

— @ 'Y > 0.015 0.001 0.06 0.8

clay f——3p = 0.044 0.003 0.17 2.1

0.060 0.005 0.22 2.8

KTp OPAsystem . KTP 0.090 0.009 0.30 4.0

0.15 0.02 0.43 5.8

: : 0.20 0.04 0.52 7.0

grating \ 0.34 0.16 0.69 9.4

generation 0.42 0.26 0.76 10.4

dela 0.50 0.37 0.81 11.3

0.63 0.56 0.88 12.3

&%' < 0.71 0.67 0.91 128

m_ﬁ 0.83 0.82 0.95 13.4

delay 0.91 0.90 0.98 13.7
1.0 1.0 1.0

Spectral bandwidth for this system is 17 chiwhm. Data points
were obtained every 0.00Zm (~1 cml). For the DMSO
experiments, the laser spot size diameter for the 800 nm beam
was~1 mm and~0.3 mm for the infrared beam, and the beam
energies were typically 200 and #&J, respectively. At the
interface, the infrared beam was focused at the sample surface
using a 15 cm focal length lens. To avoid solution perturbation
in the high DMSO concentration regime, the 800 nm beam was
focused 3.5 cm before the sample using a 55 cm focal length
lens. Saturation of the surface oscillators was avoided by
lowering the incident beam intensities to check that the VSFG
signal intensity for the vibrational modes to be studied also
decreased accordingly. Between spectra acquisitions of varying
Figure 1. Surface vibratioqal sum frequency laser setup utilized for DMSO concentration, VSFG spectra of pure DMSO were
DMSO spectroscopy experiments. Two laser beams (800 nm and 2.4 acquired. These spectra were used as an additional calibration
4.0um infrared) are overlapped on the DMS@ater surface, and the 1 onitor variations in laser intensity. Spectral peaks were fit

reflected nonlinear sum frequency is detected by a photomultiplier tube . o . - !
(or CCD camera) after spatial, temporal, and frequency filtering. using a combination of Gaussiahorentzian functions. VSFG
spectra were typically acquired at 222) °C.

light continuum generated from pumping ethylene glycol with "€ Wilhelmy plate method was utilized to measure the
a portion of the 800 nm beam. The VSFG laser system hassurfac_e tension of the DMSO and Wz_alter solutions. _The_ Wllhe_lmy
been described in detail elsewh&¥&ome of the DMSO VSFG  Plate is a carefully sandblasted platinum plate which is partially
spectra were obtained after the Ti:sapphire regenerative amplifierP'aced in the agueous solution at the air/liquid interface. The
had been upgraded to incorporate a second Ti:sapphire amplifierSUrface tension is dependent on the downward force that is
system. This upgrade has more than doubled the available lasef*€red by the plate and is measured using an electrobalance
power in both the 800 nm beam and the infrared beam. The (KSV Instruments). Free energy of adsorption was calculated
system produces 1.9 ps pulses at a repetition rate of 1 kHz.Ulilizing the Gibbs equation followed by employment of
Most spectra were obtained undsgy Sis Py polarization Langmuir isotherm equations for both the surface tension and
conditions which couples with the vibrational mode components YSFG data. All VSFG and surface tension measurements (21
that are perpendicular to the plane of the interfag.Pyis Sr C), were obtained from containers open to the atmosphere. The
polarization studies were also completed to identify the surface €Xcellent agreement for the surface tension measurements with
bond orientations. A diagram of the VSFG system is shown in other published dat@indicate that the surface environment is
Figure 1. not significantly sensitive to an open versus closed (in equilib-

Two collinear laser beams generated from the same laserUm) .systemlfor aqueous DMSO, solutions. Dimethyl sulfoxide,
system, 800 nm and tunable infrared (240 um), are chemical purity 99.9%, was obtained from Aldrich. HPLC water

overlapped at the air/DMS©water interface. The sum of the ~ Was obtained from Mallinckrodt.
two frequencies is produced at the interface. Thus, the reflected
800 nm, reflected infrared beam, and the sum frequency beam
propagate away from the interface in a defined direction. The  Nonideality of the aqueous DMSO solutions results in large
three beams are separated spatially according to momentundiscrepancies between mole fractions and the corresponding
conservation requirements and the sum frequency signal iscalculated activities, particularly at low solute concentra-
detected with a photomultiplier detector (or CCD camera) after tions?31.32Therefore in the data interpretation to follow, both
further filtering. To obtain a vibrational spectrum, the tunable activities and mole fractions are employed. DMSO mole
infrared beam is scanned over the240 um range, and the  fractions, weight fractions, molarities, and the corresponding
signal detected is coordinated in time with the infrared activities-3! are shown in Table 1. Weight fractions and
wavelength produced in the two stage amplifier by angle tuning molarities are given for ease of comparison with other published
of the nonlinear crystals (KTP). The wavelength calibration is results.

completed by peak wavelength comparison from a pentade- Figure 2 shows sum frequency vibrational spectra (ssp
canoic acid monolayer standard and use of a monochromator.polarizations) of DMSO at the air/liquid interface at different

/t Ti/Sapphire Mira

Results and Discussion
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mole fractions of DMSO in the bulk solution. In the spectrum
of the neat DMSO surface, the peak at 2983 5) cnt (blue
shifted to 29104 0.5) cn1 at lower mole fractions) is assigned
to the CH symmetric stretch (Ck+SS). The VSFG Ck-SS
peak dominates the spectrum in the range of 2750 to 3156.cm
The shoulder at 2890 crhand the tail to the red of the shoulder
are assigned to overtones of the degenerate @&dformation
modes of DMSO which exist in the 1460450 cn1? region33
One might attribute the asymmetry on the high energy side of .
the CH—SS to an additional weak mode, but further studies o . .
are necessary to verify this. The @HSS peak is shown to 0.1 0 .8 -6 -4 -2 o 2
decrease in intensity with decreasing DMSO concentrations. In In (a,,.)
addition to _the changg in VSFG int.ensity with decreasing DMSO Fiqure 3. (a) DMSO surface tension and pressurell) measure-
concentration, there is a blue Sh.lft qf the £+8S from 2903 mgnts. (b) (AZJ|0t of DMSO surface prgsIsure vgrsus theun)atural logarithm
t0 2910 (£ 0.5) cnm. The spectra in Figure 2 are the first VSFG ot the DMSO activity.
studies for surface DMSO from neat and aqueous DMSO
solutions to be published. To analyze the amount of DMSO at the surface, surface

Our studies show that the GHSS of DMSO at the neat  tension measurements were conducted and the results are shown
DMSO surface occurs at 2903 cfnand is significantly red in Figure 3a. The surface tensigrof pure DMSO is 45 mN/m
shifted from this mode examined in bulk Raman and infrared and that of pure water is 73 mN/m. All measurements obtained
DMSO studies. Previous studies of bulk liqguid DMSO show agree well with previously published surface tension data over
the DMSO methyl symmetric stretch at 29%4and 2915 the full concentration rang®® In addition, Figure 3a shows
cm~133 (infrared and Raman, respectively), and gas-phase the surface pressure measuremditésurface tension of pure
infrared studies show the GHSS at 2908 cmt.28 We attribute water minus the surface tension of the solution measured) as a
this shift to an increased interaction between the lone pair of function of DMSO activity. Figure 3b is a plot of surface
electrons from the sulfur and the CH bonds from the methyl pressurdl versus the natural logarithm of DMSO activity. By
groups which can result in a significant red shift as shown from utilizing the Gibbs equation, the derivative of the surface
previous bulk studies of oxygen, nitrogen, and sulfur linkages pressure with respect to the change in the natural logarithm of
to methyl groups$#-37” Crowding of the hydrophobic methyl  the DMSO activity is derived and the resulting DMSO surface
groups of neat DMSO at the surface may help to stabilize theseexcesdI" is calculated from eq 7
electronic effects leading to the observed red shift from the
CH3—SS for surface DMSO relative to what is found from bulk r= iT( dIt ) @)

O/ T

N
(=]
T
L

Surface Pressure, [1
(mN/m)
- —
(-3 (%}
3 I
°
I Il

DMSO Raman and IR studies. kT\d In agys
An orientation study of the methyl groups symmetry axes of

DMSO relative to the surface normal for pure DMSO at the Wwherell is the surface pressurk,is the Boltzmann constant,

neat air/DMSO interface was completed by employing the Tis the temperature, arbvso is the DMSO activity?® Figure

methods discussed above (egs6} and utilizing both ssp and 4 shows the surface excess as a function of activity. Figure 5

sps polarization spectra results. For pure DMSO solutions, a shows a plot of the surface area occupied per DMSO molecule

methyl group maximum tilt angle of 8%rom the surface normal ~ which is the reciprocal of the surface excdssdded to the

was determined from VSFG spectral peak intensities and shouldtwo-dimensional bulk number density versus DMSO activity.

be taken as an upper limit due to error propagation from the The surface area calculation is shown in eq 8.

background intensity levels. Weak signal intensities from sps

spectroscopy studies are typiéaland for the DMSO studies, DMSO surface arez 1 (8)

the CH—SS sps signal intensities were below our background T + Xomso(Pomso) ™

signal levels, resulting in the indicated large uncertainty in the

angle measurement. Nevertheless, the ratlgsgio | spsallowed The DMSO surface area is the area occupied by a DMSO

a maximum tilt angle to be calculated. molecule on the solution surfac&puso is the DMSO mole
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E 2 . interpreting such trends it is important to note that several factors
g~ ! can influence the observed intensity. Since the SFG response
L%100 ¢ 7 is proportional to the square root of the number density, a change
< - e . . L .
99 . 0‘ in the number density of molecules or contributing oscillators
] I at the solution surface will alter the observed VSFG intensity.
o L4 X X . .
3L 5 O . ] Second, since we are probing the surface with infrared that is
-~ e e o, o polarized perpendicular to the surface, a change in the molecular
C0 s orientation along the surface normal will be reflected in the
0 | | | | | L H H .
o 0.2 0.4 06 0.8 1 Intensity

Figure 6 shows a plot of the square root of the integrated
VSFG intensity measured from the methyl peak areas as a
Figure 5. Surface area occupied by DMSO as a function of DMSO  fynction of bulk DMSO activities. Intensities were derived from
activity. curve fits to the spectra. The square root of the integrated peak

) . . . areas are normalized to a DMSO activity of 1.0. The data shows
fraction, andopwmso is the bulk density of DMSO (after partial 5 gharp rise in surface VSFG intensity as the DMSO bulk
molar volume corrections). At DMSO surface saturation, each ¢oncentration increases. At approximately 0.2 DMSO activity
DMSO entity occupies a surface area of 19 hich corre- (Xomso ~ 0.4), the VSFG intensity plateaus, and from 0.3 to
sponds to 5.3x 10" molecules cm? Our results agree 1 g activity the integrated intensity is relatively constant. Also
reasonably well with the projected area of 23 derived from shown in Figure 6 are the DMSO surface number densities
DMSO molecular volume$: Since the methyl groups extend  genominator in eq 8) derived from the surface tension data
out of the liquid phase rather than the sulfur, one would expect 5,4 bulk number density.
the area per DMSO to be smaller than the projected area in A comparison of the VSFG and the surface tension data both
which sulfur is at the apex of the pyramidal structure. In ghown in Figure 6 reveals that the square root of the VSFG
addition, crowding at the surface, as is suggested by the observeg.ensity does not track with the surface number density. We
spectral shifts, may account for smaller surface areas occupiedyihyte the larger increase in VSFG intensity relative to the
per DMSO molecule at the neat air/liquid interface. The surface g, r5ce density to a reorientation of surface DMSO as the surface
area occupied by DMSO gradually increases, and in the limit oncentration increases as discussed more below.
of Iow_concentrationfO.lS activity), a steep increase in area Accompanying this large increase in intensity with surface
occupied by DMSO s observed. A relatively constant surface oncentration is a corresponding shift in methyl stretching
area of 40 /X to 19 A2 is observed from 0.15 0 1.0 DMSO  frequency. Referring to Figures 2 and 7, the VSFG data shows
activity. Th|s_ _relgtlvely constant su_rfa_ce area indicates that that the methyl symmetric stretch gradually blue shifts from
surface partitioning and self-association of DMSO may be 2903 g 2910 cmt with decreasing concentration. We attribute
significant factors affecting the surface structure of DMSO at s shift to a decrease in the electronic interaction between the
the air/liquid interface. sulfur and the methyl group as the surface concentration of

For DMSO, one might expect that the surface concentration pMSO molecules decreases. The frequency shift is indicative
would be mirrored by the bulk concentration. However, this is of changing intermolecular interactions involving DMSO self-
clearly not the case as surface partitioning is occurring to a large association and DMSO association with water. With decreasing
extent throughout the concentration range examined here aspMSO concentrations, the reduced crowding at the surface and
shown in the surface excess (Figure 4) and the surface aregncreased DMS©water interaction may help to destabilize the
(Figure 5) plots. Even at low concentrations there exists a large sulfur and methyl electronic interaction thereby allowing a
surface excess compared to the bulk concentration as shown ingradual blue shift to occur. It is interesting that the £1$S
the surface excess studies consistent with recent studiesrequency at the lowest concentration as measured here blue
conducted by Dabkowski et #.and Karpovich and Ray. shift in the direction toward the 2908 cthgas phase and the

Interesting trends are also observed in the spectroscopic2915-2914 cnt?® bulk neat liquid measurements for this mode
measurements conducted at different DMSO concentrations. Inby infrared and Raman.

DMSO activity
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Similar to the CH—SS blue shift that we observe with
decreasing concentration, Forel and Trangtiilidso observed
a CH;—SS blue shift with decreasing DMSO concentration in
carbon tetrachloride solutions utilizing infrared spectroscopy.
Previously, the vibrational frequency for the-8 stretching
mode of DMSO was shown to shift from 1046 to 1013¢m
(A33 cntt red shift) from neat DMSO to dilute DMS©water
solutions respectively, due to solvent effetts. addition, red

shifts from Raman spectra have been recorded by Scherer e

al23 for vp, v4, and thew,, (OH bonded, HO dibonded, OH
weakly bonded, respectively) modes afdHgoing from DMSO-
rich solutions to dilute DMSO in water solutions.

An important factor in understanding the intermolecular
interactions of DMSO at the surface is the fact that DMSO has
a strong affinity for self-association. Also well established is
the nonideal behavior of DMSO in aqueous solutions. Strong
interactions of DMSO with water is suggestive of cluster
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with the ratio declining rapidly up t&Xpuso = 0.20 and more
gradually beyond. There are several factors that could be
responsible for this abrupt change in surface DMSO structure
and orientation with concentration, the most likely being
aggregation of DMSO molecules at the surface. Such aggrega-
tion to form dimers or higher order clusters is also consistent
with the large surface number density found in the surface
tension data at these concentrations. The large surface number
density is then accounted for from the DMSO aggregates that
might contribute minimally to the net VSFG signal intensity
due to cancelation of the opposing orientations of the methyl
groups relative to the surface normal. Consistent with this
picture, a complex surface mixture of DMSO monomers and
aggregates exists which may be influenced by surface steric
effects and competing attractions between DMSO with itself
and with water. The observed asymmetry of the;€8S peak
shown in Figure 2 could be attributed to surface monomers as
mentioned above. The observed shift away from this possible
mode with increasing DMSO concentration is suggestive of a
molecular environment in which DMSO may aggregate which
is consistent with a decrease in the ratio shown in Figure 8 at
DMSO concentrations higher than 0.15 mole fraction. Additional
VSFG and possibly SHG studies are warranted to help decon-
volute and identify the complex mixtures of surface DMSO
aggregates as a function of concentration.

From the surface number calculations from surface tension
data at low DMSO activities<0.006) and utilizing Langmuir
isotherm equations, the free energy of adsorpthd®gs is
calculated to be-19.8  0.4) kJ/mol. If one uses VSFG
measurements as a means of measukiGf,ys a value of-15
kJ/mol is obtained. However, as noted above, the VSFG
intensity measurements at lower concentrations could be
complicated by adsorbate orientation effects.

Previous studies have utilized mole fractions when calculating
thermodynamic parameters such/&%qsfor DMSO aqueous
solutions. For an ideal solution this is appropriate. However,
as discussed above, DMSO and water interact strongly and
mixtures form nonideal solutions particularly in the low
concentration regime. Therefore it is more appropriate to utilize

MSO activities. For comparison to other published data, we

ave also calculated th&G%ys for DMSO aqueous solutions
using mole fractions from surface tension data rather than
activities. This revealed a smaller absolute value for the free
energy of adsorption;-13 kJ/mol. Also utilizing DMSO mole
fractions and surface tension data, Dabkowski €t and
Karpovich and Ray’ published aAG%gs0of —9.8 and—11.8
(o = 1.2) kd/mol, respectively, for the DMS@vater system.
Due to nonideality of the DMS©water system, utilizing

aggregation of DMSO in aqueous solutions where the hydro- DMSO activities and surface tension data, we believe a more
phobic methyl groups protect themselves from the polar water accurateAGgsfor DMSO based on activities is19.8 @ 0.4)

molecules. This type of association at high DMSO bulk

kJd/mol.

concentrations has been postulated from thermodynamic stud- The Langmuir isotherm equation utilized for the free energy

ies’ Such self-association could be playing a significant role
in the observed change in DMSO orientation with concentration.

To shed further light on the changing environment of surface
DMSO as a function of surface concentration, Figure 8 is a
plot of the ratio of the VSFG intensity and the surface number
density as a function of bulk DMSO mole fraction. The largest

changes in this ratio are observed at low concentrations below

Xpmso = 0.15 which we attribute to reorientation of the methyl

group toward a more perpendicular orientation with the surface

of adsorption calculations is shown belé%.

m b
— s b
baDMSO m_ K= Amso Bwater

b

- (9a,b)
a'Water aDMSO

Opuso=
m b
BaDMSO +1

Opwmso is the fractional surface coverage of DMSIQis the

normal. This is also the concentration region where the largestequilibrium constant for DMSO adsorption in competition with

change in DMSO surface area is occurring (see Figure 5).

BeyondXpmso = 0.15 an abrupt change in the ratio is observed

water to the surface from the bulk, aatandaP are the activities
for the surface and the bulk, respectively. By fitting a line with
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0.032 F - 0,0020889 + 6.0231x e 0.0048 | tion st_udy over _the full DM_SO concentration range at the air/
0028 | ] liquid interface is planned in the future to hglp elucidate the
derived from complex DMSO structural changes that are inferred from the
0.024 I surface tension data E VSFG studies presented here.
0.02 | ]
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