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The structure and hydrogen bonding of water molecules provides this unique solvent with properties essential
to many physical, chemical, and biological processes. The intermolecular hydrogen bonding between water
molecules in the bulk medium is disrupted at the surface, imparting the surface with unique structural and
thermodynamic properties. We provide an overview of a range of experimental studies from this laboratory
in which the structure, orientation, and hydrogen bonding of interfacial water molecules at liquid interfaces
are directly probed by resonant vibrational sum frequency spectroscopy. The studies provide insight into the
difference in water structure and hydrogen bonding at an air/water interface relative to the interface between
two bulk immiscible liquids, namely the CZH,O interface. Also described are studies aimed at understanding
how the presence of a charged alkyl surfactant alters the structure of water at these two interfaces. In both
cases field-induced alignment of water molecules in the double layer region is prevalent. This induced
alignment has been examined under a variety of experimental conditions. A series of isotopic dilution studies
conducted for the first time at liquid surfaces are also described. In these studies the intermolecular and
intramolecular coupling of vibrational modes in the water molecules are diminished. The results of these
and above-mentioned studies provide valuable information for those interested in developing theoretical
descriptions of water at surfaces and interfaces.

A. Introduction of how the molecular structure and hydrogen bonding of water
. . . . molecules can lead to such interesting surface properties for

Wat_er IS th_e fo_undatlon for eve_rythlng thaF lives. ngr the_ water, it is only with recent advances in molecular dynamics
centuries, scientists have been interested in the r6|at'°n5h'pcalculations and experimental methods that we are beginning

betweep the molecu'lar structurg of water and its UNIQUE ) nderstand how the molecular structure of surface water is
properties. These unique properties are central to the function . S .
perturbed by an adjacent immiscible liquid phase or by the

of many chemical, physical, and biological processddany resence of surfactants. ions. and adsorbates
of these processes occur at water or aqueous surfaces WherB ’ ! :

the strong hydrogen bonding between water molecules leads to  ©ngoing experiments in this laboratory over the past few
distinctly different thermodynamic properties, such as a rela- Y&ars have focused on measuring the molecular structure and
tively high surface tension, a relatively low vapor pressure, and bonding interactions at aqueous surfaces and interfaééthe
a high heat of vaporization. Although we have a general idea €xperiments are driven by a desire to understand the correlation
between the macroscopic properties of the surface and the
t Current address: Department of Chemistry, Harvey Mudd College, 301 MiCroscopic properties such as molecular structure, hydrogen
E. Twelfth St., Claremont, CA 91711. bonding, and intermolecular coupling of surface water mol-
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TABLE 1: Frequencies and Designations for SF-Active Modes Observed under SSP Polarization Conditions in VSFG Spectra
from Various Interfaces

designation assignment frequency (din reference
NH3"-FR NHs;™ Fermi resonance 2700 this study
CHz-SS CH symmetric stretch 2850 2,3,33
CHs-SS CH symmetric stretch 2875 2,3,33
CHx-FR CH, Fermi resonance 2900 3,12
CHx-AS CH, asymmetric stretch 2925 2,3,33
CHs-FR CH; Fermi resonance 2935 2,3,33
OH-SS-S ice-like, high H-bond order,H stretch 3200 4,5
OH-SS-A water-like, low H-bond order,€H stretch 3450 4,5
HOD,OH-S inter and intramolecularly uncoupled-@ stretch 3306-3500 this study
free-OH non-hydrogen bonded-M stretch 3680 5,15

ecules. This article provides an overview of a series of studies relative phase, which is used to account for any interference

from this laboratory that provide a wealth of information about between two modes that overlap in energyr @ is also

water at the air/water and oil/water interface. The results show proportional to the number density of moleculég,and the

the very different nature of interfacial water at the interface orientationally averaged molecular hyperpolarizabiliy, as

between two immiscible liquids relative to the air/water interface follows:

and how interfacial water structure and hydrogen bonding are

affected by charged surfactants and the accompanying surface y @ = (N/eg) 3,0 (2

potential. It is hoped that the results of these studies will '

stimulate further the discussion of the properties of aqueous Thus, the square root of the measured SF intensity is propor-

liquid surfaces and provide new information for theoretical tional to the number density of molecules at the surface or

efforts in this area. interface. The molecular hyperpolarizability,, is enhanced
To probe these surface properties, we have employed awhen the frequency of the IR field is resonant with a SF-active

combination of the second-order nonlinear optical method, vibrational mode from a molecule at the surface or interface.

vibrational sum frequency spectroscopy (VSFS), and interfacial This enhancement i, leads to an enhancement in the nonlinear

tension measurements. VSFS is a very powerful technique for susceptibilityyr,(@ which can be expressed as

studying surfaces for a variety of reasons, the most notable being

(1) its inherent surface sensitivity arising from the second-order @Q A, 3

nature of this nonlinear optical technique, (2) its molecular xR, w,— w, —il, )

specificity arising from the resonant nature of the response, and

(3) its wide applicability to a range of surfaces and interfaces. whereA, is the intensity of theth mode and is proportional to

As these studies demonstrate, the nonlinear vibrational spec-the product of the Raman and the IR transition momentss

troscopy of these interfaces is rich with information that we the resonant frequency, abdis the line width of the transition.

and others have only begun to unravel. Since the intensity termA,, is proportional to both the IR and
Raman transition moments, only vibrational modes that are both

B. Vibrational Sum Frequency Response from Liquid IR- and Raman-active will be SF-active. Thus, molecules or

Surfaces vibrational modes that possess an inversion center will not be

Vibrational sum frequency spectroscopy (VSFS) is a nonlinear SF-active.
optical technique that has been extensively used in the study of In general, the surface susceptibilipf? is a 27-element
surfaces and interfacés!! VSFS is a second-order process, tensor; however, it can often be reduced to several nonvanishing
and therefore under the dipole approximation it is forbidden in €lements by invoking symmetry constraints. Liquid surfaces
media that possess inversion symmetry. At the interface and interfaces as well as monolayers on liquid surfaces are
between two centrosymmetric media there is no inversion center,isotropic in the plane of the surface. The symmetry constraints
and thus VSFS is allowed in this region. The asymmetric nature for an in-plane isotropic surface redugg? to the following
of interfaces allows one to specifically probe the interfacial four independent nonzero elements
region using VSFS. Typically, one combines a visible laser
beam and a tunable infrared laser beam at the interface with xfz)zxfé)zz x%x@x: xg,zz)y,x(zii(: xg,)y (4)
the energy range of the tunable IR laser overlapping with the
energies of vibrational modes of molecules present at the wherez is defined to be the direction normal to the surface.
interface. By scanning the energy of the IR laser and monitoring These four independent elements contribute to the VSFS signal
the generated sum frequency signal, one obtains a vibrationalunder the four different polarization conditions SSP, SPS, PSS,
spectrum of the interfacial molecules. The VSFS intensity is and PPP where the polarizations are listed in the order of
proportional to the square of the surface nonlinear susceptibility decreasing frequency (sf, vis, ir). Which vibrational modes are

1N wstg=wyistwir) as present under a certain polarization condition depends on the
polarization of the IR field and the direction of the IR and
) ) i, 2 " o "

lstg 0 [Pyrgl” O |X(Ng{ 4 Z|XR,(2)|3W| il (1) Raman transition moments. The SSP polarization condition

- accesses vibrational modes with transition moments that have

components perpendicular to the surface plane whereas the SPS
wherePgg is the nonlinear polarization alstg, ynr andyr, are and PSS polarization conditions access modes that have
the nonresonant and resonant parts(fﬁ‘, y, is the relative transition moments with components parallel to the surface plane
phase of theth vibrational mode, antl;s andl; are the visible (Table 1). The intensity under PPP polarization conditions
and IR intensities. Since the susceptibility is in general complex, contains contributions from all of the tensor elements; thus,
the resonant terms in the summation are associated with avibrational modes with components both perpendicular and
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parallel to the surface plane will be present in the PPP polarized In the work presented here we monitor the structure and
VSFS spectra. For the systems in this study, the most valuablehydrogen bonding of interfacial water molecules as the inter-
vibrational modes of the interfacial water molecules all possess facial potential is varied. The GowyChapman model has been
transition moments with components out of the plane of the shown to accurately characterize the interfacial potential as a
surface. Consequently, we confine our discussion to in this function of surface charge density and ionic strerigfi. Using
paper to the SSP polarization condition. However, verification this model, the interfacial potential is expressed as
of the peak assignments has been made from spectra using all
of the polarization combinations. ®(0) = Esinhfl[o(—” )1/2‘ (7)
Many of the systems to be described here examine the ze 2€KTI
structure of HO at an interface in the presence of a charged
surfactant. At an interface where charged surfactant is adsorbe
a significant surface charge exists which produces a large
electrostatic fieldEo. This electrostatic field can make an
additional contribution to the nonlinear polarization induced at
the interface by the optical fields,is and E;; through a third-
order polarization termy® as follows:

cy\/hereo is the surface charge densigjis the sign of the charged
surfactant molecule; is the permittivity of free space, ands

the ionic strength of the bulk solution. We obtain the surface
charge density from surface tension measurements employing
a Wilhelmy balance. Within the confines of the Geuy
Chapman model, the depth of the interfacial region, called the
double-layer region or the Deby#liickel screening length, over
which the electrostatic field is present can be expressed as

= (_100(DR1)1/2 = 0.31"2 (nm) ®)
The second term in eq 5 is the third-order polarization term, Kk 87N
P® and contains the electrostatic field dependence of the

ngglinear polarization induced at the interface. Bgfh and whereD is the dielectric constant ards the ionic strength of

7 have resonant and nonresonant portions as described abovél® bulk solution in mol/L. Increasing the bulk surfactant
and in fact, the overall SF response can be represented by arfoncentration increases the surface concentration and the surface

effective surface susceptibility which is a combinationyé# charge density, thereby resulting in an increased interfacial
andy@. In the absence of a large electrostatic field, one would Potential. Varying the ionic strength of the solution has a
expect the interfacial water molecules to be randomly oriented tWofold effect on the electrostatic field created by the soluble
after a few water layers and thus to not contribute to the charged surfactants used in this study. One effect is a change

nonlinear polarization. The presence of a large electrostatic field IN the Debye-Huickel screening length, eq 8, brought about by
aligns the interfacial water molecules beyond the first few water & change in the number of ions present at the interface. For

layers and thus removes the centrosymmetry over this region,example' as the ionic strength increases, the number of ions at
allowing more water molecules to contribute to the nonlinear the interface increases and the surface charge is screened in a

polarization. The depth of the asymmetric region is on the order Smaller distance. The smaller Debyldiickel screening length

of the Debye length, or 3 nm at an ionic strength of 10 mM Means thqt fewer mterfamal vyater molecules interact with the
and 10 nm at an ionic strength of 1.0 mM corresponding to eIecFrostanc elgctr!c field which in turn .produces a smaller
approximately 10 to 30 water layers, respectively. Previous _nonhnegr polanzz_atlon. The other effect is a r_eductlo_n in th(_e
studies have shown that this alignment of the interfacial water Interfacial potential, eq 7, that accompanies increasing ionic
molecules is manifested in the VSFS spectra as a |argestrgngth. Also pertinent to consider is that the surface concen-
enhancement in the SF response in the OH stretching spectrafrat'on of soluble surfa(_:tar_ns and thus the surfac_e charge density
region®8 This electrostatic field-dependent enhancement results 2r€ dependent on the ionic strength of the solution. For a bulk
from a combination of an increased number of water molecules SPS concentration of 4.00 mM the surface concentration
interacting with the optical fields and an alignment of the increases by 1915% over the range of ionic strengths studied
transition dipole moments of the OH modes with the polarization here with most of the increase achieved before an ionic strength
vector of the IR light. of 0.05 M.

Nonresonant second harmonic studies at the air/water inter-
face with an insoluble charged surfactant present have stiown
that the SHG intensity is dependent on the interfacial potential The laser system employed for the vibrational SFG studies
which, in turn, is dependent on the surface charge density andhas been described in detail elsewh€re. Briefly, it consists
the ionic strength of the surfactant solution. For VSFS the of a titanium:sapphire regenerative amplifier which pumps a
relationship between the nonlinear polarization and the inter- two-stage optical parametric amplifier seeded with a small
facial potential can be obtained by integratiRff) over the portion of white light continuum generated in ethylene glycol.
region where the electrostatic fiely, is present. Assuming  The system produces IR pulses tunable from 2.4 tqunCat
%@ is constant over the interfacial region and using the a repetition rate of 1 kHz. The energy of the pulses over this

relationship between the electrostatic fi€t) and the inter-  range is approximately 8J with a bandwidth of 18 cnt and
facial potential®(z), one obtains a pulse duration of 1.9 ps. The IR pulses are combined at the

interface with approximately 15@J of 800 nm light from the

Psfg = X(Z):EvisEir + X(3):EvisEirE0 (5)

C. Experimental Considerations

e 3 Ti:sapphire regenerative amplifier. All spectra presented were
Pstg = 7 )EViSE" 1 )EViSE"q)(O) obtained undeBq, Siis, Pir polarization conditions which picks
@0 out the vibrational modes with components of the transition
=7 + 2T P(0)IE,E; (6) dipole moment perpendicular to the plane of the interface.
Spectra from the air/water interface were obtained in an external
where ©(0) is the potential at the interface where= 0. reflection geometry with the 800 nm and IR beams directed

Equation 6 demonstrates the linear dependence of the nonlineapnto the interface in a copropagating arrangement at angles of
polarization on the interfacial potential. 56° and 68 from the surface normal, respectively. The beam
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diameters of the tunable IR and 800 nm laser beams used inthe water structure at the air/water interface is considerably
the air/water studies were approximately 300 and g0 different than what is found at the CfHI,O interfacel® The
respectively. Spectra from the C@Vater interface were  studies described in this section summarize the results of these
obtained in a total internal reflection geometry with the 800 studies with a particular focus on the differences between
nm and tunable IR beams coincident on the interface from the hydrogen bonding of interfacial water molecules at the air/water
CCl, side at the critical angle for each wavelength (8Gh&d and CCl/water interfaces.

73.Z, respectively). The beam diameter of the tunable IR and  The vibrational spectroscopy of bulk water and ice is complex
800 nm laser beams for the C@later studies was ap-  and has been studied extensively by both IR and Raman
proximately 300um and 4 mm, respectively. Generation of gpectroscopy. The complexity arises due to coupling across
fluorescence and continuum in the G®Y the 800 nm beam  hydrogen bonds and energetic coupling of many normal modes,
necessitated the beam expansion (as compared to the air/watefaking assignment of normal modes of each peak difficult.
studies) to 4 mm. Previous studiéfiave shown that operating  Nevertheless, previous IR and Raman studies of bulk #afér

in a total internal reflection geometry produces an enhancementhaye been able to provide assignments to many of these modes
of several orders of magnitude in the generated nonlinearynich have furthered our understanding of the vibrational

polarization. For both geometries the generated sum frequencysirycture that we observe at the air/water and DGiter
light is detected in reflection with a PMT after filtering. jnterfaces by VSFS.

Individual spectra were collected with gated electronics and a
computer while the IR frequency was scanned from 2750 to
3700 cntl. The laser system limits our ability to obtain spectra
in the 3606-4000 cnT1? region, and thus we have not included

this region in our discussiol. Each scan was obtained with what is been observed in the previous bulk water studies

an increment of 4 cm' and an average of. 300 laser shots per conducted with IR and Raman spectrosc@by? Two OH
increment, and each spectrum presented is an average of at least

two scans. We obtain peak intensities, bandwidths, areas, an dDeaks characteristic of hydrogen-bonded water molecules appear

- 1
positions from least-squares fits to the spectral data using eqsnea.r 3200~ and ?.’400 cm- Based largely on spec@ral
1 and 3. assignments made in these previous IR and Raman studies, the

h 18 MO f filtrati d first peak at 3200 cmt is attributed to the in-phase vibrations
Both 1 water from a Nanopure filtration system and ¢ e coupled OH stretching modes of tetrahedrally coordinated
HPLC grade water from Mallinckrodt were used with no

i . i ~_water molecules and is designated as OH-SS-S here. This peak
detectable difference in the VSFS spectra or in surface tension < heen assumed to represent a high degree of hydrogen bond
measurements performed with a Wilhelmy balance. Carbon

. ; - ordering and an ice-like structure in the molecular arrangement
0, - .
tetrachloride (99.9% HPLC grade) from Sigma-Aldrich was of the water molecule®&2021.23 We refer to this peak as the

used as received. Sodium dodecyl sulfate (98% atom d-25) fromOH-SS-S peak, indicative of the nature of the local symmetric

Cambrldgg Isotope Iabqratorles was used as rece"’.ed- The bu"ﬁydrogen-bonding environment. The second peak occurs at
concentration of SDS in the aqueous phase was increased by,

o . - approximately 3400 cnt. Two different modes have been
additions of a stock solution followed by gentle stirring. After : :
each addition 2630 min was allowed for the interfacial suggested for this peak, both representing a somewhat lower

) . degree of hydrogen-bonding structure. The first assignment is
adsorption of SDS. to occur before a speciral scan was Ol.)tamedthe coupled OH stretch from water molecules that are asym-
From surface tension measurements performed with a Wilhelmy

- - . metrically hydrogen bonded or in a more random and water-
balance and the Gibbs equation for adsorption we calculate the”ke molecular arrangemef?. Other author® have attributed

Shis peak to the OH stretch from water molecules with bifurcated
ydrogen bonds. This assignment also implies a molecular
arrangement with a lower degree of hydrogen bond order than
the OH-SS-S peak. We label this peak as the OH-SS-A peak.
Since both OH-SS-A peak assignments imply a lower degree
of hydrogen bond order than the OH-SS-S peak, the relative
number of water molecules in an ice-like or a water-like
the laser system after the beam had traxesi cmpath length arrangement can be determined through analysis of the VSFS

.Of CCl.. Al g!assware and expenmen_tal apparatus that came spectra. A third peak located at 3680 thinas been used by
into contact with the aqueous or organic phases were soaked in

i ; o . other$18to study water molecules at the interface not involved
concentrated sulfuric acid containing No-Chromix for at least in hvdrogen bonding but has not been examined in these studie
3 h and then were thoroughly rinsed with 1&Mwvater. 1yarog gbu ot bee e s

which focus exclusively on the hydrogen-bonded modes.

The red shift of the peak position of the OH peaks with
increased intermolecular hydrogen bonding as is seen in the
three aforementioned peaks has been thoroughly examined for

At the water surface, the hydrogen bonding in bulk water is bulk water?%2526 The shift occurs because hydrogen bonding
disrupted by the asymmetry created by the surface or interfacial “steals” bond strength from the OH bond as the stronger
region. This altered hydrogen bonding of water molecules at hydrogen bonds weaken the OH covalent bond with a subse-
this surface has long been assumed responsible for the uniqueguent shift of the vibrational modes to lower energy. A
properties of aqueous surfaces including a surface tensioncomparison of the peak positions with the degree of hydrogen
significantly higher than predicted from homologous molecules. bonding illustrates the well-known trend that the peak position
Shen and co-worket48 demonstrated in previous VSFG studies of the OH stretching mode is red-shifted with increasing
the qualitative difference between the structure of water at the hydrogen bonding. Accompanying the red shift of the peak
air/water interface relative to what is found in IR and Raman frequency with increased hydrogen bonding is a large increase
studies of bulk water. In this laboratory it has been shown that in the bandwidth of the OH stretch. This increase in the

The VSFS water surface studies described herein have been
restricted to the 28004000 cnt? region corresponding to the
OH stretch modes of water. In this region several spectral
features observed for surface wét€rby VSFS are similar to

consistent with literature measurements conducted at the sam
ionic strengtht®17 The surface potential is calculated using
Gouy—Chapman theory and the assumption that each SDS
molecule is charged. Absorption of the tunable IR beam in the
OH stretching region by the Cglwas determined to be
negligible with FTIR and by monitoring the IR energy from

D. Hydrogen Bonding and Structure at Neat Water
Surfaces
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ment similar to the structure of ice while at the air/water
interface we find that only about 60% of the water molecules
are in an ice-like arrangement with the remaining water
molecules in a less hydrogen-bond-ordered, water-like arrange-
ment. We attribute this difference in bonding character at the
CCly/water interface to the ability of water to solvate a nonpolar
molecule such as Cgland the corresponding decrease in
entropy associated with the solvation of nonpolar molecules. It
is this decrease in the entropy of the system which overrides
the enthalpy of solvation and causes the solvation of nonpolar
molecules in water to be energetically unfavorable. The
decrease in entropy is thought to result from water molecules
rearranging into a tetrahedral structure in order to maximize
hydrogen bonding in the presence of a nonpolar sdlgteOur
observation that the VSFS spectrum is dominated by the ice-
like peak at the CGlwater interface is a direct manifestation
of the structure-inducing influence of CQmolecules on the
interfacial water molecules. This observation is also consistent
with previous calculations of hydrogen bonding at an oil/water
interface which suggest that there is an increase in the strength
of the hydrogen bonding among the water molecules near a
hydrophobic surfacé® At the air/water interface the water
molecules are not influenced by the presence of a nonpolar
molecule, and thus the water-like peak accompanies the ice-
like peak. For the air/water interface the presence of the ice-
like peak is a result of bulk termination which induces maximum
formation of hydrogen bonds at the interface, and thus the
tetrahedral structure is preferred. In Raman and IR studies of

of HOD in H,0 or D;O which eliminates the intermolecular bulk ice, this OH-SS-S peak is dominant in this spectral region.

coupling effect. However, the extent of hydrogen bonding can ~ The VSFS spectrum that we have obtained from the air/water
be inferred through a comparison of the relative number of water interface is in good agreement with previous VSFS work by
molecules contributing to the ice-like and water-like peaks. This Shen et af'8 However, our CCGlwater results differ from what
comparison is possible since the ice-like peak is indicative of they observe for the hexane/water interface which one might
more complete hydrogen bonding than the water-like peak. presume to s_how similar behavior. Instegd, Shen et al. found
Figure 1 shows the combined spectra of interfacial water taken that at the air/water and hexane/water interfaces the VSFS
at the neat air/water and Cflater interfaces. For the former, ~SPectra were very similar in that there was nominally an equal
both the OH-SS-S and the OH-SS-A peaks are observed withdistribution of intensity between the water-like and ice-like
the more symmetrically bonded peak (ice-like peak) showing Peaks. This observation differed from the quartz/octadecyl-

1.0+

O CCl/Water

0.8 ® Air/Water

0.6

0.4

SF Intensity (a.u.)

0.2

0.0
2800

T T I T
3200 3400
Frequency (cm'l)

3000 3600

Figure 1. VSF spectra under S-sfg, S-vis, P-ir polarization
conditions from the neat CCl/water (open circles) and air/water
(filled circles) interfaces. Solid lines are a spectral fit to the data
using egs 1 and 3.

bandwidth results from dynamic dipetelipole coupling be-

tween neighboring water molecules which produces a distribu-
tion of low- and high-frequency stretching mod@3>26 The

nature of this distribution also has an effect on the position of
the peak frequency of the OH stretching mode. Deconvolution
of these two effects, hydrogen bonding and intermolecular
coupling, on the energetics of the OH stretching peaks in the
vibrational spectra is difficult and generally requires the study

somewhat greater intensity. At the G@later interface,
intensity is only observed from this ice-like peak at 3200 &ém
The small peak observed at approximately 2950 tin the

trichlorosilane (OTS)/water interface where they found that the
VSFS spectrum was dominated by the ice-like peak. Their
hexane/water studies were conducted by spreading a thin layer

VSFS spectrum from the Cgwater interface is a result of a  of hexane on the water surface and then recording a spectrum.
very small amount of contaminant at the interface. This peak For our studies at the Cglvater interface approximately 50
is observed in the C@Wwater spectra and not in the spectra ML of water is placed on top of 180 mL of C£I One might
from the air/water interface because of the enhanced affinity argue, as was done in explaining the difference observed
amphiphilic molecules have for the C@ater interface and between the hexane/water and the quartz/octadecyltrichlorosilane
the enhanced sensitivity we observe in the TIR geometry. In (OTS)/water studiethat this difference between the air/water
this geometry, surface concentrations as low as a thousandtrand the CGwater interface is due to an increase in the rigidity
of maximum surface coverage, which corresponds to a moleculardue to the hydrostatic pressure of 50 mL of water pushing down
area of approximately 1500%&nolecule, can be measured. on the interface, thus restricting the packing of the water
What does this difference in spectral features suggest aboutmolecules. This explanation however contradicts theorétical
the differing types of hydrogen bonding at these two interfaces and experiment& =3 endeavors from which a high degree of
if one assumes that the peaks observed are representative ohterface roughness is inferred at these interfaces. Another
water in these two different types of hydrogen-bonding struc- possible explanation for the difference in hydrogen bonding
ture? The relative number of water molecules contributing to observed at the C@vater and hexane/water interfaces is that
each peak can be determined by taking the square root of thethe different molecular shapes of GGInd hexane influence
integrated area for each peak and dividing that into the sum of the interfacial water structure. We have attempted to perform
the square root of the integrated area for the two peaks. Insimilar experiments using hexane and cyclohexane (both deu-
isotopic dilution studies later to be descridedwe show that terated and hydrogenated) and have been unsuccessful in
the square root area under the OH peaks in the VSFG spectraobtaining reliable spectra from these interfaces. The main
of surface water is a good indicator of the relative number of experimental complication has been absorption of the IR light
oscillators (water molecules) contributing to the OH peaks. At by the thin layer of alkane, thus rendering the IR light that
the CCl/water interface we find that essentially all the reaches the interface too weak to produce a detectable VSFS
hydrogen-bonded water molecules are in a tetrahedral arrangefesponse.
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the ionic surfactants dodecylammonium chloride (DAC cationic)

CH;-5S—» . . . .
] : gf%Ao and sodium dodecyl sulfate (SDS anionic) at their respective
| ga-CH, FR+CH,AS D0 critical micelle concentrations. Films of PDA at the air/water

interface have been studied previously by the VSFS technique
and have been shown to readily form well-ordered monolayers,
consistent with what is observed héPé*35 Both spectra in
Figure 2a are dominated by the €Bymmetric stretch, Ci

SS at 2875 c¢cmt, and the CH Fermi resonance, GHR at
2935 cnt?, with little or no contribution observed from GH
stretching modes. For amphiphilic molecules that form well-
ordered monolayers, predominantly in an all-trans conformation,
the CH: bonds will be on opposing sides of the carbon backbone.
This orientation produces a cancellation of the Gittetching
vibrational modes, and thus a monolayer with no or few gauche
defects will exhibit only CH vibrational modes in the SF
spectrum. Conversely, the presence of the, Gibrational
modes in a particular spectrum implies a lesser degree of order
or more gauche defects. The dominance of the-GH over

SF Intensity (a.u.)

] D) S]I?ISO negligible contributions from the GHSS for the PDA spectra
—o—
—--D,0

suggests considerable ordering of the monolayer.

In addition to the CH stretching modes, we find two weak
peaks in the PDA-BD spectrum at higher frequency which were
previously not measured for this system. The first peak located
at 3200 cm s attributed to the ice-like peak (OH-SS-S) while

prermrarmt g the second peak located at 3400 ¢ris attributed to the water-
2600 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 like peak (OH-SS-A). Both peaks were described in the
Frequency (cmi") previous section and result from the coupled OH vibrational
Figure 2. VSF spectra under S-sfg, S-vis, P-ir polarization modes of water molecules in a more hydrogen bonded and less
conditions from the air/H 0 (filled circles) and D,O (open circles) hydrogen bonded environment, respectively. The corresponding
interfaces. (a) Monolayer (ca. 25 Aimolecule) of pentadecanoic acid OD peaks, in the 26062700 cnt?! range, are present in the
(PDA), (b) 14 mM dodecylammonium chloride (D_AC) solution, and spectrum of PDA on BD. However, since the IR power from
(c) 8.1 mM sodium dodecy! sulfate (SDS) solution. the laser system is decreasing rapidly in this region, these peaks
are not easily resolvable and will not be discussed further.

Figure 2b shows the VSFS spectra from the air/water interface
of 14 mM dodecylammonium chloride solutions in bothCH

1. Headgroup Effects. Commercial surfactants have a broad and DO. Upon comparison of the DAC4® spectrum with
range of uses in technology, environmental sciences, and oilthe PDA-HO spectrum, one immediately notices in the DAC-
recovery in addition to being components in a vast number of H,O spectrum a large enhancement of the OH peaks from the
consumer products ranging from soaps and medicinal drugs tointerfacial water molecules. This enhancement in the OH peaks
motor oils and cosmetics. Natural surfactants play a vital role is attributed to the large electrostatic field present in the double-
in all aspects of biology and biochemical processes. The layer region arising from separation of the cationic headgroup
interaction between water and a charged surfactant often controlsand chloride ions (present at the interface as counterions). At
the behavior of the surfactant at a variety of interfaces including maximum surface coverage the electrostatic field can be as large
the surface of micellar, membranous vesidlegt planar as 16 V/m and extend into the bulk water as much as 100 water
surfaces such as at the air/water and oil/water interface it is molecule diameters. This electrostatic field can align the dipole
well-known that surfactants interact with surface water to moments of the interfacial water molecules which has a twofold
significantly perturb the thermodynamic properties of that effect on the VSFS spectra in the OH stretching region. The
surface, most notably the surface tension. The focus of the first effect arises from removal of the inversion symmetry to a
studies described in this and the following section is to probe depth further into the bulk of the water than in the absence of
how the structure of surface water molecules is perturbed by an interfacial electrostatic field. This allows a greater number
the presence of surfactants and ions in the aqueous phaseof water molecules to interact with the optical fields, thus
Numerous studies have been published that investigate theproducing an enhancement in the OH stretching peaks. The
structure of surfactants at both the air/wé&fée43and CCl second effect results from alignment of the OH transition
wateP’ interfaces with the primary focus being on the alkyl moments with the polarization vector of the IR laser beam. For
chain structure of the surfactants as they adsorb to the interfacea large electrostatic field where the dipoles of the water
These are the first studies that have examined both the watermolecules are aligned the cancellation between OH transition
and surfactant structure in parallel to obtain a more complete moments is small, thus producing enhanced OH peaks. The
picture of the effect of surfactants on hydrogen bonding and observed enhancement is certainly a combination of each of
water structure at aqueous interfaces. these effects. These conclusions are consistent with those

Figure 2 shows the vibrational spectra from three different derived from nonresonant SHG studies of water molecules at
surfactants at the aird® and air/RO interface. Figure 2a  the charged quartz/water interfd€and the charged insoluble
shows the vibrational spectra from a monolayer, approximately surfactant air/water interfad8. The peak at 3200 cnd
25 A%/molecule, of the nonionic surfactant pentadecanoic acid dominates over the peak at 3450 @min the DAC-HO
(PDA)3® while Figure 2b,c shows the vibrational spectra from spectrum which indicates a preference for the ice-like structure

E. Effect of Adsorbed Surfactant at the Air/Water
Interface
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of the interfacial water molecules. Another notable difference 10—
in the comparison of the PDA4® and DAC-HO spectra is |cnyss  fre—CHSS 2 0.02 mM SDS and DAC
the dip in the DAC spectra at approximately 2970 ¢ém
indicative of a destructive interference between the CH peaks .
and the OH-SS-S peak. This interference is not present in the
DAC-D,0 spectrum which provides further evidence that the
OH peaks are involved. An additional peak is observed near .
2700 cmt in the DAC-HO and DAC-DBO spectra which is
likely due to an NH Fermi resonance. R LI L L B L D R At i et R A
Figure 2c shows the VSFS spectra from solutions of 8.1 mM 7]
SDS in HO and DO at the air/water interface. Inspection of
the SDS-HO spectrum in the OH stretching region shows some
similarities to the DAC-HO spectrum, namely, the OH peaks
are greatly enhanced as a result of the field present in the double-
layer region due this time to separation of tregatiely charged
headgroup of SDS and thgositively charged sodium ions
(present at the interface as counterions). In addition, like DAC,
the OH peak at 3200 cm dominates over the peak at 3450
cm™%, indicating a preference for a tetrahedral arrangement of
the interfacial water molecules in the presence of charged 1
surfactant. Upon further inspection, however, one finds that
the destructive interference in the DAG®I spectrum located
at 2970 cm? is replaced by an enhancement or constructive T
interference for the SDS4@® spectrum. In fact, the GHrermi
resonance is enhanced so much that it now dominates the CH s
stretching spectral region. This situation is not observed for U B B e e S e L e o e B s S
the SDS-BO spectrum which is dominated by the §8S and 2700 28002900 3000 3100 3200 3300 3400 3500 3600
a much smaller signal from GHFR. This behavior can be Frequency (em’)
explained by the electrostatic fields present at these interfacesgé%fi‘teioi-s f(rf’ﬂlo)thi'; ;ﬁ/e\;ligtzrlﬁ:?;;ai:g, ai-\gghggspgiﬂtiéﬁig?
which are in opposite directions for DAC and SDS. The fields
will ali_gn Fhe glipoles of the interfacial water moleculgs in % 8%2 ?ﬁ%?&?@%@nﬁn%gigg Eaié(tbo) %gse;neM DAC, and
opposite directions, and thus the OH stretching modes will have
moments in opposite directions. The difference in directionality
of the OH bonds for the two surfactants gives rise to the

b) 0.05 mM SDS

OH-SS-8

SF Intensity (a.u.)

¢) 0.05 mM DAC

of testing this is through examination of an interface where there
. . - are approximately equal numbers of cationic and anionic
difference in the interference between the CH modes and theg, t, tant molecules. Figure 3a shows the SSP VSFS spectra
OH-SS-S peak at 3200 cth Specifically, for SDS, construc- ¢ the airwater interface of a solution containing both 0.02

tivg interference, the methyl and water transition dipoles aré ;M DAC and 0.02 mM SDS. The OH peaks are not present
pointed in the same direction whereas for DAC, destructive j, ihis spectrum which is consistent with the lack of a large

interference, the transition dipoles are pointed in Opposite g|ecirostatic field present at the interface. For comparison with
directions. Assuming that the methyl transition dipole moments the mixed surfactant case, parts b and ¢ of Figure 3 show the
are in the same direction for DAC and SDS leads one to ggp ysfES spectra from 0.05 mM SDS and DAC solutions,
conclude that it is the water transition dipole that flips with the respectively. In both the 0.05 mM SDS and DAC VSFS spectra
sign of the charged surfactant layer. This flip in the molecular o' o4 peaks are quite prominent. The disappearance of the
arrangement of interfacial water molecules at oppositely charged o peaks in the spectra from the mixed surfactant system is
surfaces has been observed at the charged electrode/watefihted to the cancellation of charge between the cationic and
interface with X-ray scattering experimeft8® and proposed  apignic surfactants and oppositely charged counterions present
to occur at the charged insoluble surfactant air/water interface j, he double-layer region. The cancellation of surface charge
by SHG experiment¥, leads to a much smaller field present at the interface, and thus
Another possible contributing factor in the interfacial water the interfacial water molecules are no longer preferentially
alignment could arise from the chemical nature of the solvation aligned.
shell of the charged headgroup. While this type of alignment 5 Electrostatic Field Effects. The interfacial electrostatic
certainly occurs in the solvation sphere of the charged head-fie|q accompanying the presence of charged surfactant not only
groups, one would expect these effects to align only the water gjigns the interfacial water molecules but also affects the
molecules in the double-layer region neighboring the surfactant jntermolecular hydrogen bonding. The effects of the electro-
headgroups. Since the alignment of so few water molecules static field on the intermolecular hydrogen bonding are probed
would probably not produce the large enhancements observedy comparing the relative number of OH oscillators contributing
here, we conclude that the dominate contribution in these studiesig each peak in the VSFS spectfaFigure 4 shows the VSFS
is the field-induced orientation. More evidence for this will be  spectra from water molecules at the air/water interface with
presented below with studies involving mixed cationic and varying bulk concentrations of SDS and an ionic strength of
anionic surfactants. 10 mM. Detuerated SDS is used to simplify the deconvolution
If the enhancement in the OH spectral region observed in of the OH peaks. The solid lines in Figure 4 are a fit to the
the spectra from both DAC and SDS is due to the electrostatic data using egs 1 and 3 from which we obtain the position, area,
field at the interface, then at an interface where the electrostaticwidth, and intensity of each peak. As the bulk concentration
field is zero, the enhancement should disappear. One meanss increased, we observe an enhancement in the OH peaks from
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Figure 4. VSF spectra from the air/water interface under S-sf, Figure 6. Relative percent of the OH oscillators contributing to

S-vis, P-ir polarization conditions for various bulk concentrations
of deuterated SDS and an ionic strength of 10 mM. Solid lines are
a least-squares fit to the data using eqs 1 and 3.

each OH peak as determined from the fitted spectra in Figure 4
plotted versus the surface potential. Solid line is a least-squares fit
to the data using an exponential function.

molecules which results in a lesser degree of cancellation of
the transition moments of the OH stretches as the surface
potential increases. The maximum enhancement observed at

1.0

3 0'8} 260 mV then corresponds to maximum alignment of the
3 interfacial water molecules with further increases in the potential
= 06+ havi inimal eff he ali fth t lecul
& aving minimal effect on the alignment of the water molecules.
T 1 Potential-dependent alignment of the interfacial water molecules
'—é 0.4 has been observed previously at the charged electrode/water
5 interface with FTIR142and X-ray scattering experimeris3®

02 From the two peaks present in the spectra of Figure 4 we

lized OH i ity = 1.05-450%* -0.0312*V . . . . .
Normalized OH intensity el ) can obtain information concerning the hydrogen bonding

| between interfacial water molecules in the presence of charged
00 ; ' ' ' ' ' L ' surfactant at the air/water interface. As was mentioned earlier
200 220 240 260 280 3 . . ) - !
Surface Potential (mV) the first peak at 3200 cm is attributed to the in-phase coupled
OH stretching modes from water molecules that are in a
Figure 5. Normalized SF field at the position of the OH-SS-S peak . .
from the fitted spectra in Figure 4 plotted as a function of the tetrahedr_al arrangement with a high degree of hydrogen bond
surface potential for the air/water interface. Surface potential was order while the peak located between 3400 and 3450'ds
determined from surface tension measurements and the Gibbs and  attributed to OH stretches from water molecules that have
Gouy—Chapman equations. Solid line is a least-squares fit to the incomplete tetrahedral coordination and a lesser degree of
data using an exponential function with the functionality included hydrogen bonding. Further, we have shown through isotopic
dilution studie&?7 that the square root area under the OH peaks

in the figure.

the interfacial water molecules. As mentioned above, this in the VSFG spectra of surface water is a good indicator of the
enhancement is a result of the alignment of the interfacial water relative number of oscillators (water molecules) contributing
molecules which accompanies the interfacial electrostatic field to the OH peaks. Figure 6 shows the relative percent of OH
produced by the charged surfactant. We observe this enhanceeoscillators contributing to each peak calculated from the fitted
ment at bulk concentrations corresponding to very small surface areas from Figure 4 plotted versus the surface potential. Figure
coverages, approximately 26800 A2/molecule, and find that 6 shows that there is an increase in the extent of hydrogen
a maximum in the enhancement is observed well before the bonding accompanying an increase in the surface potential. In
maximum surface coverage is reached-aB82nM. This first fact, the partitioning of water molecules into the more hydrogen
observation illustrates the high sensitivity of VSFS to the bond ordered structure increases from 50% at approximately
presence of charged surfactants at the interface, and from the200 mV to 70% at approximately 230 mV.
second observation we infer that the interfacial water molecules  Figure 7 shows the VSFS spectra from the air/water interface
achieve their greatest degree of alignment before maximumfor a 4.00 mM bulk SDS concentration at varying ionic
surface coverage is attainél. strengths. The solid lines in Figure 7 are a fit to the data using
To further examine this latter point, the SF field at the position eqs 1 and 3. As the ionic strength is increased from 4.00 mM
of the OH-SS-S peak, normalized to unity at maximum intensity, to 0.5 M, we observe a dramatic decrease in the enhanced OH
is plotted in Figure 5 as a function of the surface potential peaks in the VSFS spectra. The decrease in the enhancement
calculated from surface tension measurements. From Figure 5with increasing ionic strength results from both a decrease in
we find that the SF field reaches a maximum at a surface the surface potential and a decrease in the double layer depth.
potential of approximately 260 mV. Equation 6 would predict The decreased surface potential diminishes the alignment of the
that the SF field should be linear with the surface potential where interfacial water molecules while the decreased double-layer
we find that the SF field has an exponential dependence on thedepth reduces the number of water molecules interacting with
surface potential. This deviation from linearity is a result of the optical fields. The range of ionic strengths studied results
the alignment of the dipole moments of the interfacial water in the double-layer changing from a few angstroms to a few
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10+ 4,00 MM donSDS holding the ionic strength constant at 10 mM, we observe an
| T 20,004 M increase in the SF field at the position of the OH-SS-S peak.
OH-55-5 1=0.014 M The functionality of this increase follows an exponential, which
84 1=0.043 M . . .
=0.142 M agrees well with previous experiments conducted at the metal
1 1=0.500 M electrode/water interfac@:*? At the air/water interface we find

Neat H,0O . . . .
e that the interfacial water molecules attain the highest degree of

alignment at a potential of 260 mV whereas for the metal
electrode/water interface maximum alignment was observed at
a potential of 500 mV. The difference in the potential at which
maximum alignment is achieved at the SBe8r/water interface
in comparison to the metal electrode/water interface is possibly
due to extended hydrogen bonding between the interfacial water
molecules and the SDS headgroup. At the S@aB/water
2800 w000 300 a0 3800 3800 interface the water molecules are oriented by the electrostatic
Frequency (cm™) field with their hydrogens pointed toward the air. Hydrogen
Figure 7. VSF spectra from the air/water interface under S-sf, S-vis, bonding between SDS headgroups and water mo,leCUIeS aligns
P-ir polarization conditions for various ionic strength and a bulk SDS the water molecules such that the hydrogens are directed toward
concentration of 4.00 mM. Solid lines are a least-squares fit to the the headgroup, which is essentially the same orientation
data using egs 1 and 3. produced by field alignment. Extended hydrogen bonding
between water molecules and the SDS headgroups would act
807 to enhance the field alignment of the interfacial water molecules,
thus causing maximum alignment to occur at a lower surface
potential. Hydrogen bonding of the water molecules in the
solvation sphere of the surfactant headgroup also may contribute
60— to the enhancement. However, theoretical studies of SDS at
the air/water and CGiwater interfaces have shown that these
waters are contained within several angstroms from the head-
group whereas the double-layer region extends several nanom-
40 eters and thus contains many more water molecléghe fact
| that there are fewer water molecules in the solvation sphere
means that the dominant contribution to the enhanced SF
response arises from water molecules not necessarily participat-
20 — ing in solvation of the headgroup.
160 180 200 220 240 260 280 300 320 Figures 6 and 8 illustrate how the intermolecular hydrogen
Surface Potential (mV) bonding changes as a function of the surface potential at the
Figure 8. Relative percent of the OH oscillators contributing to each alrlwaj[er Interface.. The observed increase in the relative percent
OH peak as determined from the fitted spectra in Figure 7 plotted versus ©f 0scillators contributing to the more strongly hydrogen bonded
the surface potential. Solid line is a least-squares fit to the data using peak (OH-SS-S) with increasing surface potential provides us
an exponential function. with direct evidence that the intermolecular hydrogen bonding
increases with increasing surface potential. Theoretical studies
nanometers, which corresponds to a variation from a few water of water molecules between two platinum electrodes with
layers to tens of water layers. Figure 8 shows the relative surface charge densities covering the same range of values as
percent of OH oscillators contributing to each peak calculated those determined here from the SB&r/water interface have
from the fitted data in Figure 7 plotted versus the surface shown a similar trené* 4 We observe this trend in two
potential determined from surface tension measurements. Asseparate cases: first by increasing bulk SDS concentration to
the interfacial potential is increased by decreasing the ionic increase the surface potential (Figure 6) and second by decreas-
strength, Figure 8 shows that there is a progression from a lessing the ionic strength to increase the surface potential (Figure
hydrogen bond ordered structure to a more hydrogen bond8). The functionality shown in the two figures is somewhat
ordered structure. The partitioning of water molecules into the different with the plot in Figure 6 rising at a faster rate than the
more hydrogen bond ordered structure increases from 40% atplot in Figure 8. This phenomenon is due to the fact that as
approximately 180 mV to 65% at approximately 230 mV, which the ionic strength is varied (Figure Bpththe surface potential
is in good agreement with the similar data in Figure 6 obtained and the double-layer depth change. In contrast, as the bulk
by varying the bulk concentration. surfactant concentration is varied (Figure 6) at constant ionic
The presence of charged surfactant at the air/water interfacestrength only the surface potential changes. Low surface
induces an electrostatic field in the double-layer region. This potentials in Figure 8 correspond to high ionic strength and thus
field is on the order of 1DV/m at maximum surface coverage a small double layer, thereby producing a larger electrostatic
and can induce an alignment of the interfacial water molecules field and greater alignment than the equivalent surface potential
which is manifested in the VSFS spectra. The depth of the in Figure 6. Complicating the situation even more is the fact
field and thus the region probed by VSFS is on the order of the that as the double layer decreases with decreasing ionic strength
double layer which, within the confines of GouZhapmann there are fewer water molecules interacting with the optical
theory, depends on the solution ionic strength. The dependencdields. We have had little success deconvoluting each effect in
of the SF field in the OH stretching region on the surface the data in Figure 8; thus, the data are presented as a function
potential is illustrated in Figure 5. As the surface potential is of the surface potential and only qualitatively compared to
increased by increasing the bulk concentration of SDS while Figure 6.
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Figure 10. Normalized SF field at the position of the OH-SS-S peak
from the fitted data of Figure 9 plotted versus the interfacial potential.
The interfacial potential is calculated from surface tension measurements
and the Gibbs equation.
occurs around-42 mM.4% From this observation we infer that

X-ray scattering experimer¥s®® of the electrode/water ~the water molecules have achieved their highest degree of
interface suggest that there is a substantial increase in the densit@lignment before maximum surface coverage is reached.
of interfacial water molecules as compared to bulk water caused Further, the onset of this enhancement of the OH peak is
by destruction of the hydrogen-bonded network when a large observed several _orders of magnltude below the maximum
electrostatic field is applied across the interface. The work surface concentration, at submicromolar bulk surface concentra-
presented here as well as theoretical stddisshows the tions. The ability to detect a very low surface concentration of
opposite behavior in that there is actually an increase in the SDS again illustrates the high sensitivity of the TIR geometry
intermolecular hydrogen bonding when a large electrostatic field in making VSFS measurements. _ _
is applied across the interface. This observation is inferred from  Inspection of Figure 9 shows that the dominant feature in
Figures 6 and 8 which show that as the interfacial potential is the VSFS spectra from the Cfkater interface in the presence
increased the partitioning into the more extensively hydrogen- of SDS is the OH-SS-S (ice-like) peak while there is little or
bonded ice-like peak also increases. A possible explanationno evidence for intensity from the OH-SS-A (water-like) péak.
for the increased hydrogen bonding observed in the SFG studies! Nis observation is markedly different from what was observed
presented here and the increased density observed in X-rayat the air/water interface where the water-like (OH-SS-A) peak
studies arises from the structure of the aligned dipoles of the 9ave rise to a prominent shoulder on the ice-like (OH-SS-S)
water molecules. Specifically, it seems possible that the highly Peak. The shoulder in the 2968050 cni* region in the
aligned interfacial water molecules may adopt a structure in SPectra from Figure 9 arises from a small amount of contami-
which both the hydrogen bonding and the density are increasednant, CH stretches, present at the neat interface riding on the
with respect to the bulk properties. Further inspection of Figures !arge OH-SS-S peak. From the dominance of the OH-SS-S peak
6 and 8 shows that a maximum in the partitioning of water We infer that the prevailing structure of water molecules at the
molecules into the more hydrogen bond ordered structure occursCCld/water interface in the presence of SDS is a tetrahedral
at approximately 230 mV. The fact that this potential is arrangement much like the structure of ice. The similarity of
somewhat smaller than the 260 mV potential required to achieve the water structure at the CfSater interface both in the
maximum alignment of the water dipoles as shown in Figure 5 Presence and in th.e absence of a charged soluble surfactant
shows that increased dipole alignment with increased surfacefurther allows us to infer that the presence of the surfactant and

potential may continue to occur after maximum hydrogen counterions in the aqueous phase does not disrupt to any
bonding is achieved. measurable extent the hydrogen bond ordering of the interfacial

water molecules.

Figure 10 shows the normalized SF field from the OH-SS-S
peak obtained from the spectra in Figure 9 plotted against the
interfacial potential determined from surface tension measure-

Figure 9 shows the VSFS spectra from the £}HO interface ments?® As was the case for the air/water data, we find that at
in the OH stretching spectral region with varying bulk concen- the CCl/water interface the dependence of the SF field on the
trations of the charged soluble surfactant SDS (deuterated)interfacial potential deviates from the linear relationship pre-
present in the agueous phase and an ionic strength of 10 mM.dicted by eq 6. Again this deviation is a result of the alignment
Inspection of the spectra in Figure 9 shows that similar to the of the transition dipole moments of the interfacial water
air/water case there is a large enhancement in the intensity frommolecules with the polarization vector of the IR light. At the
the OH peaks as the bulk surfactant concentration is increased CClywater interface we find that the water molecules achieve
This increase with increasing bulk concentration is again a result their maximum alignment at an interfacial potential of ap-
of the fact that the interfacial concentration, and thus the surface proximately 160 mV, somewhat below what was observed from
charge density and magnitude of the electrostatic field, is a the air/water interface.
function of the bulk surfactant concentration. We find that this )
enhancement reaches a maximum value at a bulk concentratior>- Témperature-Dependent Studies
of approximately 0.5 mM while surface tension measurements How the interfacial water structure varies with temperature
show that the maximum surface coverage of the surfactantin the presence of charged surfactant has been a focus of another

2800 2900 3000 3100 3200 3300 3400 3500 3600 3700

Frequency (em™)
Figure 9. VSF spectra from the C@ivater interface under S-sf, S-vis,
P-ir polarization conditions for various bulk concentrations of SDS and
an ionic strength of 10 mM. Solid lines are a least-squares fit to the
data using eqgs 1 and 3.

F. Effect of Adsorbed Surfactant at the CClW/Water
Interface
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Figure 11. VSF spectra from the air/water interface under S-sf, S-vis, 200 ; . ; . . . . : .
P-ir polarization conditions for various temperatures and a bulk SDS 280 300 320 340 360
concentration of 4.00 mM and an ionic strength of 10 mM. Solid lines Temperature (K)

are a least-squares fit to the data using egs 1 and 3. . . . o
Figure 13. (a) Relative percent of the OH oscillators contributing to

2.5 each OH peak as determined from the fitted spectra in Figure 11 and
(b) fwhm of the OH-SS-S peak from the fitted spectra in Figure 11
plotted versus temperature. Solid lines are a linear least-squares fit to
the data.
2.0
in each peak remaining constant at approximately 65% and 35%
for the OH-SS-S and OH-SS-A peaks, respectively. The
1.5 observation that the SF field at the OH peak positions decreases
with increasing temperature whereas the partitioning between
E the ice-like and water-like peaks remains constant is a result of
the increasing bandwidth of the OH peaks with increasing
temperature as shown in Figure 13b. As the temperature is
E increased, the OH-SS-S peak intensity decreases while the
bandwidth increases; these opposing effects cause the relative
area of the OH-SS-S peak to remain constant. The increased
bandwidth is a result of more states energetically accessible to
) ) . the interfacial water molecules but still within the two OH
Pgure 12. SF field at the position of the OH-SS-S peak from the — g0 hing peaks. Thus, the relative number of water molecules
itted spectra in Figure 11 plotted as a function of the temperature. s .
Solid lines are a linear least-squares fit to the data. contributing to each peak does not change; however, the
distribution of environments in which the water molecules exist

set of studies conducted at both the air/water and,/@@ter does change. The spectral broadening of vibrational modes with
interface. Figure 11 shows the VSFS spectra from the air/waterincreasing temperature is well-studi€t? and results from a
interface with a bulk SDS concentration of 4.00 mM and an decrease in the net alignment of the transition dipole moments
ionic strength of 10 mM for varying temperatuf8sThe spectra of the molecules with the polarization vector of the optical field.

in Figure 11 show that the intensities of the OH peaks are very We see a similar effect occurs in the OH-SS-A peak but to a
dependent upon the temperature. It is important to note thatmuch lesser degree since the decrease in peak intensity is much
the spectra at temperatures above room temperature weresmaller. Equation 7 shows that the surface potential increases
obtained with a scan time of less than 1 min and were With increasing temperature; thus, the fact that the SF field
reproduced numerous times so that evaporation had no effectdecreases with increasing temperature provides evidence that
on the measured spectra. The decrease in the intensity of thdhe increased randomization of interfacial water molecules by
OH peaks with increasing temperature results from the increasedthe increased thermal energy outweighs any alignment produced
randomization of the interfacial water molecules afforded by by increased surface potential. Surface tension measurements
the increased thermal energy. Figure 12 shows the SF field atshow that the surface tension remains relatively constant over
the peak positions of the OH-SS-S and OH-SS-A peaks obtainedthe entire temperature range studied with a small decrease at
by taking the square root of the peak intensity from the fitted the lowest temperatures.

spectra in Figure 11, plotted as a function of the temperature. Figure 14 shows the SF field at the OH-SS-S position from
These data illustrate the temperature dependence of the OHVSFS spectra of the SDSCClJ/water interface plotted versus
peaks, and the steeper slope obtained for the OH-SS-S peakhe temperature. The temperature dependence of the OH-SS-S
implies that this peak is more temperature dependent than thepeak at the CGlwater interface is larger than both the OH-
OH-SS-A peak. Figure 13a shows the relative percent of OH SS-S and OH-SS-A peaks at the air/water interface as evidenced
oscillators contributing to each peak calculated from the fitted by the larger slope shown in Figure 14 compared to the slopes
data in Figure 11 plotted versus the temperature. As the shown in Figure 12. Earlier, we concluded that the intermo-
temperature is increased from near freezing to near boiling, we lecular hydrogen bonding was more extensive at the/@/@ater
observe very little change in the partitioning of water molecules interface than at the air/water interface. The observation that
between the two peaks with the relative percent of oscillators the OH-SS-S peak from the Cf@kater interface is more
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Figure 14. SF field at the OH-SS-S peak position from fitted VSF  Figure 15. VSFG spectra from the CEEDS/HO interface with 1.0

spectra from the CQISDS/water system plotted versus the temperature. MM SDS in the aqueous phase as a function of mole fraction,6f H
Solid line is a linear least-squares fit to the data. under S-sf, S-vis, P-ir polarization conditions.

. . . the spectral position of the OH (OD) stretching vibrations. This
temperature sensitive than from the air/water interface and they o shift occurs as the mole fraction 0@ (D;0) is decreased

fact that hydrogen bonding is highly temperature Sensitive o, ig 5 result of the decreased intermolecular coupling of the
prowde further support that_ the mtermolecqlar hydrogen bonding o stretches between neighboringdHmolecules. Experiments

Is greatest at the C@Water |nterfac¢. Previous VSFS, Measure-  -onducted on both cubic and amorphous ice have shown a blue
ments from the neat air/water interface show little or no it in the OH-SS-S peak of approximately £0P0 cnt? as
temperature dependence in all of the OH pedkat both the 1o e fraction of KO varies from 1.00 to 0.01 with the peak
air/water and the CGMater interfaces in the presence of SDS position of the OH stretch converging on the uncoupled mode
we observe that the OH peaks are dependent on temperaturé;s 3,505 114951 |n an effort to further characterize the
The observed temperature dependence at both interfaces in gy cyyre of water molecules at the Gl@later interface in the

presence of SDS, as compared fo the lack of temperature, oqance of charged surfactants, we have conducted VSFS
dependence at the neat air/water interface, is a result of the h'ghexperiments on mixtures of 8 and DO to probe the hydrogen
degree of alignment of the water molecules in the presence Ofbonding of interfacial water molecules.

SDS. _For the case of the air/watgr interface the ice-like and Figure 15 shows the VSFS spectra from the Zi@ter
wat(_ar-llke peaks have somewhat_ dlffergnt temperature de_pendinterface for various mixtures of 4 and DO ranging from a
encies. From the slopes of thelllnear fI'[S.IO the data in Figure H,O mole fraction of 1.00 to 0.1 in the presence of the charged
12, we conclude that the ice-like peak is more temperature g hie surfactant SDS held constant at a bulk concentration
dependent wh_lle the water-hke_ peak is less temperature de-,. 4 ionic strength of 1.00 mM. The mole fraction of®iwas
pendent following the trend predicted by the degree of hydrogen c5cjated assuming complete isotopic exchange and the equi-
bonding. librium H,0 + D,O = 2HOD with K = 44752 For Figure 15

we have used hydrogenated SDS, and the CH stretching modes
are indicated on the spectra. The shoulder in the spectra located

In the set of studies described in this section, we demonstrateat approximately 3000 cm could be due to the OH stretch

the feasibility for using isotopic dilution studies to examine from water molecules that are hydrogen bonded to the charged
further the structure and hydrogen bonding at the 8GO sulfate headgroup with the large red shift presumably a result
interface in the presence of surfactants. This is the first time of the strong hydrogen bond. We have also observed a shoulder
that isotopic dilution studies have been employed to examine in this region from surfactants with sulfonate headgroups. We
hydrogen bonding at water surfaces. The studies lay the observe intensity in this spectral region from the deuterated SDS
groundwork for future studies to be pursued in this &€a.  studies as well, but strangely we have not observed the shoulder

H. Isotopic Dilution Studies

These initial studies have focused on the surfactant/EgD in air/water studies with surfactants with either headgroup. The
interface as we seek to build on our understanding of this solid lines in Figure 15 are a least-squares fit to the data using
interface as described in previous sections. egs 1 and 3 from which we are able to extract peak intensities,

Numerous IR and Raman studies of®1D,0 mixtures have positions, bandwidths, and integrated areas. Further, the intensi-
been conducted in the past to gain a better understanding ofties, positions, and bandwidths were all adjustable parameters
the structure of water in both bulk liquid water and bulk in the fitting routine. We fit each spectrum to five peaks: two
ice224752 Referred to as isotopic dilution studies, such due to CH stretching modes, two due to OH stretching modes,
experiments have provided a wealth of information about and the last being the aforementioned peak at approximately
hydrogen bonding of water molecules in terms of the inter- and 3000 cnr.
intramolecular coupling between water molecules. The reason- Inspection of Figure 15 shows that as the mole fraction of
ing behind these studies is that aglD(H,0) is added to KO H,0 is decreased by adding,O there is a corresponding
(D20) the intermolecular coupling between the OH (OD) decrease in the intensity of the OH-SS-S peak resulting from
oscillators decreases as a result the difference in energy of thefewer HO molecules contributing to the SF signal. For linear
OH and OD stretches and to a lesser extent as a result of thespectroscopies the integrated area of a particular peak is
difference in hydrogen bonding betweenHand DO. The proportional to the number of oscillators contributing to that
intermolecular decoupling as,D (H.0) is added to KO (D-0) peak. For the case of VSFS the SF response is proportional to
manifests itself in the IR and Raman spectra as a blue shift in the square of the number of oscillators contributing to the signal;
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Figure 16. Plot of the square root of the normalized integrated area Figure 17. Peak position of the OH-SS-S peak from the data in Figure
of the OH-SS-S peak from the data in Figure 15, determined from fits 15 plotted as a function of the mole fraction of® The data were

to egs 1 and 3, as a function of the mole fraction e®HSolid line is fitted according to egs 1 and 3.

a linear fit to the data.

0.5
thus, within the confines of eqs 1 and 3 the number of interfacial 1 _N_I‘ileoirg;“m K0
H,O molecules contributing to the OH-SS-S peak is proportional 0.4 Hzo\ ® 0050
to the square root of the integrated area for the OH-SS-S peak. o 000

Figure 16 shows a plot of the square root of the integrated area 3

versus the mole fraction of 4 where the square root of the g 034
integrated area has been normalized to unity for@ lhole g
fraction of unity. The solid line in Figure 16 is a linear fit to E 0.2 ] ’
the data with the functionality expressed on the graph. The &

linear dependence of the square root of the integrated area on
the mole fraction of HO shows that the square root of the area 0.1+
is a good measure of the relative number of oscillators j
contributing to the OH-SS-S peak in the VSFS spectra. 00
Close inspection of the spectra in Figure 15 shows that we 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700
are sensitive to the expected blue shift of the OH-SS-S peak Frequency (cmi’)
position with decreasing D mole fraction. The. peak position Figure 18. VSF spectra from the C@EDS/HO interface with 1.0
goes from a value of 3200 crhat a mole fraction of 1.00 10,y SDS in the aqueous phase for low mole fractions gDHinder
a value of 3320 cm! at a mole fraction of 0.05. The blue shift  S-sf, S-vis, P-ir polarization conditions.
in the peak frequency of the OH-SS-S peak with decreasing
H2O mole fraction is a result of the intermolecular decoupling compared to that of D or D,O. This simplification is a result
of the OH oscillators by the addition of OD oscillators as of two main factors: first the OH (OD) stretching mode of HOD
previously mentioned. The magnitude of the blue shift that we in D,O (H;0) is intermolecularly uncoupled due to the dilution
observe for HO molecules at the C@later interface in the of the strong interaction between neighboring oscillators with
presence of SDS is approximately the same, 120'cas has bending and stretching modes overlapping in energy, and second
been observed for both bulk amorphous ice and cubi®®e  the OH and OD stretching modes of HOD are intramolecularly
as well as supercooled water-ab °C.26 From this similarity uncoupled due to the isotopic mass difference. The fact that
we infer that the water molecules at the @@hter interface HOD is both intermolecularly and intramolecularly uncoupled
are indeed very much in an ice-like arrangement with a high simplifies the interpretation of the vibrational spectrum. A result
degree of hydrogen bond order and tetrahedral coordination.of this simplification is that the vibrational spectrum of HOD
Figure 17 shows the peak frequency of the OH-SS-S peakin both HO and BO can been used by researchers to elucidate
obtained from the fits to the spectral data using eqs 1 and 3 structural characteristics of bulk liquid water and solid ice.
plotted as a function of the mole fraction of®l. From Figure Figure 18 shows the VSFS spectra from the lowest mole fraction
17 we see that the peak frequency of the OH-SS-S peak blueH;0 solutions studied with the SF intensity axis expanded so
shifts in nominally a linear fashion with decreasing@Hmole the OH features can be more easily discerned. From inspection
fraction over the range from 1.0 to 0.2. Below a mole fraction of the 0.108 mole fraction #O solution spectra we observe a
of 0.2 the slope of the frequency shift with decrease®H  small shoulder at approximately 3460 cthhon the high-
becomes significantly steeper. This observation is most likely frequency side of the blue-shifted OH-SS-S peak from interfacial
due to the increased HOD component present at the interfaceH,O molecules. We attribute this peak at approximately 3460
resulting in an interference between OH peaks from HOD and cm™ to the uncoupled OH stretch (OH-S) from interfacial HOD
H,O and thus interfering with accurate fitting of the spectra. molecules produced by isotopic exchange betwee@ End
Along with the uncoupling of the OH stretching modes that D,O. The VSFS spectrum from the 0.05 mole fractiogOH
occurs as PO is added to KO, one also expects that HOD solution shows that this peak actually dominates the OH
will be produced. Numerous IR and Raman spectroscopic stretching spectral region. This observation is a result of the
studies have been performed on isotopic solutions of HOD in very small concentration of ¥ and the much larger (0.35 mole
H,O and RO in bulk liquid water and ice form&-4953 The fraction) HOD concentration. The absolute intensity from the
reason for these studies is the simplified spectrum of HOD as OH stretch of HOD is much weaker than the OH stretch of

........
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~ 0.6 solvated by water through maximization of the intermolecular
~ 10 } 3 hydrogen bonding at the expense of entropy. Our observation
i L os that the VSF spectra from the neat air/water interface contains
g o8 s contributions from both OH peaks whereas the VSF spectra from
z L oaZ the CCl/water interface contains only the OH-SS-S peak
i 06 { L2 provides strong evidence for the classical description of the
%" - oag. hydrophobic effect. Our future work in this area will focus on
T 04 L £ the structure and hydrogen bonding of surface water molecules
£ L 028 adjacent to molecules in other hydrophobic phases of varying
§ 02 L polarity. One might expect that more polar, yet still immiscible,
% L o1 molecules would have a smaller structure-inducing effect on
g o0 { i the interfacial water molecules, resulting in a relative scale of

P L Nl hydrophobicity.

0.0 0.2 0.4 0.6 038 1.0 The function of common surfactants in such products as

Mole Fraction H,0 detergents and soaps arises from the micellization of oil or “dirt”
Figure 19. Plot of the square root of the normalized integrated area particles by the surfactant molecules, thus increasing their
of the OH-S peak from HOD molecules, determined from fits to eqs 1 solubility in water. Our studies of different common surfactants
and 3,as a fur_lction of the mole fraction of®l Solid line is a plot of have focused on the effects that the headgroup has on the
E;r;?cmgltzgrﬁgit%ntﬁ; Heglﬁ,iﬁﬁu%ffgcfogzgfihgﬁgg;ﬁ?oﬁ2m structure and intermolec_ular hydrogen bonding of interfacial
water molecules. We find that neutral surfactants such as
H,O. This decrease in intensity is a result of diminished pentadecanoic acid produce little change in the structure and
hydrogen bonding and uncoupling of the OH stretching vibration intermolecular hydrogen bonding of interfacial water molecules.
from interfacial HOD molecules. The small peak present at In contrast to neutral surfactants, charged surfactants induce an
approximately 3150 cri in the low HO mole fraction spectra  alignment of the interfacial water molecules resulting from the
is most likely due to the tail of the ©D stretch from interfacial ~ €lectrostatic field that accompanies the surface charge. From
D,O molecules. the VSF spectra we are able to infer a relative orientation of
We have fit the VSFS spectra for all the mole fraction the interfacial water molecules in the presence of cationic and
solutions studied using two OH peaks, the OH-SS-S frg@ H  anionic surfactants. We find that water molecules in the
and the OH-S from HOD, according to egs 1 and 3. Using the presence of cationic surfactants are oriented with their hydrogens
fitted peaks, we have calculated the integrated area of the OH-Spointed toward the bulk solution while water molecules in the
peak from interfacial HOD as a function o,& mole fraction. presence of anionic surfactants are arranged with their oxygens
As mentioned earlier, the square root of the area of a peak inpointed toward the bulk solution. Since both cationic and
the VSFS spectrum is a good measure of the number of anionic surfactants are very effective as detergents and soaps,
oscillators contributing to the SF signal; thus, in Figure 19 we the orientation of water molecules around the micelle must play
plot the normalized square root of the peak area of the OH-S little role in the solubilization of dirt particles.
peak from interfacial HOD molecules as a function of the mole  To further our understanding of water structure and bonding
fraction of HO. In the same figure we plot the mole fraction at a charged liquid surface, we have carried out detailed studies
of HOD as a function of the mole fraction of.8 calculated  of the VSFS of water as the electrostatic properties of the double
assuming complete isotopic exchange and the equilibrig® H  |ayer are varied. Of most importance in this area we find that
+ D20 = 2HOD with K = 4. The agreement between the at the air/water interface there is an increase in the extent of
square root of the area of the peak at 3460 tand the mole  hydrogen bonding accompanying an increase in the surface
fraction of HOD provides further evidence that the OH-S from potential or electrostatic field. Several experimental and
HOD molecules is responsible for this peak. This work theoretical studies conducted at the charged electrode/water
represents the first observation of the OH stretch from uncoupled jnterface have suggested that a strong electrostatic field can
HOD molecules at an C@lvater interface in the presence of a  trigger a phase transition in the water molecules next to the
charged soluble surfactant and will be used in future studies to charged surfacéd:56 The fact that we observe increased
measure the properties of aqueous surfaces. hydrogen bonding accompanying increased surface charge is
in excellent agreement with the observations of water at the
surface of a charged electrode. It is well-known that the surface
The structure and intermolecular hydrogen bonding of tension of water decreases as surfactant is adsorbed to the
interfacial water molecules are essential to the description of surface, the decrease presumably a result of the surfactant
many physical, chemical, and biological processes. This is no molecules breaking up the strong interactions between water
less true at aqueous surfaces than in bulk water or aqueougnolecules. Our studies tell us that this disruption is ac-
solutions. Our approach has been to employ vibrational sum companied by an increase in structuring or hydrogen bonding
frequency spectroscopy to probe interfacial water molecules by of water molecules in the double-layer region due to the
examining OH stretching modes sensitive to the structure and electrostatic field created by the charged surfactant and coun-
intermolecular hydrogen bonding. The studies presented hereterion. It is important to reiterate that in these studies we find
encompass a wide range of experimental conditions. Significantthat the electrostatic field plays a dominant role in our
variations in the structure and intermolecular hydrogen bonding observations, because of its strength in the presence of these
of interfacial water molecules are observed as experimental surfactants as well as the larger volume of interfacial water being
parameters are varied. Most notable is the fundamental differ- probed relative at the charged interface relative to an uncharged
ence in the structure and hydrogen bonding of water moleculesinterface. Studies are currently in progress to characterize
at the neat air/water and Cfkater interfaces. Inthe classical further the interaction and bonding of water with solutes and
description of the hydrophobic effect a nonpolar molecule is surfactants at these interfaces, as well as studies involving the

Conclusions and Future Directions
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modes as well as additional vibrational modes of solutes and (19) Gragson, D. E.; Richmond, G. Langmuir 1997, 13, 4804.
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Our temperature-dependent studies indicate that an increasd'Vater Oxford University Press: New York, 1969.
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Finally, the more specific nature of the structure of water  (?6) Green, J. L;Lacey, A. R Sceats, M. Ghem. Phys. Let.986

; : 13Q 67

molecules at the C@lwvater interface has been examined through

isotopic dilution experiments. This work represents the first 565?7) Gragson, D. E.; Richmond, G. U. Phys. Chem. EL998 102

application of the isotopic dilution technique, extensively used (28) Tanford, C.The Hydrophobic EffectWiley-Interscience: New

in the study of the structure of bulk liquid water and ice, t0 york 1973.

probe the structure of surface water molecules. Through these (9) michael, D.; Benjamin, 1. Phys. Chem1995 99, 1530.

studies we find that the OH-SS-S peak behaves in a manner (30) Benjamin, 1.Chem. Re. 1996 96, 1449.

very similar to the OH peak observed from ice with regard to

isotopic dilution and uncoupling of the OH stretching vibrations.

This observation provides further evidence that the water

molecules at the C@Qlwater interface are in an ice-like arrange-

ment, resulting in the maximization of hydrogen bonding. From 59, 1597,

the ISthpIC Q|Iut|on work we ha.ve al§o b.een able.to mon.ltor (35) Hunt, J. H.; Guyot-Sionnest, P.; Shen, Y Jem. Phys. Letl987,

for the first time the OH stretching vibration from interfacial 133 189.
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