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Probing the Structure of Water Molecules at an Oil/Water Interface in the Presence of a
Charged Soluble Surfactant through Isotopic Dilution Studies
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We have employed vibrational sum frequency generation (VSFG) to obtain the first vibrational spectra of
water molecules at an oil/water interface in the presence of a charged, soluble surfactant. By examining OH
stretching modes that are highly sensitive to the local hydrogen-bonding environment, we have been able to
compare the structure of interfacial water molecules with the structure of bulk water molecules determined
from previous studies. From the VSFG spectra we infer that there is more extensive hydrogen bonding
between neighboring water molecules at the fiGter interface as compared to water molecules in the bulk
aqueous phase. The presence of a charged surfactant enhances the SF response in the OH stretching spectral
region in a manner similar to what we have previously observed at the air/water interface. To further probe
the hydrogen bonding of water molecules at the oil/water interface, we have employed VSFG to study mixed
samples of HO and BO. As the mole fraction of KD is decreased, the peak position of the ice-like OH
stretching mode is blue-shifted by approximately 120 tand converges on the peak position of the uncoupled

OH symmetric stretch observed in bulk ice studies. This shift in energy is discussed within the context of
hydrogen bonding of the interfacial,B® and DO molecules and the intermolecular uncoupling of the OH
symmetric stretching vibration. Finally, we have obtained the first vibrational spectra of the OH stretching
mode from uncoupled HOD molecules at the oil/water interface located at approximately 3460 cm

Introduction Despite the abundant use of surfactants in these products as
well as the use in many industrial processes, little is known on

Water structure and ordering resulting from intermolecular .
a molecular level about how water and surfactants interact at

hydrogen bonding at various interfaces plays a substantial role

in many physical processés Specifically, understanding the liquid surfaces and interfaces. This lack of information about
properties of interfacial water molecules is essential to the how the presence of surfactant molecules alters the molecular

description of technological processes such as flotation, adsorp-°rientation and intermolecular bonding of surface water mol-
tion, and corrosion as well as biological processes such as€cules places severe limitations on our predictive power for
micelle formation, membrane stability, and protein activity. Over designing surfactants to perform a desired task. In a recent
the past 20 years extensive theoretical work has been conductedublication we analyzed the effect of charged soluble surfactants
in an effort to better understand the structure and hydrogen ©n the structure of interfacial water molecules at the air/water
bonding of interfacial water molecules at liquid/air, liquid/solid, interface!® We observed that the presence of charged surfac-
and liquid/liquid interfaced5-7 Experimental confirmation of  tants at the air/water interface induced an alignment of interfacial
these theoretical studies has been slow to follow due, in part, water molecules as evidenced by a large enhancement in the
to the limited number of techniques suitable for interfacial sum frequency response in the OH stretching spectral region.
investigations. Within the past decade laser-based nonlinearln the work presented here we observe a similar enhancement
optical techniques such as second harmonic generation (SHG)n the VSFG spectra from an oil/water interface as the charged
and vibrational sum frequency generation (VSFG) have been soluble surfactant sodium dodecyl sulfate (SDS) is added to
shown to be powerful tools for the study of interfae¥! In the aqueous phase.

particular, the interfacial and molecular specificity of VSFG By examining OH stretching modes sensitive to the local
has allowed researchers to gain a better understanding of many,yqrogen-bonding environment in8, we have been able to
processes at a variety of interfaces. From the work presentedcparacterize the structure of interfacial water molecules in the
here we characterize the intermolecular hydrogen bonding of yresence of a charged soluble surfactant. At the air/water
water molecules at an oil/water interface in the presence of a;.iarface we fount-15.16that water molecules partitioned into
charged soluble surfactant and compare our results to the well-joo e and water-like structures whereas in the studies pre-
studied case of intermolecular hydrogen bonding in bulk liquid sented here we find that at the oil/water interface nearly all of

wa}ﬁir. resen f surfactants at an oiliwater interf real the water molecules are in the ice-like structure with little or
€ presence of surfactants at an oi/wate eriace grea yno evidence for the water-like structure. This difference can

affects the.surfac'e tension of the.water. In fact, this reduction be explained in terms of the effect that the nonpolar oil phase
of the relatively high surface tension of water by the surfactant has on the interfacial water molecules. forcing them into a
accounts for the widespread use of surfactants in Commemialtetrahedral arrangement and more com ,Iete h %Iro en bondin
products such as motor oils, lubricants, detergents, and soaps - 9 P ydrogen bonding
between neighboring #D molecules. Further characterization
* Department of Chemistry, Harvey Mudd College, Claremont, ca Of the intermolecular hydrogen bonding of water molecules at
91711. an oil/water interface is investigated through isotopic dilution
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studies. We find that as the mole fraction of®His decreased,
the peak position of the OH mode attributed to an ice-like
structure blue-shifts by approximately 120 ¢ This shift in
energy is discussed within the context of hydrogen bonding of
the interfacial HO and DO molecules and an uncoupling of
the OH symmetric stretching vibration. We also relate our
observation to previous studies in which a blue shift in the
coupled OH stretching vibration from B/D,0 ice mixtures

as well as super cooled liquid water was observed. Finally,
we have observed for the first time the uncoupled OH stretching
mode at approximately 3460 crhfrom HOD molecules at the
oil/water interface. We find that the spectral intensity in this
mode correlates well with the calculated amount of HOD present
in the HO/D,O mixtures.

Background
Vibrational sum frequency generation (VSFG) is a nonlinear
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elements by invoking symmetry constraints. Liquid surfaces
as well as monolayers on liquid surfaces are isotropic in the
plane of the surface. The symmetry constraints for an in-plane
isotropic surface reduceg® down to the following four
independent nonzero elements

2., —,?.,2 — @2
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XzzaXxxz = XyyzXxzx — Xyzyx( ) o

xx - Xzyy (4)
wherez is defined to be the direction normal to the surface.
These four independent elements contribute to the VSFG under
four different polarization conditions, (S,S,P) (S,P,S) (P,S,S),
and (P,P,P), where the polarizations are listed in the order of
decreasing frequency (sf,vis,ir). Which vibrational modes are
present under a certain polarization condition depends on the
polarization of the IR field and the direction of the IR and
Raman transition moments. The SSP polarization condition
accesses vibrational modes with transition moments that have

optical technique that has been extensively used in the study ofcomponents perpendicular to the surface plane whereas the SPS
surfaces and interfacés!'1315 Since VSFG is a second-order and PSS polarization conditions accesses modes that have
nonlinear process, it is inherently surface sensitive. Further, transition moments with components parallel to the surface
for VSFG one combines a tunable infrared laser beam with a plane. Since the intensity under PPP polarization conditions is
visible laser beam at a surface or interface. These two aspectsiependent on all of the tensor elements, vibrational modes with
of VSFG allow one to obtain a vibrational spectrum of components both perpendicular and parallel to the surface plane

molecules at an interface. The VSFG intensity is proportional
to the square of the surface nonlinear susceptibijit?-
(wstg—wvistwi) as
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wherePsg is the nonlinear polarization aistg, ynr @andyg, are
the nonresonant and resonant partg&®, v, is the relative
phase of theth vibrational mode, antl;s andl;; are the visible
and IR intensities. Since the susceptibility is in general complex,

will be present in these VSFG spectra. All of the vibrational
modes of interfacial molecules essential to the description of
the systems studied here possess transition moments with
components out of the plane of the surface, requiring us to use
the SSP polarization condition. However, verification of the
peak assignments has been made from spectra using all of the
polarization combinations.

At the oil/lwater interface in the presence of a charged
surfactant a significant surface charge exists which produces a
large electrostatic fiel,. This electrostatic field can contribute
to the nonlinear polarization induced at the interface by the

the resonant terms in the summation are associated with agptical fieldsE,is andE; through a third-order polarization term

relative phase’, which is used to account for any interference
between two modes that overlap in energy® is also
proportional to the number density of moleculé, and the
orientationally averaged molecular hyperpolarizabilfty, as
follows:

@ _
Rv

(N/eg) (3,00 2
Thus, the square root of the measured SF intensity is propor-
tional to the number density of molecules at the surface or
interface. The molecular hyperpolarizabilif,, is enhanced
when the frequency of the IR field is resonant with a SF-active
vibrational mode from a molecule at the surface or interface.
This enhancement i, leads to an enhancement in the nonlinear

susceptibilityy2) which can be expressed as

X
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whereA, is the intensity of theth mode and is proportional to
the product of the Raman and the IR transition momeniss

the resonant frequency;, is the tunable IR frequency, add

is the line width of the transition. Since the intensity teAmn,

is proportional to both the IR and Raman transition moments,
only vibrational modes that are both IR- and Raman-active will

%@ as follows:

Psfg -

X(Z): EvisEir + X(S): EvisEirEO (5)

The second term in eq 5 is the third-order polarization term,

P, and contains the electrostatic field dependence of the
nonlinear polarization induced at the interface. Bgfh and

@ have resonant and nonresonant portions as described above,
and in fact the overall SF response can be represented by an
effective surface susceptibility that is a combinatiory@fand

%@. The third-order contribution to the nonlinear polarization
results from several factors, namely, the electronic nonlinear
polarizability, o®, the alignment of the interfacial water
molecules by the electrostatic fielh, and the magnitude of

the electrostatic fieldE. In the absence of an electrostatic field
the interfacial water molecules are randomly oriented after a
few water layers, and thus only these first few layers contribute
to the nonlinear polarization. The presence of a large electro-
static field aligns the interfacial water molecules beyond the
first few water layers and thus removes the centrosymmetry over
this region, allowing more water molecules to contribute to the
nonlinear polarization. The depth of the asymmetric region is
on the order of the Debye length or 3 nm at an ionic strength
of 10 mM and 10 nm at an ionic strength of 1.0 mM,
corresponding to approximately +@0 water layers. Previous

be SF-active. Thus, molecules or vibrational modes that possesstudies have showf121517.1&hat this alignment of the inter-

an inversion center will not be SF-active.
In general, the surface susceptibilipf’ is a 27-element

facial water molecules is manifested in the VSFG spectra as a
large enhancement in the SF response in the OH stretching

tensor; however, it can often be reduced to several nonvanishingspectral region.
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Experimental Section

The laser system employed for the vibrational SFG studies
has been described in detail elsewh€ré. Briefly it consists
of a titanium:sapphire regenerative amplifier that pumps a two-
stage optical parametric amplifier seeded with a small portion
of white light continuum. The system produces IR pulses
tunable from 2.4 to 4.@m at a repetition rate of 1 kHz. The
energy of the pulses over this range is approximatelyd0
with a bandwidth of 18 cm! and a pulse duration of 1.9 ps.
The IR pulses are combined at the interface with approximately
150 uJ of 800 nm light from the Ti:sapphire regenerative
amplifier. The beam diameter of the tunable IR and 800 nm
laser beams are approximately 30 and 4 mm, respectively.
All spectra presented were obtained undgy, Syis, Pr polariza-
tion conditions which picks out the vibrational modes with
components of the transition dipole moment perpendicular to
the plane of the interface. Spectra from the @&ter interface
were obtained in an internal reflection geometry with the 800
nm and tunable IR beams coincident on the interface from the
CCl, side at the critical angle for each wavelength (6Ghd
73.2, respectively). Previous studies have sh&¥nthat
operating in a total internal reflection geometry produces an
enhancement of several orders of magnitude in the generate
nonlinear polarization. The generated sum frequency light is
detected in reflection with a PMT after filtering. Individual

spectra were collected with gated electronics and a computer

while the IR frequency was scanned from 2750 to 3700%m
Our laser system limits our ability to obtain reliable spectra in
the 3606-4000 cnT? regionZ0 thus, we limit our discussion to
the 27506-3600 cnt! spectral region. Each scan was obtained
with an increment of 4 cmt and an average of 300 laser shots
per increment, and each spectrum presented is an average of
least two scans.

Both 18 MQ water from a Nanopure filtration system and
HPLC grade water from Mallinckrodt were used with no
detectable difference in the VSFG spectrap0D(99.9 atom
%) from Aldrich was thoroughly mixed with C¢and decanted
off to remove any organic contaminants. HPLC grade carbon
tetrachloride (99.9%) from Sigma-Aldrich was used as
received. Both 99% sodium dodecyl sulfate from Sigma-
Aldrich and 98 atom %d,s-sodium dodecyl sulfate from

Cambridge isotope laboratories were used as received. SDS,

(2.00 mM) in HO/D,O solutions were made by making
additions of 1.00 mM SDS in ¥ to 1.00 mM SDS in BO
solutions and additions of 1.00 mM SDS inMto 1.00 mM
SDS in HO solutions. The mole fractions of,B®, D,O, and

HOD were calculated by assuming complete isotopic exchange

and the equilibrium bLO + D,0O = 2HOD with an equilibrium
constaniK = 42122 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 after
the beam had traverdea 1 cm path length of CClL All

glassware and experimental apparatus that came into contac
with the aqueous or organic phases were soaked in concentrate

sulfuric acid containing No-Chromix for at lea3 h and then
were thoroughly rinsed with 18 8 water.

Results

A. Sodium Dodecyl Sulfate at the Oil/Water Interface.
Figure 1 shows the VSFG spectra from the £8JO interface
in the OH stretching spectral region with varying bulk concen-
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Figure 1. VSFG spectra from the C&H,0 interface with varying

bulk concentrations ofls-SDS under S-sf, S-vis, P-ir polarization
conditions. Solid lines are a fit to the data using eqs 1 and 3.

found in earlier studie¥}15allowing us to obtain more accurate
fitted data for the water modes. The solid lines in Figure 1 are
a least-squares fit to the data using eqs 1 and 3 from which we

re able to extract peak intensities, positions, bandwidths, and
ntegrated areas. Table 1 lists the OH stretching modes typically
observed in IR and Raman spectroscopic studies of bulk water
along with the structural characteristics of each mode.

As was mentioned earlier, the presence of a surface charge
resulting from the adsorption of charged surfactant to the
interface induces an electrostatic field across the interfacial
region. This electrostatic field can be as large a&\W/@n and
can induce an alignment of the dipoles of the interfacial water
molecules. This alignment is manifested in the VSFG spectrum

als an enhancement in the SF signal in the OH stretching spectral

region. Inspection of the spectra in Figure 1 shows that there
is a large enhancement in the SF signal as the bulk surfactant
concentration is increased. This increase with increasing bulk
concentration is a result of the fact that the interfacial concentra-
tion, and thus the surface charge density and magnitude of the
electrostatic field, is a function of the bulk concentration. We
find that this enhancement reaches a maximum value slightly
below a bulk concentration of 1.0 mM while surface tension
measurements show that the maximum surface coverage occurs
around 2-3 mM. Further, we observe an enhancement in the
SF response at sub-micromolar bulk concentrations that cor-
respond to surface concentrations several orders of magnitude
below the maximum surface concentration. The ability to detect
a very low surface concentration of SDS illustrates the high
sensitivity of this experimental technique.

In a recent publicatioff we showed that at the neat oil/water
interface the prevailing structure of the water molecules is a
tetrahedral arrangement much like the structure of ice, while at
the neat air/water interface we observed an equal distribution
between an ice-like and a less ordered water-like arrangement.
| spection of the spectra in Figure 1 shows that as charged

urfactant is added to the aqueous phase, the dominant spectral
feature remains the OHSS-S (ice-like) mode whereas there
is little or no evidence for intensity from the GHF6S-A (water-
like) mode. The shoulder in the 2983050 cnT? region arises
from a small amount of contaminant, CH stretches, present at
the neat interface riding on the large OH peak and possibly the
OH stretch from water molecules strongly hydrogen bonded to
the sulfate headgroup. From the dominance of the-G8-S

trations of the charged soluble surfactant SDS present in themode we infer that the prevailing structure of the interfacial
aqueous phase. We used completely deuterated SDS to removevater molecules in the presence of a charged surfactant is a
the interferences between the CH and OH stretching modestetrahedral arrangement much like the structure of ice. This
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TABLE 1: Peak Assignments and Bandwidths for OH Stretching Modes of HO and HOD

OH mode label structural designation freq (Cin fwhm (cnT?) ref
OH-SS-S, H,0 ice-like, high H-bond order 32063250 310 21,27
OH-SS-A, HO water-like, low H-bond order 340668450 260 21,27
uncoupled OH-S, HOD inter- and intramolecularly uncoupled OH 33@500 260 21,22
free-OH non-hydrogen-bonded 3680 70 18

12 1.0
1 CH Stretching Modes Mole Fraction H,O

sqrt(area)=0.06+0.95*X;,

1.00

0.965
0.815
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0.385
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Figure 3. Plot of the square root of the normalized integrated area of
the OH-SS-S mode, determined from fits to eqs 1 and 3, as a function
of the mole fraction of HO. Solid line is a linear fit to the data.

Figure 2. VSFG spectra from the C&H,0 interface with 1.0 mM
SDS in the aqueous phase as a function of mole fractiorny©f ithder
S-sf, S-vis, P-ir polarization conditions.

observation is in striking contrast to the IR and Raman spectra Inspection of Figure 2 shows that the ©8S-S mode
from bulk water at room temperatdfefor which there is dominates the VSFG spectrum from the oil/water interface while
approximately equal distribution between each mode. As will there is little or no evidence of the CH6S-A mode. The
be discussed below, this difference implies that the hydrogen OH—SS-S mode is present in both the VSFG spectra from
bonding between neighboring water molecules is more completethe air/water interface and the IR and Raman spectra from bulk
at the oil/water interface as compared to water molecules in Water, thus indicating a preference for an ice-like structure at

the bulk aqueous phase. the oil/water interface. As the mole fraction of®lis decreased
B. Isotopic Dilution. Figure 2 shows the VSFG spectra by adding RO, we observe a decrease in the intensity of the
for various mixtures of KO and QO ranging from a HO mole OH—-SS-S mode resulting from fewer @ molecules contrib-

fraction of 1.00 to 0.1 in the presence of the charged soluble uting to the SF signal. For linear spectroscopies the integrated
surfactant SDS held constant at a bulk concentration and ionicarea of a particular peak is proportional to the number of
strength of 1.00 mM. The mole fraction o£8 was calculated  oscillators contributing to that peak. For the case of VSFG the
assuming complete isotopic exchange and the equilibrigth H ~ SF response is proportional to the square of the number of
+ D,O = 2HOD with K = 4. For Figure 2 we have used oscillators contributing to the signal; thus, within the confines
hydrogenated SDS, and the CH stretching modes are indicated®f egs 1 and 3 the number of interfaciab® molecules

on the spectra. These modes include the §tinmetric stretch ~ contributing to the OHSS-S mode is proportional to the
(2850 cnt?), the CH; symmetric stretch (2875 cr#), the CH square root of the integrated area for the -©€65-S peak.
Fermi resonance (2935 cH), and the CH asymmetric stretch ~ Figure 3 shows a plot of the square root of the integrated area
(2937 cntY). The 20 cm?® bandwidth of the IR laser beam Versus the mole fraction of € where the square root of the
makes resolution of these peaks difficult, and thus further integrated area has been normalized to one for,@ khole
discussion of the CH modes is not warranted here. We havefraction of unity. The solid line in Figure 3 is a linear fit to the
performed other studi@s®1315that specifically address the data with the functionality expressed on the graph. The linear
spectroscopy of the surfactant at the @@ater interface without ~ dependence of the square root of the integrated area on the mole
the complication of limited resolution. The shoulder in the fraction of HO shows that the square root of the area is a good
spectra located at approximately 3000 éngould be due to measure of the relative number of oscillators contributing to
the OH stretch from water molecules that are hydrogen-bondedthe OH-SS-S peak in the VSFG spectra.

to the charged sulfate headgroup with the large red shift C. Interfacial HOD Molecules. Figure 4 shows the VSFG
presumably a result of the strong hydrogen bond. We have spectra from the lowest mole fraction,® solutions studied
also observed a shoulder in this region from surfactants with with the SF intensity axis expanded so the OH features can be
sulfonate headgroupg4. We observe intensity in this spectral more easily discerned. From inspection of the 0.108 mole
region from the deuterated SDS studies as well, but strangelyfraction HO solution spectra we observe a small shoulder at
we have not observed the shoulder in air/water studies with approximately 3460 cmt on the high-frequency side of the
surfactants with either headgroup. The solid lines in Figure 2 blue-shifted OH-SS-S peak from interfacial D molecules.

are a least-squares fit to the data using egs 1 and 3 from whichWe attribute this peak at approximately 3460 @énto the

we are able to extract peak intensities, positions, bandwidths,uncoupled OH stretch (OHS) from interfacial HOD molecules
and integrated areas. We fit each spectrum to five peaks: twoproduced by isotopic exchange betweesOHand BO. The

due to CH stretching modes, two due to OH stretching modes, VSFG spectrum from the 0.05 mole fractiop®isolution shows
and the last being the aforementioned mode at approximatelythat this peak actually dominates the OH stretching spectral
3000 cnTl. region. This observation is a result of the very small concentra-
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Figure 5. Plot of the square root of the normalized integrated area of
the OH-SS mode from HOD molecules, determined from fits to eqs
1 and 3, as a function of the mole fraction of® Solid line is a plot
of the mole fraction of HOD as a function of the mole fraction ofH
calculated using the equilibrium® + D,O = 2HOD andK = 42422

tion of HO and the much larger (0.35 mole fraction) HOD
concentration. The absolute intensity from the OH stretch of
HOD is much weaker than the OH stretch 0@ This
decrease in intensity is a result of diminished hydrogen bonding
and uncoupling of the OH stretching vibration from interfacial
HOD molecules.

We have fit the VSFG spectra for all the mole fraction

solutions studied using two OH modes, the ©85-S from
H,O and the OH-S from HOD, according to egs 1 and 3. Using

the fitted peaks, we have calculated the integrated area of the

OH-S mode from interfacial HOD as a function of® mole
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HOD molecules at an oil/water interface in the presence of a
charged soluble surfactant.

Discussion

A. Effect of a Charged Surfactant on the Interfacial
Water Structure. The structural properties of bulk water have
been previously characterized in numerous studies through
inspection of the OH stretching modes in Raman and IR spectra.
Table 1 lists the peak positions of the OH stretching modes for
H,0 and HOD along with the bandwidths of each transition as
observed from Raman and IR measurements. From the presence
of each of these modes, researchers have been able to infer the
structure of water molecules in a variety of systein$,23.2528
The OH-SS-S mode located between 3200 and 3250 tis
attributed to the coupled symmetric stretch from water molecules
that have complete tetrahedral coordination with two strong
hydrogen bonds much like the structure of ice. The mode
located between 3400 and 3450Cris attributed to the coupled
symmetric stretch from water molecules that have incomplete
tetrahedral coordination with one strong and one weaker
hydrogen bond. Raman and IR spectroscopic studies have
shown that the peak at 3200 chdominates the spectra of bulk
liguid water at low temperatures whereas the peak at 3450 cm
dominates the spectra at elevated temperafd®sThe tem-
perature dependence of the spectral features has led researchers
to characterize these two peaks as being indicative of “ice-like”
(OH—SS-S) and “water-like” (OH-SS-A) structures with the
ice-like mode corresponding to a higher degree of hydrogen
bond ordering and the water-like mode corresponding to a lower
degree of hydrogen bond ordering.

A third OH mode observed in previous bulk and surface water
studies is located at approximately 3680¢rand is attributed
to the free OH stretch from water molecules that have hydrogen
atoms not participating in hydrogen bonding. As was mentioned
earlier, the ability to obtain spectra in the 3664000 cnt?!
region is limited by the laser system; thus, we typically do not
observe this peak in the VSFG spectra. The red shift of the
peak position of the OH stretching modes with increased
intermolecular coupling caused by increased hydrogen bonding
as seen in the three aforementioned modes has been thoroughly
examined’”2%:30.31 The shift occurs because hydrogen bonding
actually “steals” bond strength from the OH bond, and thus
stronger hydrogen bonds result in weaker OH covalent bonds
and vibrational modes at lower energy. A comparison of the
peak positions with the degree of hydrogen bonding illustrates
the well-known trend that the peak position of the OH stretching
mode is red shifted with increasing hydrogen bonding. Ac-
companying the red-shift of the peak frequency with increased
hydrogen bonding is a large increase in the bandwidth of the
OH stretch. This increase in the bandwidth results from
dynamic dipole-dipole coupling between neighboring water
molecules which produces a distribution of low- and high-

fractiqn. As mentioned earlie_r, the square root of the area of 8 frequency stretching modé&29:3031 The nature of this distribu-
peak in the VSFG spectrum is a good measure of the numberijon 5150 has an effect on the position of the peak frequency of

of oscillators contributing to the SF signal; thus, in Figure 5
we plot the normalized square root of the peak area of the ®H
mode from interfacial HOD molecules as a function of the mole
fraction of HO. On the same figure we plot the mole fraction
of HOD as a function of the mole fraction of,B calculated
assuming complete isotopic exchange and the equilibriy@ H
+ D,O = 2HOD with K = 4.21.22 The agreement between the
square root of the area of the peak at 3460 tand the mole
fraction of HOD provides further evidence that the ©8lfrom
HOD molecules is responsible for this peak. This work
represents the first observation of the OH stretch from uncoupled

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 of HOD in®or D,O which
eliminates the intermolecular coupling effect. However, the
extent of hydrogen bonding can be inferred through a compari-
son of the relative amount of each coupled mode &3%-S

and OH-SS-A, present in the vibrational spectra. This
comparison is possible since the ice-like (B8S-S) peak is
indicative of more complete or more extensive hydrogen
bonding than the water-like (OHSS-A) peak.
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Our observation that at the oil/water interface the-€%5-S 3350 -
mode dominates the OH stretching spectral region provides ]
direct evidence that there is more extensive hydrogen bonding ) E
between neighboring interfacial water molecules when compared 3300 i
to bulk water molecules. This difference is a result of the effect ]

that the nonpolar CGImolecules have on the water molecules
in the interfacial region. This effect can be explained in terms
of the ability of water to solvate a nonpolar molecule such as
CCl, and the corresponding decrease in entropy associated with 1 E
the solvation of nonpolar molecul&4:2°32 This decrease in 1 E
the entropy of the system overrides the enthalpy of solvation . E
and causes the solvation of nonpolar molecules in water to be
energetically unfavorable. The decrease in entropy is thought 1150

to result from water molecules rearranging into a tetrahedral T oa oa o os b
structure in order to maximize hydrogen bonding in the presence Mole Fraction H,0

of a nonpplar SO.IUIéfl’zg'az Our_ Obs_ervatlon that the VSFG Figure 6. Plot of the peak position of the OHSS-S mode as a
spectrum is dominated by the ice-like peak at the AvGiter function of the mole fraction of kD from the data fitted according to
interface is a direct manifestation of the structure-inducing egs 1 and 3.

influence of CCJ molecules on the interfacial water molecules. o ) )

This observation is also consistent with previous calculations Mole fraction is a result of the intermolecular decoupling of
of hydrogen bonding at an oil/water interface which suggest theé OH oscillators by the addition of OD oscillators as
that there is an increase in the strength of the hydrogen bondingPréVviously mentioned. The magnitude of the blue shift that we
among the water molecules near a hydrophobic sufoks observe for HO molecules. at the oil/water interface in the
was mentioned earlier, we are probing specifically the asym- Presence of SDS is approximately the same, 120'cas has
metric interfacial region which for the studies discussed here, b€en observed for both bulk amorphous ice and cubit'#e
ionic strength of 10 mM, corresponds to at most 10 water layers. @ Well as supercooled water-a6 °C.>* From this similarity

In the bulk aqueous phase the water molecules are not influenced"€ infer that the water molecules at the oil/water interface are
by the presence of a nonpolar molecule, and thus the water-indeed very much in an ice-like arrangement with a high Qegree
like peak accompanies the ice-like peak. The similarity of the of hydrogen bond order and a tetrahedral structure. Figure 6

water structure at the oil/water interface both in the presence shows the peak frequency of the ©8S-S stretch obtained

and in the absence of a charged soluble surfactant further aIIowsfrom the fits to the spectral data using egs 1 and 3 plotted as a

us to infer that the presence of the surfactant and counterions'Unction of the mole fraction of k0. From Figure 6 we see

in the aqueous phase does not disrupt the bond ordering of thelnat the peak frequency of the G+$S-S mode blue-shifts in

interfacial water molecules. nominally a linear fashion with decreasing® mole fraction

B. Spectroscopy from Varying Mixtures of H,0 and D;0 over the range from 1.0 to 0.2. Beyond a mole fraction of 0.2
’ ? 2 2 the slope of the frequency shift with decrea: Hbecomes
Numerous IR and Raman studies of®D-O mixtures have P quency shift wi se

b ducted in th 1 . bett derstandi fsignificantly steeper. This observation is most likely due to
een conducted in the past 1o gain a better understanding ol jncreased HOD component present at the interface interfering

the structure of water in both bulk liquid water and bulk with the fitting of the spectra

ice 21723313441 The reasoning behind these studies is that as )

. . ; C. Uncoupled Interfacial HOD Molecules. Along with
D20 (H0) is added to KD (D;0), the intermolecular coupling 6 yncoupling of the OH stretching modes that occurs # D

b_etween th_e OH (OD) oscillators decreases as a result of the,s 5 44ed to HO, one also expects that HOD will be produced.
difference in energy of the OH and OD stretches and the \ymerous IR and Raman spectroscopic studies have been
difference in hydrogen bonding between®iand RO. The performed on isotopic solutions of HOD in,8 and QO in
intermolecular decoupling as,D (H,0) is added to KO (D,O) bulk liquid water and ice form&23:313437.3840The reason for
manifests itself in the IR and Raman spectra as a blue shift in hase studies is the simplified spectrum of HOD as compared
the spectral position of the OH (OD) stretching vibrations. This {4 that of HO or D02 This simplification is a result of two
blue shift occurs as the mole fraction 0§®I(D20) is decreased  3in factors: first, the OH (OD) stretching mode of HOD in
and is a result of the decreased intermolecular coupling of the b, (H,0) is intermolecularly uncoupled due to the dilution
OH stretches between neighboringHmolecules. Experiments  of the strong interaction between neighboring oscillators with
conducted on both cubic and amorphous ice have stolfia bending and stretching modes overlapping in energy, and
blue shift in the OH-SS-S peak of approximately 160120~ second, the OH and OD stretching modes of HOD are
cm™* as the mole fraction of ¥ varies from 1.00 to 0.01 with jntramolecularly uncoupled due to the isotopic mass difference.
the peak position of the OH stretch converging on the uncoupled The fact that HOD is both intermolecularly and intramolecularly
mode at 3225 cm'. In an effort to further characterize the  yncoupled simplifies the interpretation of the vibrational
structure of water molecules at the oil/water interface in the spectrum. A result of this simplification is that the vibrational
presence of charged surfactants, we have conducted VSFGspectrum of HOD in both kD and BO can been used by
experiments on mixtures of# and RO to probe the hydrogen  researchers to elucidate structural characteristics of bulk liquid
bonding of interfacial water molecules. water and solid ice.

Close inspection of the spectra in Figure 2 shows that we Researchers using polarized Raman spectroscopy have sug-
are sensitive to the expected blue shift of the-€55-S peak gested a two-species model for the hydrogen-bonded HOD
position with decreasing #D mole fraction. The peak position  molecules in bulk water solutio?. The first species is
goes from a value of 3200 crhat a mole fraction of 1.00 to  composed of water molecules with two equivalent strong
a value of 3320 cm! at a mole fraction of 0.05. The blue shift hydrogen bonds while the second is composed of water
in the peak frequency of the OH5S-S with decreasing 0D molecules with one weak and one strong hydrogen bond. Using

Peak Position (cm’)
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this scheme, one predicts that there are two OH and two OD produced by the surface charge from the surfactant molecules
stretching modes within each case: one corresponding toadsorbed to the interface. This alignment is present further into
stronger hydrogen bonding and one corresponding to weakerthe bulk phase than for the case of the neat oil/water interface
hydrogen bonding. The OH stretch from the more strongly as evidenced by the much larger SF response in the OH
hydrogen bonded HOD in f® has been showh?3:35:3&0 occur stretching spectral region.

between 3300 and 3500 ciand is very temperature sensitive, We have further characterized the hydrogen bonding of water
shifting to higher frequencies with an increase in temperature. molecules at the C@water interface by obtaining the VSFG
The peak position of the more strongly hydrogen-bonded OH spectra from various mixtures of,B with D,O. We observe
(OD) stretching mode in the liquid state varies from 3435 to that the square root of the area of the ©8S5-S peak in the
3489 cnr! (2520 to 2568 cmt) as the temperature varies from VSFG spectra linearly depends on the mole fraction g®H
10t0 90°C.2 In contrast, the peak position of the more weakly confirming our use of the square root of the area as a relative
hydrogen-bonded OH (OD) from HOD in,D (H2O) has been measure of the number of oscillators interacting with the optical
shown to be relatively temperature independent, remaining fields. We also observe a blue-shift of approximately 126&m
relatively fixed at approximately 3600 cth(2650 cnt?). Our in the OH-SS-S peak with decreasing @ mole fraction
observation that the OH stretch from interfacial HOD molecules which we attribute to intermolecular uncoupling of the OH
at room temperature is located at approximately 3460'cm oscillators. The similarity in the magnitude of this frequency
seems to be in fair agreement with the position of the more shift with the frequency shift observed from bulk amorphous
strongly hydrogen-bonded OH stretch. Assuming a linear and cubic ice further confirms our conclusion that the interfacial
dependence of the OH stretch peak position on the temperatureyater molecules are in an ice-like arrangement. Finally, we
one finds that the peak position blue-shifts approximately 6.8 have observed for the first time the OH stretching mode located
cm~1 for every 10°C over the range 19890 °C. Using this at approximately 3460 cm from HOD molecules at an oil/
functionality and our peak position at 3460 ctinwe arrive at water interface in the presence of a charged soluble surfactant.
a value of approximately 47C for our interfacial temperature.  This mode has been shown to be essential in the full charac-
The fact that the interfacial temperature derived by the method terization of the structure of bulk water in both liquid and solid
introduced above is higher than the room temperature at whichphases from IR and Raman spectroscopic studies. Our future
the experiments were conducted is possibly the result of two endeavors will include exploiting this mode to probe the
main factors. First, the intensity of the laser beams could interfacial hydrogen bonding environment as a function of
produce local heating of the interfacial water molecules and temperature and the presence of structure making and breaking
thus be the source of the higher interfacial temperature. ions as well as to probe the dependence on the interfacial
However, in related temperature-dependent experiments at oil/potential.

water and air/water interfacéswe find negligible evidence

for local heating by the laser beams. The other possibility is ~ Acknowledgment. The authors thankfully acknowledge the
that both of the OH stretching modes from the interfacial HOD Office of Naval Research and the National Science Foundation
molecules, the more weakly hydrogen-bonded and the more(CHE-9416856) and the Petroleum Research Fund of the
strongly hydrogen-bonded modes, are present in the broad pealAmerican Chemical Society for support of this work.
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