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The vibrational spectra of interfacial water at a series of alkane/water interfaces have been measured using
vibrational sum-frequency spectroscopy. The OH stretching modes of water have been used to characterize
the water-water and alkanewater interactions present at these hydrophobic/aqueous interfaces; these results
are then compared with previous studies of the £GD interface. The results for all alkanes examined are
similar and have general spectral characteristics that coincide with théHzQlinterface. All spectra show
weaker hydrogen bonding interactions than have been observed for the vapor/water interface. Molecular
dynamics calculations are used to complement the experimental results in obtaining a more complete picture
of the interfacial interactions.

Introduction CClywater interfaces suggest that their molecular interfacial

In recent years, there has been a surge of theoretical andproperti.es shopld show similar characteristics. The measured
experimental interest in the determination of the structure and Intérfacial tensions of the systems are comparable, 49.7 mN/m
dynamics of water adjacent to hydrophobic surfacégzrom for hexane/water and 45 mN/m for Cfitater:**2 The mo-

a theoretical standpoint, there is interest in understanding the!€cular dipole polarizabilites of hexane and ¢@re nearly
scaling of the hydrophobic effect to large planar hydrophobic identicali® 11.9 x 10°2*and 11.2x 10°2* cn®, respectively,
surfaces. There is also considerable interest in this topic becaus@/S0 suggesting similar intermolecular interactions. Infrared
of its relevance to understanding a wide range of physical, €XPeriments by Conrad and Straéis; however, show that
biological and chemical phenomena that occur at aqueous/Water dlssplved in an alkane solvent rotates freely V\_/hlle water
hydrophobic interfaceg:10 dissolved in CCj is relatively constrained. The details of the

Alkane/water interfaces are considered a prototypical system INtérmolecular interactions that give rise to these macroscopic
for studying the interaction of water with nonpolar liquid and microscopic observations dominate interfacial structure and
surfaces. They have also been used as model systems for thdynamics.
study of such biological phenomena as membrane dynamics a”dExperimentaI Section
drug adsorption. Although there has been considerable theoreti- . . .
cal work on alkane/water interfaces and water at other hydro- Vibrational sum-frequency generation is a second-order
phobic surfaces, comparison of this work with experimental Nonlinear spectroscopic technique useful for studying molecular
results has been hampered by the lack of techniques that carfnteractions at buried surfacéSThls techr_nque is sensitive to
probe this interface on a molecular level. This situation has only the vibrations of molecules oriented by interfacial forces, and
recently begun to change with the application of several new therefore a_lllows examination of surface_molecules yvlthout
experimental methods that can examine liquid/liquid interfaces ©V€rwhelming signal from the randomly oriented bulk liquids.
on a molecular level-8 The vibrational frequencies of water are particularly sensitive

In this study, vibrational sum-frequency spectroscopy (VSFS) o the individual molecular environmett,*® allowing vibra-
and molecular dynamics calculations have been employed tofional sum-frequency experiments to probe the interfacial
examine in detail the structure and dynamics of the hydrogen- ydrogen bonding network. .
bonding network of water at the hexane/water, heptane/water, N & typical VSFES experiment, two sources of radiation,
and octane/water interfaces. The complementary nature of thetunable infrared lightir) and a fixed frequency visible laser
experiments and theory allows a more detailed understanding(@vis), are overlapped in time and space at the interface of
of the interface to be developed. The calculations complementNterest. The sum-frequency light is emitted from the interface
the experimental studies by providing information about inter- &t the sum of these two frequenciesst = wir + wvis). When
facial water molecules that are isotropically oriented and the |nfrarf_ed light is tuned over an interfacial v_|brat|onal mode,_
consequently not measurable by VSF. The direct and iterative the duantity of sum-frequency light generated increases dramati-
comparison of the experiment with the theory also allows the cally, creating a wbrqtlonallspelctru_m of the surface molecules.
testing and improvement of models used to describe water 1he Sum-frequency intensityr is given by
water and watersolute interactions at these interfaces. lec o |ZZ(2) + Z(Z) |2| | 1)

The results of these alkane/water studies are compared with Sk Rw NRIVISTIR
recent experimental results of the GO interface’” where wherey®@g, is the resonant nonlinear susceptibility of vibrational
a detailed understanding of the hydrogen bonding has beenmodev, y®@yr is the nonresonant surface susceptibility, &ngl
obtained through a series of VSF studies including isotopic and I\ are the intensities of the input laser fields. In these
dilution experiments. Several properties of the alkane/water andexperiments, ssp polarization conditions are maintained for the
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sum-frequency, visible, and infrared radiation fields, respec-
tively. Under these polarization conditions, vibrations with
dipole moment changes perpendicular to the interface are
measured.

The routine used to fit the experimental spectra in this work
was first developed by Bain for use in sum-frequency spec-
troscopy2® and has been used in other recent studies from this
laboratory?7:18.19.21The resonant susceptibilig?r,, convolves
the homogeneous line width of the transition with the inhomo-
geneous broadening arising from the multitude of environments
present in the condensed phase. Thus, each resonant peak
represented by eq 2.

Syringe for control
of layer thickness.

o A gl — o)0J? Figure 1. Schematic of the experimental cell and optical geometry.
Zy(z) = f e do, ) The two lasers are coupled into the alkane/water interface through an
™ o-o —il IR grade silica prism, with the sum-frequency light collected using a

photomultiplier tube (PMT).

whereA, is the complex sum-frequency transition strength. In
addition to having an amplitude and a phase, each resonant peak
has a center frequency{), a homogeneous line width (HWHM,

I'L), and an inhomogeneous line width (FWHM2 In 2I",).

The alkane/water spectra presented here are each fit with three
resonant peaks, and zero nonresonant response. As with the
CCl4/H,0 experiments, a nonresonant sum-frequency response
was not detected for these alkangZHinterfaces. The phases

of the resonant peaks were constrained to be either Q8C,

with the phase of the free OH peak set tbd the reference
point. The homogeneous line widths are fixed at 5 &nand it

was found, as in previous C{H,0 studies;181%hat the overall
spectral shape was only weakly dependenion

The experiments presented here were performed on a
nanosecond VSF system. The details of this system have been
discussed in previous publicatioh$so only a brief description
will be given here. An Nd:YAG laser (3.5 ns pulse length, 500
mJ, 20 Hz repetition rate) is used to pump an OPO/OPA system,
generating infrared light tunable from 2500 to 4000 ¢mA
portion of the Nd:YAG pulse is doubled in frequency to 532 0.0
nm and brought to the interface as)s. The sum-frequency
light generated is detected using a photomultiplier tube and
boxcar integration.

The infrared and visible beams were sent to the interface
through the oil phase. Scans were started at 3300 dm 0.0
minimize heating of the interface due to absorption of the
infrared light by the alkane €H vibrations in the 2900 cn 3300 3400 3500 00 3700 3800
region. Interfaces were prepared by placiaf5 mL of water Frequency (cm™)
in the cell followed by~10 mL of alkane. Adding water into  Figure 2. VSF spectra of the C@lvater, hexane/water, heptane/water,
the cell through a syringe reduced the thickness of the oil layer and octane/water interfaces. The solid lines are fits to the experimental
to ~0.15 mm. The cell was then sealed using an IR grade silica spectra.
prism, through which the visible and infrared light were brought
to the interface. The visible light was kept at the critical angle
for total internal reflection to maximize the sum-frequency  VSF spectra of the hexane/water, heptane/water, and octane/
response. The tunable infrared liglti¢) was gently focused  water interfaces are shown in Figure 2 for ssp polarization,
(1 mn¥) onto the interface. The generated sum-frequency light which monitors vibrational modes that have components
was reflected through the prism to the photomultiplier tube, as perpendicular to the interface. The spectral region shown
depicted in Figure 1. corresponds to the OH stretching region of water. For com-
The sample cell used to contain the interfaces is constructedparison, a spectrum of the C@ater interface is also shoviri.
of Kel-F to minimize contamination of the interface. We have The spectra of the three alkane interfaces are very similar,
found that Kel-F is easier than Teflon to clean to the restrictive suggesting that the hydrogen bonding environments of water
levels required by these experiments. Improvements in this cellmolecules present at the hexane/water, heptane/water, and
and associated optics have allowed a more accurate measuresctane/water interfaces are also similar. Consequently, the
ment of the intensity of contributing OH modes relative to general features of the spectra may be discussed together. Two
previous studies. The water used in these experiments is HPLCobvious features are apparent in each spectrum, the most distinct
grade and used as delivered. The alkanes used were HPLC gradeeing a sharp peak at 3674 thassigned to the uncoupled
(Aldrich) and were distilled twice before use. free OH. This vibrational mode occurs when an interfacial water

Sum Frequency Intensity (arbitrary units)

Experimental Results
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CeH1a CgH14 TABLE 1
CeH14 spectral assignment peak frequency  peak frequency
CgH
CeH14 614 CeH14 Cef14 of interfacial water (wJem™) (wJem™)
CeH1a vibrational modes CCly/water alkane/water
CgH _
o4 (o) CeH14 tetrahedrally coordinated 3247 3247
i Free OH uncoupled donor OH 3439 3439
HoO AL uncoupled Free OH 3669 3674
H20 - H20 H20
aTaken from ref 7.
Ho0 H20 Ho0
Uncoupled \ interfaces (Figure 2). Despite the differences in location of the
Donor OH peak spectral intensity between the @®ater and alkane/water
H20 spectra, the fits show that the uncoupled donor OH peak (3439

H20 cm~1) and the peak corresponding to the tetrahedrally coordi-

nated water molecule vibrations (3247 chhare located at
HoO Multiply H-bonded similar frequencies for these two types of interfaces (as shown
in Table 1). The subtle difference in the shape of the spectra in
the 3606-3700 cnt?! region for these two types of interfaces

molecule has an unbonded hydrogen directed into the oil phaseIS due the absence of the weaker hydrogen bonded species found

. . in the CCl/water spectrum: water molecules with both
while the other hydrogen protrudes into the aqueous phase. Th .
. . . ydrogens free, either as unbonded water monomers or as
OH stretch of the hydrogen-bonded oscillator pointed into the : )
aqueous phase is referred to as the uncoupled donor OH Thehydrogen bond acceptors. The symmetric and asymmetric
broad feature centered at3450 cntl is attributed to water stretches of these water molecules are present in the VSF spectra

i 7

molecules whose OH bonds participate in hydrogen bonding of the_CCh/water interfacé; b.Ut do not appear to be present
with adjacent water molecules. These hydrogen-bonded vibra-at a h'.gh enough concentration to be ob;_erved at the alkane/
tions include both the uncouioled donor OH bond and the water interface. We conclude that our ability to observe them
vibrations of water molecules with both hydrogens involved in n the CCljwater system and_ not in Fhe alkgne/w_ater systems
hydrogen bonding with other water molecules is due to a stronger C&+H,0 interaction, which orients these

Using the spectral fitting procedure applied in similar previous |solgteq molegules allowing them to be observ_ed in the SPeC”a-
studiest7:18.193 fit to the alkane/water data is obtained that is It is interesting to compare these results with the studies of
comprised of three peaks. The solid line represents the best ﬁtConradl??Sd Strauss for water monomers in £41d various
to the data. Figure 3 is a depiction of the hexane/water interface@lkanes:** In those studies the IR spectra show that the
showing water molecules in the hydrogen bonding environments intensity of the OH stretching modes of water monomers in
represented by the assigned peaks. The VSF spectra of wateflkanes is significantly weaker and spreads out over a Iarg_er
at these nonpolar interfaces are dominated by the OH stretchedr€duency range than that observed for monomeric water in
of molecules with at least one hydrogen not participating in CCla. Iq addlltlon_, water |n.CQIexh|b|ted ared sh|ft.|n the two
hydrogen bonding: the free OH mode observed at 3674cm stretching vibrations relative to water monomers in the hydro-

Figure 3. Schematic of the hexane/water interface.

and the donor OH mode observed at 3439-tnin contrast, carbons examined, similar to what we observe for the free OH
the spectra of charged surfaces, such as the/@afef! and mode for the alkanes and CCIt was subsequently established
surfactant monolayers at the air/water and @iter inter- that_ n_mnom_eric water performs Ia_rge angular variations between
faces?223are composed primarily of the cooperative vibrations collisions with solvent molecules in the alkane systems _and_that
of tetrahedrally coordinated water and are observed3t00- water and CCJform a very weak complex, thus restricting its
3200 cnrl, motion1® Later studies of the relative degree of interaction

Although the alkane/water and Cflater spectra show petyvegn water and other sc_)l_vent mqlecules i.ndicate that water
similar general features, there are also notable differences inin liquid CCls can be classified as intermediate between the
the free OH spectral feature. The free OH vibrational frequency, Weakly interacting waterxenon and wateralkane systems, and
a sensitive probe of oilwater interactions, is shifted five ~the stronger interacting watebenzene systedt * In the
wavenumbers higher in energy than the free OH vibration Watér-xenon and wateralkane systems, the water rotational
observed for the CGlater interface at 3669 crh. The motion is termed “quasi-free”. Although the free OH mode of
uncertainty in peak position for the fits discussed here is the water molecules examined at these interfaces is not as free
approximately:£3 cnv L. For comparison, the free OH peak at o rotate as water monomers in a bulk organic solvent, the VSF
the vapor/water interface is measured at 370624 Ad- spectral observations are consistent with the monomer studies
ditionally, the integrated intensity of the free OH vibration and may be suggestive of a difference in rotational freedom for
relative to the donor OH vibration is smaller for the hexane/ Water at these interfaces. Future exploration with other systems
water interface than for the Cgivater interface. Because donor will be informative in determining how the VSF spectral features
and free OH popu|ations are required to be equa| at a given can help deduce the degree of interaction between interfacial
interface, this difference in relative intensities between the Water and the solvent, and thereby characterize the relative
halogenated and alkane/water interfaces must be either due tdotational freedom of these interfacial water molecules.
differences in the molecular orientation of these bonds, or MD Simulations. Molecular dynamics (MD) simulations
differences in either the free or donor OH frequency distribution. were performed on model hexane/water and Aviter inter-

MD simulation results discussed later in this paper shed insight faces, utilizing the AMBER suite of MD programs. Molecular

into this issue. dynamics simulations have been shown to give accurate
The second feature observed in the spectra is a broaddescriptions of the orientations and interactions of molecules
hydrogen-bonded peak maximizecda8490 cnt? for the CCl/ at surfaces: the structure and dynamics that give rise to sum-

water interface and at-3450 cnt! for the alkane/water  frequency spectré.3! For each system a VSF spectrum was
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TABLE 2: Potential Parameters A similar process was used to create an equilibrated (24.939
site q a(A) ¢ (kcal/mol) A)3 cellhof hexane molegules. 'Ik'lhe number of thgne molecAl#Ies
C (CChy® 01616 3.410 0.100 Was.”(; osen r:o reprfcl) .léce the ex?erlrr?e?]ta ensllty.I fter
CI(CClLy? 10,0404 3,450 0.285 equilibrating the two fluids separately, the hexane simulation
O(SPC/EY —0.8476 3.166 0.155 cell was duplicated and the resulting three boxes were placed
H(SPC/EY +0.4238 0.000 0.000 together with periodic boundary conditions to generate two
C (methyly —0.63 3.400 0.1094 interfaces, as shown in Figure 4a. The energy of the system
ﬁ(r’?ethy'e”é') ;8-‘2% g-ggg 8-(1)(1)247‘ was minimized until convergence to relieve any unfavorable
(hexane) : : : molecular contacts created by joining the simulation boxes. The
aTaken from Schweighofer, Essmann, and Berkowitz, reP3aken overall system was then equilibrated at 300 K and constant
from ref 33.¢ Calculated from ab initio calculations as described in yolume conditions for 200 ps. This methodology was found to
the text. Intramolecular parameters from AMBER. consistently arrive at an equilibrated interfacial system. Identical
. ) procedures were followed for calculations on the D@ter
calculated according to the method of Morita and HyRé&%o interface.
allow for a direct comparison of experiment and theory. Molecular coordinates for statistical analysis and spectral

Molecular dynamics simulations are naturally limited by the  generations were collected for 200 ps following equilibration.
accuracy of the potential parameters used, particularly whenThese equilibrated runs were performed at 300 K rather than
examining the intermolecular interactions present at mterfaces_. room temperature to account for any heating of the experimental
Potential models were therefore chosen that have been used iRystem by the lasers used. Coordinates were sampled every 50
previous and varied simulatioi$>*A summary of the param-  {ime steps (every 0.05 ps). Artificial smoothing of the interfaces

eters is given in Table 2. Hexane molecules were described usingyas avoided by using the center of mass of the bulk water as
the AMBER potential model that includes Lennard-Jones and {he system origin in all system analysis.

Coulombic intermolecular interactions, as well as the SHAKE  computational Modeling of a Sum-Frequency Spectrum.

algorithm. The AMBER parm94 data set was used to param- A prief description of the techniques used to generate a VSF
etrize these intra- and intermolecular interactions. An ab initio spectrum from the MD simulation data is given here. For more
calculation was performed on an all-trandiexane molecule  getajls, the reader is referred to the excellent paper by Morita
using SPARTAN 5.1 to obtain appropriate atomic charges for ang Hynes on the air/water interfa¥Creation of the VSF
use in the simulation. The Hartre€&ock calculation was run spectra from the molecular coordinates available from MD
at the 6-31G* level, and charges were placed on the atomsgimylations requires the calculation of a vibrational frequency
according to the natural charge distribution available in the anq the contribution to the total interfacial nonlinear susceptibil-
Spartan package. The results of the calculation are given in Tableity () for each OH bond in the system.
2. _ _ _ ) The SPC/E potential is a rigid body description of a water
The CCl potential was taken from simulations by Schweig- molecule, making the direct calculation of vibrational frequen-
hofer et af? on the interactions of sodium dodecyl sulfate at cjes impossible. The vibrational frequency of each OH bond is
the CCl/water interface. An ab initio calculation was performed therefore determined from the tension in the OH bond arising
on CCl, using the same methods as described for hexane ©from the interaction with its nearest neighbor. The linear
check for consistency in the atomic charges used between thegependence of the OH bond tension on the vibrational frequency
hexane and CGlpotential models. Near perfect agreement was given by Morita and Hynes was assunfédhis treatment of
found petween the calculation and the charges proposed bypgnd tension predicted a vibrational frequency-&333 cnr!
SchweighofeP? for a typical OH stretch participating in a hydrogen bond as
The SPC/E potential mod€lwas used to describe the water compared to the 3439 crh observed experimentally. In all
molecules in these simulations and the interactions betweencases, the bond tension was scaled by 80% before calculating
different molecular species were performed using the standardyiprational frequencies to give better agreement with experiment.
Lorentz-Berthelot combination rules. The SPC/E and £Cl |f no neighboring water oxygen was found within 2.5 A, the
potential models are based on rigid molecule point charge andOH bond was considered a free OH oscillator and no interaction
Lennard-Jones interactive forces and are easily implementedyith water was calculated. Instead, the interaction with the

within AMBER. hexane or CGlmolecule that gave rise to the largest tension in

A snapshot of the simulated hexane/water interface is shownthe OH bond was used to determine the vibrational frequency.
in Figure 4a. The CGlwater simulation was designed in a In deriving an interfacial VSF spectrum, the sum-frequency
similar fashion. A rectangular simulation cell (24.939 A response)&(Z)ssp amplitude) of each hydrogen-bonded species

24.939 Ax 74.817 A) containing hexane and water molecules must be calculated, not just the number density of each species.
was used to create the two interfaces approximately 25 A apart.Tq determiney®@ss, the contribution of the molecular hyper-
Equilibration was performed for each liquid separately before polarizability3 of each OH bond to the total interfacial nonlinear
creation of the simulation cell. susceptibility under ssp polarization conditions is found using
Initially, 511 water molecules were placed randomly in a the Euler angle transformation matrix,
(24.939 AP box. The system was run through 2000 energy
minimization steps to remove any unfavorable contacts between X(Z)sspz Zijk:usspijk:ﬁijk )
molecules. The water was then equilibrated at 1300 K for 100
ps followed by further equilibration at 300 K for 100 ps, both wherei, j, andk are the molecular frame axes and the values of
under constant volume conditions. Temperature control was Sk are taken from the calculations of Morita and Hynes. The
maintained through the Berendsen thermostat with 0.2 pstransformation matriy applies the Euler angles to transform
coupling®® The total energy and temperature were followed the S elements from the molecular frame into the laboratory
throughout the equilibration process. The system was consideredrame, as defined by the polarizations of the incident Iighn
equilibrated when the total energy and temperature remainedgeneral, the more perpendicular an OH bond is to the interface,
constant for at least 50 ps. the greater its ssp sum-frequency response. A net orientation
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Figure 4. (a) Snapshot of the simulation cell for hexane/water. (b) Nonlinear susceptibility determined from the MD simulations. The contributing
species are the free OH (- - - -), donor OH); water molecules with both hydrogens bonded-{) and those with neither hydrogen bonded)(

(c): Density histogram for water and the contributing species from (b). The line symbols are the same as they are in 4b. The solid line is the total
density. Donor OH and free OH contributions are equal.

of molecules is required for sum-frequency generation, and the dependent on both the individual vibrational frequencies and
depth of this orientation determines the surface sensitivity of the molecular orientation.
VSF spectroscopy. Random distributions of molecules have no  Coupling the vibrations, once the frequency and the value of
net contribution to SF spectra. %@sspfor both OH vibrations are known, involves a relatively
The nonlinear susceptibility®ssp,can be calculated for each  simple 2 x 2 matrix diagonalization. A coupling constant of
interfacial species as a function of distance along the simulation 49.5 cnt? is assumed, giving rise to the experimentally observed
cell to determine how each species contributes to the sum-symmetric and antisymmetric vibrations of gas phase water
frequency signal, and to what depth sum-frequency is generated(3756 and 3657 cmi). The eigenvalues and eigenvectors of
This representation is however only a first approximation of the resulting matrix are used to arrive at two new, coupled
the sum-frequency probe depth, as the frequency dependencérequencies ang®ss,amplitudes for the water molecule in its
has not yet been included. It is the most relevant measure ofindividual molecular environment. No intermolecular coupling
interfacial thickness for sum-frequency experiments, however, of OH vibrations is included in these simulations.
as it indicates to what distance the water molecules are The final step in the process is to place these molecular
influenced by the presence of the interface. vibrations into the spectrum. Two unsquared Lorentzians,
A direct comparison of experimental and simulated results representing the two vibrations of each water molecule, are
requires that the contribution of each OH bond to the tgtak, assigned the resonant vibrational frequencies;éfig, ampli-
amplitude be multiplied by a factor, linear in frequency, which tudes determined above. Each vibration is then separated into
accounts for the greater infrared vibrational response for modesreal and imaginary components. A line width of 22 ¢nis
at lower frequency? This enhancement factor can be quite large assumed in order to maintain consistency with the work of

for typical OH frequency shifts. A vibration at 3400 cifor
example, has an enhancement factor~&.5 relative to an
unperturbed OH stretch, resulting in an enhancement it
when the intensity|¢@ssp|?) is calculated. The contribution of

Morita and Hynes? This is done for each molecule in the
system, and for each time step to generate a statistically averaged
vibrational sum-frequency spectrum. By separately adding the
real and imaginary components of each vibration before

each OH vibration to the total VSF spectrum is therefore squaring, interferences between different molecular vibrations
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tions used to calculatg®ss, correspond well with previous
Both OH's simulations of hydrophobic interfacé35-39
Bonded Figure 4c shows the relative density of several water species
at the hexane-water interface, in addition to the total calculated
water density. The largest fraction of water molecules have both

80 —

o
o
|

g hydrogens participating in hydrogen bonding. As the number
£ Donor OH of free and donor OH oscillators are required to be the same,
5 the density histograms for the two species are identical; however,
@ 40 an increased number of free and donor OH oscillators is seen
(@) . . . oo .

* at the interface, which is expected. A small contribution is

observed by water molecules with both hydrogens free but their
density is extremely low relative to the other types of water
species.
The interfacial depth probed by VSF experiments can be
—————— estimated from the simulation results by examining #ffésp
0O 20 40 60 8 100 120 140 160 180 amplitude and density plots in Figure 4. The simulated hexane/
OH Oscillator Angle (degrees) water interface, for example, displays a net orientation of water
Figure 5. Orientational distributions for OH oscillators relative to the molecules for a tc.)tal of 9A, as eVIdenceq by the nonzerp value
interface (represented by a dotted line 2)90° points along the surface  Of %®sspon each side of the box. The full width at half-maximum
normal into the hexane. The direction of the permanent dipole moment Of the surface/@ss, an alternative estimate of interfacial depth,
was used to determine the angle for those water molecules with bothis ~4.5 A. Results for the C@Wwater interface are similar. While
OH oscillators bonded. Distributions represent a 1.5 A slice28 A. the majority of the sum-frequency signal arises from the
traditionally defined interfacial region (95%%% water density),
are allowed. The squares of the total real and imaginary spectralorientational order (i.e. nonzero susceptibility) persis®& A
components at each frequency are then added to generate a VSinto a region occupied entirely by water molecules. Previous

20

|
|
1
|
I
|
T

spectrum. simulations®® as well as X-ray scattering experiments on alkane/
' water interface§, have suggested that the hexane/water and
Computational Results CClywater interfaces are molecularly sharp, with interfacial

widths due to surface roughness or capillary waves rather than
a diffuse mixing region. These simulations support the conclu-

sion that the interfaces are not a diffuse mixed region, but also
show that orientational order persists into the bulk density

region.

Monitoring the influence of hydrogen bonds on particular
interfacial water molecules allows different hydrogen bonding
environments to be identified. Figure 4b shows a plog®fs,
amplitudes for OH bonds in these different hydrogen bonding

environments along the length of the hexane/water simulation . .
cell. The two interfaces in the simulation cell are mirrorimages  1he VSF spectra calculated from these MD simulations for

of each other, and so give rise to opposite signg®f; In the th_e hexane/water an(_j the QﬁZ\Irater_interfaces are shoyvn in
center of the cell water molecules experience no orienting Figureé 6. A comparison of the simulated results with the
interfacial forces and so the individual contributionsyt®ssp experimental spectra of Figure 2 shows excellent general
cancel to zero. On the right side of the box, the plog8ksp agreement. In both cases, a sharp free OH peak is observed at
shows a large positive susceptibility for the free OH oscillators, ~3700 cni* as well as a broad feature centered-a400 cm*
and two Sma"er nega’[ive peaks for the donor and mu|t|p|y aI’ISIng from bOth the dOI’]OI’ OH and m0|ecu|eS partICIpatII"lg n

peaks can be understood by examining the orientational Vibrational features are comparable to experiment for both the

distributions shown in Figure 5. On average, the free OH is C(_3I4lwater and.hexane/waterinterfaces. Cgrtain diffe_rences are
oriented out of the interface-30° from normal) with very litle ~ evident. The simulated free OH frequencies are higher than
cancellation, so a large sum-frequency response is expectedexperimentally observed, indicating that the averagewdter

The donor OH bonds however are oriented roughly parallel to interaction energy experienced in the simulation is too weak.
the interface, pointing only slightly into the bulk water phase This is perhaps not surprising, as the parameters that define the
(~110 from normal), resulting in a significantly smaller and ~ Potential energy between disparate molecular species are rarely
oppositely signed contribution tg®ss, than free OH bonds. experlmentglly constrained. Further refmemgnt_of the 3|muI§tlon
No correction for sin§) sampling was made; the distributions ~and analysis, through the use of more sophisticated polarizable
shown represent the actual popu|ations of water molecules potential models and through the inclusion of more than nearest
within the simulation. Although the number of donor and free Neighbor molecules in the force calculation, should allow for a
OH bonds is the same, the susceptibility arising from the donor more accurate determination of the frequency of oscillation of
OH is considerably smaller; this is attributed to the largely in- Weakly interacting water molecules. The symmetric and asym-
plane nature of the donor OH bonds. The interfacial forces also Metric stretches of nonbonded water are not observed in the
orient water molecules with both hydrogen atoms participating Simulation, suggesting that the creation of these molecules is a
in hydrogen bonding_ These molecules are found, on average’rare event, not observed on the time scale of the simulation.
to have both of their hydrogens near the plane of the interface Molecular dynamics simulations are limited by computer speed,
but pointing slightly toward the bulk water@5° from normal). making it difficult_ to study through simulation the creation of

A small contribution toy@ss, opposite in sign from the free ~ uncommon species such as nonbonded water molecules.

OH signal, is observed from these water molecules. Contribu-  The relative reduction in free OH intensity for the hexane/
tions to y@ss, from polarizability within the plane of the  water interface as compared to the @®hter interface is
interface, though significant, largely cancel due to the isotropic observed in the simulated spectra, allowing a direct comparison
nature found within the interfacial plane. These angular distribu- of experiment and theory. An analysis of the orientations of
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Figure 7. Calculated components contributing to the theoretical spectra
of the CCl/water (a) and hexane water (b) interfaces, respectively. (c)

Contributing factors for the broad, redshifted peak in the hexane/water
interface are separated into donor OH (solid) and tetrahedrally bonded
(dashed) components.

0.0

3600 to 3700 cm! (Figure 7b). The integrated intensity of the
free OH vibrational components is similar between the two
3300 3400 3500 3600 _13700 3800 interfaces, suggesting that the number density of the free OH
Frequency (cm ) oscillators is the same. Although the sharp peak2Z00 cnr
suggests that the majority of the hexaiveater interactions are
weak, the asymmetry to lower energy suggests that some
o ) ) stronger hexane-water interactions are present that are not seen
OH bonds in different hydrogen bonding environments, a i the CCl/water simulations. This suggests that the shift of a
possible explanation for the variation in observed free OH hrtion of the free OH intensity to lower frequencies is
intensities, however, shows no obvious differences between theresponsible for the reduction in peak free OH intensity for the
two interfaces. The orientational distribution of water molecules ;. 1ated hexane/water interface. This lower frequency intensity
shown in Figure 5 for the hexane/water interface is essentially overlaps with the hydrogen-bonded region of the spectrum, and

|dhent|cal ;o ttr;lose obseryed fo][ th? mes\tetr 'lfnterfaceb(not q creates asymmetrical spectral features that are difficult to include
shown). Another comparison of water orientation can be ma €in experimental fits.

by adding up the frequency independg@ts,amplitudes along , )
the simulation cell, as shown in Figure 4b for the hexane/water 1 h€ hexane/water simulation has been further broken down
interface. No clear differences between the hexane/water andNt© Separate free OH, uncoupled donor OH and tetrahedrally

CClywater interfaces are evident, indicating that the VSF coordinated vibratiqns in Figure 7c. No collective yibrations of
spectral differences between the two simulated interfaces aretetrahedrally coordinated water molecules (experimentally ob-
not due to the orientational distributions of water in these Served at~3250 cnt! and lowef) are expected in the
systems. simulation because the intermolecular coupling of OH vibrations
The simulated spectra of the hexane/water andJ@@ter is not included in this treatment. Because only nearest neighbor
interfaces have been broken down into separate free OH andnteractions were considered, the peak frequency corresponding
hydrogen bonded OH vibrations in Figure 7 to allow a further to tetrahedrally coordinated water molecules (dashed) is sig-
comparison of the two interfaces. The free OH vibration of the nificantly blueshifted, almost directly on top of the peak
CClywater interface (Figure 7a) is a symmetric peak centered corresponding to the donor OH vibration (solid). The peak
at ~3700 cn1?, indicative of weak interactions between the frequency of the donor OH vibration is at3410 cnt?, rather
CCl, and water. The free OH for the hexane/water simulations, than the 3439 cm' experimentally observed. These limitations
however, is asymmetric, with significant intensity observed from suggest that further refinement of the calculations of simulated

Figure 6. Calculated (offset) and experimental sum-frequency spectra
for the CCl/water and hexane/water interfaces.
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frequency shifts is necessary, to create better agreement betweeNaval Research for the initiation of the MD simulation studies.

experiment and theory. DSW is grateful for the support of a Department of Energy
GAANN Fellowship (#P200A010820).
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