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Molecular interactions that create the interfacial properties present at a junction between water and several
hydrophaobic liquids are the focus of this paper. This study employs molecular dynamics simulations to generate
vibrational sum frequency (VSF) spectral profiles of water across the interfacial depth of three systems: the
carbon tetrachloridewater, chloroform-water, and dichloromethaneavater interfaces. These spectral profiles

are calculated as functions of both frequency and interfacial depth, providing a visual description of interfacial
water structure that can be difficult to elucidate from density profiles and sum frequency spectral intensities,
or spectra that vary only as functions of frequency. VSF spectral intensities calculated for the OH stretch
region that are integrated over the entire interfacial region are shown to compare well with the experimental
VSF data for these systems. VSF spectral depth profiles show how the widths of the interfaces vary with the
density and polarity of the organic phase and where different types of water species reside in the interfacial
region. Furthermore they highlight the major molecular level differences found in these three interfacial regions
and, in particular, identify oriented water monomers deeply immersed within the dichloromethane phase far
removed from the Gibbs dividing surface. The penetration of water has important implications for how we
view transport across watehydrophobic liquid interfaces.

Introduction information pertaining to the location of different contributing

he | ; b d a hvdrophobic liauid is th species within the interfacial region. Experimentally, techniques
The interface between water and a hydrophobic liquid is the o, , 54 X-ray scatterird, 13 neutron scatteringf*>and second

site for many important processes that are utilized for biological, |\, i studie§ 17 assist in our understanding of interfacial
environmental, and industrial applications. The carbon tetra- structure as a function of depth, but they cannot capture the

chloride-water (CCI—H,0), chloroform-water (CHC4—H0), molecular bonding nature of these interfacial water species that
and dichloromethanewater (CHCIl,—H,0) interfaces serve as . 9 . P
é/SF studies can provide.

a series of model systems that are studied on a frequent basi
due to their fundamental and simple nature, both experimentally ~On a computational level, density profiles are common tools
and Computationa”y_ The Organic molecules themselves com-that are used to assess interfacial thickness, by correlating the
prise the simplest type of halocarbon, yet each molecule interfacial region to changes in the molecular population of a
possesses unique physical properties that enable clear distinctiogiven liquid181822 |n this work, molecular dynamics simula-
between them. Their spectroscopic response within the vibra-tions are used to create spectral profiles of water at the-€Cl
tional OH stretch region of water is nearly transparent, making H,O interface, the CHGHH,O interface, and the Ci€l,—
them ideal candidates for spectroscopic studies of water H,0 interface. These spectral profiles combine the methodologies
hydrophobic surfaces. As a result, there is considerable interesthehind vibrational sum frequency spectroscopy and density
in understanding the structural properties of water within these profiles to create spectral responses of water that vary as
buried systems, especially by means of vibrational spectroscédy.  functions of both frequency and interfacial depth. By the
Whereas both linear and nonlinear vibrational spectroscopic combination of these two methods, properties such as interfacial
techniques have been shown to be powerful methods for depth and penetration of water into the adjacent medium are
studying the surface of water on a molecular level, understanding assessed by observing the molecular orientation of extant water
the nature of the water surface on the baSiS_ of its Spectral molecu|e3, as opposed to Changes in molecular popu|ation_ To
response poses many challenges. The surface is comprised of @ phasize these changes within the different interfacial systems,
multitude of hydrogen-bonded water species of different bond geera| species of water that interact directly with the organic
lengths, strengths, and angles, making it nearly impossible 10,5565 are identified, and the spectral profiles from each species

assign distinct frequencies and bandwidths to particular types are evaluated. These results are compared with measurements

of hydrogen-bonded water molecules as has been possible forobtained from density profiles and sum frequency spectral

gas-phase water and its simple clusters. Furthermore, current o S . .
. . S intensities to show how spectral profiles identify properties of
analytical approaches toward understanding the vibrational

. S . . water within the interfacial region that can be particularly
spectroscopic response of liquid surfaces cannot provide direct’ .
P P P q P difficult to deduce from these other standard treatments. These
— studies show how differently the interfacial water molecules
* To whom correspondence should be addressed. E-mail: Richmond@ beh h tatth £ f ic liquids of .
uoregon.edu. Phone: 541-346-4635. Fax: 541-346-5850. ehave when present at the surtace of organic liquids or varying
f TriQuint Semiconductor Inc., Hillsboro, OR 97124. density and polarity.
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Figure 1. Density profiles of (a) water (solid) and organic (dashed) liquids, (b) straddling water molecules, (c) hydrogen bond acceptors, and (d)
water monomers at the C£1H,0 (red), CHC}—H,O (blue), and CHCIl,—H,0O (green) interfaces.

Computational Details “straddles” the interface and has one OH oscillator directed
Molecular dynamics simulations of CEIH,0, CHCh—H;0, towards the water phase where it participaf[es as a hydrogen
and CHCL—H,0 interfaces were performed with the bon_d dono_r to another water molecu_le, and its companion OH
AMBER 7 package using fully atomic, polarizable descriptions osm_llqtor directed towards the organic phase where it does not
for each moleculé? Initially, 2135 H,O moleculeg* 400 CCl partlc[pa}te as a.hydrogen bond donor to qnother Wgter '.mo'ec“'e-
moleculeg® 475 CHCh molecule€® and 601 CHCl, mol- (No dlstmct_lon is made here for OH oscillators with different
eculed® were each equilibrated for 200 ps in separate cells degrees ofmtermolz_acular hydrogen b°’?d3 on the oxygen atom.)
measuring 40 A< 40 A x 40 A to produce bulk liquid systems. The_se.two OH os_cHIators are energetically uncoupled due _to
Following this initial equilibration, liquic-liquid interfacial :Eg"“tde'faeﬁg‘:S”‘t’r'{é’"gno‘?:gf g”Hd rf]‘g%SP?nrg?Qr'geregel_:rﬁjogoe,[”
systems were created by joining together one water cell with . A . . g '
one or two organic liquid cells along theaxis to produce respectively*: In this work, thg focus of_the d|scus_S|on is Ia_rgely
systems measuring 40 & 40 A x 80 A or 40 A x 40 A x on thg free OH m_ode, as this mode interacts directly with the
120 A. The CCl—H,0 and CHCi—H,0 systems sufficed with organic phase while the donor OH mode does npt. Beyond these,
one organic liquid box. The Cil,—H,O system required a the second type of water molecule; dlscussepl is hydrogen bond
second organic liquid cell to accommodate for the increased acceptors. These molecqles only interact with adjacen_t water
solubility of H,O in CH,Cl,. The center of the C}Cl, phase mo!ecules by means of |ntermolepu!ar hydrogen bondlng on
was treated as a reservoir fop® molecules and was not used their oxygen atoms ‘%”‘_’ possess distinctly different bEhaV'Or at
for data collection. Consequentially, the same 4& A0 A x these three liquidliquid interfaces. They are found to be highly
80 A region surrounding b0 was used for data collection in onent_ed with th(_alr_ OH oscﬂ!ator_; directed toward the bulk
all interfacial systems. Following minimization, all of these organic phqse, minimizing the|rab|lllty to bond as hydrogen bond
systems were equilibrated for 2 ns, followed by data collection donors._As is the case with straddling water molecules, separate
over the course of the next 3 ns to produce 60 000 configura- categories are not maqle between hydrogen bond acceptors with
tions. The time step of integration was 1 fs. The particle mesh different degrees of mtermolgcular hydrogen bonds on the
Ewald technique appliedna8 A cutoff toward long-range oxygen atom. The thqu species are water monomers. These
interactions. All simulations were performed under the NVT molecules possess no intermolecular hydrogen honds to other
scheme at 300 K with weak coupling to a heat bath. water molecul_es _and are largely surroynd_ed b_y organic mol-
A modified Morita and Hynes frequency-domain treatriént gcules. The criterion for hydrogen bondl'gg in this work_ was an
was applied to generate sum frequency spectral responses fronjlntermole.rcular OH bond Ienth of 2.5 A. Although different
water in each of these liquidiquid systems and has been polanzatmn schemes are stral_ghtf_orward to generate computa-
described in detail elsewhetéThese modifications included tlonal_ly, "?‘" calculated spectra n this vv_ork are collected_ln SSP
use of a dipole-dipole coupling term to model geometrically polarization toztganable comparison with current experimental
favored intermolecular hydrogen bonds in water, a varying measurements?
intramolecular coupling constant based on the degree of Results and Discussion
solvation for each water molecule, and a reduced homogeneous
broadening term (2 crm) to enable resolution of narrow peaks Figures la through 1d show density profiles of water, organic
in the spectral response for certain species of water. Resolutionliquids, and species of water that interact directly with organic
of narrow peaks could not be attained with the value of the liquids at each liquietliquid interface. For each figure, the
homogeneous broadening used in the original treatment (22vertical axis represents tlzecoordinate (which resides perpen-
cm1),27 but can be observed more clearly using smaller values. dicular to the interfacial plane) and the horizontal axis represents
In this computational treatment, it is found that the most the density. Positive values of ttecoordinate represent the
distinguishing interfacial water molecules for these three liguid  water phase, negative values of theoordinate represent the
liquid systems fall into three categories. The first species are organic phase, and= 0 A approximates the Gibbs dividing
“straddling” water molecule$.This type of water molecule  surface.
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Figure la shows that the density profiles of water at the increased interfacial thickness of the &H,—H,0 system. In
CCl,—H,0 and CHCY—H0 interfaces are very similar, while  essence, the water population approaches its bulk composition,
the profile of water at the Cl,—H0 interface is distinctly yet continues to feel the presence of the organic liquid surface.
different with its water population extending deeper into the The average number of hydrogen bonds within this region is
organic phase. This observation coincides with the increasedapproximately 3.2 bonds per molecule, on the low end of the
polarity of CH,Cl, compared to both Cg¢land CHC} and is hydrogen-bonding scale commonly observed in simulations of
indicative of a wider interfacial region. In conjunction with their  bulk water34
respective water profiles, Figure 1b shows that the density profile  rigyures 2a through 2¢ show sum frequency spectral depth
of straddling water molecules also extends deeper into the profiles in SSP polarization of water at the GEH,O, CHCh—
organic phase at the GBI,—HO interface than at the other 1,5 and CHCI,—H,0 interfaces, respectively. The vertical

liquid—liquid interfaces. In addition to this wider region of o5 of Figures 2a through 2c represent the z-coordinate, and
density, straddling Wat_er molecules POSsess a lower peak densityir horizontal axes represent infrared (IR) frequency within
at the %HClZHHZOh mt_erfar]ie (approximately |0.20 9/ "/'L) the vibrational OH stretch region. For these figures, as is the
compared to the other interfaces (gpproxmatey 0.25 g/mL). case for Figure 1, positive z-coordinate values represent the
Density profiles of water and _straddllng water _mc_)lecules at_the water phase, and negative z-coordinate values represent the
CCL—H0 and CHCGI—H,0 interfaces are similar to their organic phase. By simple inspection it is clear that the
corresponding profiles at the vapeawater interface, indicating CH,Clo—H,0 interface is broader and quite different in the

a lack of significant perturbation upon the interfacial water bonding distribution of HO when compared to the CEH,0
) 28 .

population l:_)y COJ or CHCL* There s _however a clear and CHC{—H0 interfaces. This is manifested in the bright

spectroscopic distinction between straddling water molecules regions extending deeper into both the organic phase and the

immersed within different interfacial systems as indicated by a . .

shift in the calculated vibrational frequency of the free OH mode water phase. Figure 2d shows the corresponding VSF spectral

(of which the liquid-liquid results a?e to ge discussed below) intensities calculated for these three systems when their spectral

consistent Wi'[hle erci]mental resuie30.31 ' profiles are integrated over the z-coordinate. The general features
P ' of the spectral intensities for the CG&iH,0O and CHC4—H,0

_ Figure 1c shows that the interfacial location of peak popula- jhierfaces correlate well with experimental measuremetfts.
tions and the degrees of penetration into the organic phase from _. .
Figure 2a representing the sum frequency spectral depth

hydrogen bond acceptors are directly related to the polarity of ; . - o
each organic liquid: the greater the permanent dipole momentprOfIIe of the CCI—H;O interface displays two distinct

of the organic liquid, the greater the peak population and overall f€atures: a sharp peak of high intensity at high frequencies and
quantity of hydrogen bond acceptors that penetrate into the @ relatively narrow region of lower spectral |nten§|ty thgt spans
organic phase. This trend is seen in a more dramatic fashion inseveral hundred wavenumbers at Ipwer frequenmes. With respect
Figure 1d for water monomers. But unlike hydrogen bond © the sum frequency spectral intensity of the £aH0
acceptors, not all density profiles for water monomers possessintérface shown in Figure 2d, the sharp peak is commonly
peak populations at the interface. The density profile of water associated with the free OH mode, and the broad spectral region
monomers at the CKl,—H,0 interface continues to increase IS commonly associated with a combination of donor OH modes
in population more than 10 A away from the Gibbs surface. and fully solvated water moIecuIéé:BFigure 2b corresponding
Within the CHCl, phase, the density of water reasonably 0 the sum frequency spectral profile of the Cht€H.0

reproduces the estimated solubility of water in/CH (between interface displays similar characteristics with respect to those
2 x 103 and 3x 103 g/mL). The density profiles of water ~ Of the CCL—HzO interface, except over a slightly wider
monomers at the C@FH,O and CHC{—H,O interfaces interfacial region. This observation is discernible from Figure

relatively possess peak populations at the interface and undergd-a, where the interfacial width of the CHEIH,O interface is
a relatively steady decrease in population as a function of depthshown to be slightly broader than the interfacial width of the
within the organic phase. CCl,—H20 interface. Figure 2d shows that the sum frequency

It should be noted that Figure 1a shows the organic liquids SPectral intensity of the CHE+H,O interface is also very
at the CCl—H,0 and CHCi—H,0 interfaces possess additional  Similar to that of the CGHH.0 interface. By means of both

interfacial structure not seen in the case of the;ClpH,0O computational and experimental deconvolution, the spectral
interface, as manifested in the oscillatory behavior of their P€aks associated with the free OH mode at the,€8t0 and
density profiles. The molecular structure of G@&t the CC}— CHClL—H20O interfaces are generally shifted toward lower

H,0 interface has been explored in previous studies, with the frequencies by approximately 30 cfwhen compared to the
oscillations observed at that interface attributed to a layered, corresponding peak at the vapawater interfacg:530:31
oriented packing of CGlmolecules’? The composition of the It should be noted that Figures 2a and 2b reveal potential
CHCIl;—H,0 interface has also been studfédyith the oscil- limitations in the ability to attain quantitative information
lation in density observed for CH@inolecules to be indicative  regarding the spectral widths of narrow features, e.g., the free
of a lesser degree of oriented packing from those molecules. INnOH mode. The exchange time scales of water molecules between
contrast, the density profile of GEl, molecules undergoes a interfacial layers are suspected to be of comparable magnitude
smooth transition from the organic phase to the water phase,to the dephasing time of the free OH peadn the order of
indicating a lack of layered packing from those molecules. 1-10 ps. The effect of this relationship will manifest itself in
Finally, the bulk water population approaches its correspond- a broadening of the peak as a function of interfacial depth. When
ing bulk density, yet Figures 1b and 1c show that the hydrogen this is combined with the fact that motional narrowing is also
bond acceptor population and the free OH population do not not considered in this computational treatm&nthe overall
converge onto the same density for all systems within the consequence is a broadening of spectral features, as functions
interfacial depths shown. This is attributed to £t molecules of both frequency and interfacial depth, resulting in only
that penetrate deeper into the water phase compared tp CCI qualitative validity when comparing the narrow features for these
molecules or CHGI molecules, and also attributes to the interfacial systems.
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Figure 2. Sum frequency spectral profiles of water at the (a) £E1,0 interface, (b) CHGHHO interface, and (c) C¥Cl,—H0O interface. (d)
Sum frequency spectral intensities of water at the,€ELO (red), CHC}—H0 (blue), and CHCI,—H,0O (green) interfaces. All spectra are shown

in SSP polarization and possess bin size& & and/or 1 cmt.

Figure 2c shows the sum frequency spectral profile of the
CH,CI>—H0 interface is far broader than the spectral profiles
of the CCL—H->0O and CHC}—H-0 interfaces. In addition, the
location of two distinct spectral regions is more difficult to
identify in either the spectral profile or spectral intensity (Figure
2d) of the CHCIl,—H0 interface. This “featureless” type of

at the CHC}—H,O interface is slightly broader, both in
frequency and interfacial depth, and possesses lower peak
intensity than the corresponding profile at the ¢&H,0
interface. Figure 3d shows that these differences observed in
their spectral profiles result in a contributing sum frequency
spectral intensity that is slightly greater for the free OH mode

spectral response by water has been observed previously at that the CHC}—H,0 interface than at the C&+HH,0 interface.

1,2-dichloroethanewater (DCE-H,0) interface’® In that

In addition, the free OH mode at the CHEH,O interface is

system, the sum frequency response associated with the freeshifted slightly to lower frequencies compared to that of the

OH mode is not clearly distinguishable due to strongPH

CCl;—H0 interface, representative of slightly strongexH

DCE interactions that result in spectral interferences between CHCI; interactions compared to,@—CCl, interactions. Over-

straddling water molecules and hydrogen bond acceptors. Effortsall, these two peaks are responsible for the sharp features
to measure experimentally the VSF spectrum of water at the observed in the total spectral responses of water that reside at
CH,CI>,—H,0 interface have not been successful due to the higher vibrational frequencies for these systems (see Figures
higher adsorptive nature and lower boiling point of £H. 2a, 2b, and 2d).
However, experimental studies of GEH-0 interfaces mixed Figure 3c shows the spectral depth profile of the free OH
with increasing concentrations of GEl, within the CCl, phase mode at the ChCl,—H>0 interface is noticeably different from
show similar trends as were observed with related concentrationthose of the CGHH,O and CHC}—H0 interfaces. The free
studies of DCE added to CC¥ As the CHCI, concentration OH mode at the CKCIl,—H-0 interface is very broad both in
is increased in the Cglphase there is a progressive loss in frequency and interfacial depth. In addition to its spectral depth
spectral intensity, apparent red shift, and spectral broadeningprofile, Figure 3d shows that the calculated sum frequency
of the free OH mode. These experimental observations arespectral intensity of the free OH mode at the £LH—H,0
consistent with the more featureless spectral response found ininterface is significantly shifted toward lower frequencies
these calculations. Understanding the source of these observacompared to those of the other interfaces due to stros@H
tions is part of the focus of this study. CH.CI, interactions. However, unlike the free OH peaks
The data in Figures-36 illustrate the spectral contributions  observed from these other interfacial systems, the free OH peak
as a function of interfacial depth from the three types of observed for the CyCl,—H,0O interface is not clearly distin-
interfacial water molecules discussed above. Figures 3a throughguishable within the total spectral response of water (see Figures
3c describe sum frequency spectral profiles of the free OH mode 2c and 2d): This free OH mode possesses a peak well above
from straddling water molecules at the GEH,O, CHCk— 3600 cn1l, yet there is no peak above 3600 Thobserved in
H.0, and CHCI,—H-0 interfaces, respectively. Figure 3d shows the total spectral response of water at the,ClkH-H,0 interface.
their corresponding calculated sum frequency intensities. All This is consistent with the featureless spectral response previ-
of these spectra are shown in SSP polarization. Figures 3a ancusly observed for water at the DEH,O interface?
3b show the spectral profiles of the free OH modes at the-€Cl Overall, these spectral profiles show the free OH mode
H,O and CHCG}—H_0 interfaces are quite similar in both overall produces a sum frequency signal only within the interfacial
shape and magnitude. The spectral profile of the free OH moderegion, despite possessing population within the bulk water
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Figure 3. Sum frequency spectral profiles of the free OH mode from straddling water molecules at the faHgClnterface, (b) CHGHH,O
interface, and (c) CkCl,—H0 interface. (d) Sum frequency spectral intensities of the free OH mode at the 84 (red), CHC—H,0O (blue),
and CHCl,—H,0 (green) interfaces. All spectra are shown in SSP polarization and possess birf dizésand/or 1 cnil,
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Figure 4. Sum frequency spectral profiles of hydrogen bond acceptors at the (a)-B£D interface, (b) CHGHH,O interface, and (c)
CH.Cl,—H0 interface. (d) Sum frequency spectral intensities of hydrogen bond acceptors at theHgZ(red, x 10), CHCk—H,O (blue, x5),
and CHCl,—H,0 (green) interfaces. All spectra are shown in SSP polarization and possess birf dizksand/or 1 cm.

phase (see Figure 1b). This is not surprising, as bulk water The depth profiling of hydrogen bond acceptors provide
molecules are randomly oriented and do not produce a net sumadditional insights into the different degrees of water penetration
frequency response under the dipole approximation. Theseand orientation at these interfaces. Figures 4a through 4c show
results clearly emphasize the differences between molecularsum frequency spectral depth profiles of hydrogen bond
population and molecular orientation for this species of water acceptors at the C¢&tH,0, CHCk—H20, and CHCI,—H>0

and justify the notion that straddling water molecules “exist” interfaces, respectively. Figure 4d shows their corresponding
only at the interface. sum frequency intensities. All spectra are shown in SSP
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Figure 5. Sum frequency spectral profiles of water monomers at the (a)-&G0O interface and (b) CHGHHO interface. All spectra are shown
in SSP polarization and possess bin sizeé$ & and 1 cntl.

polarization. The OH oscillators from hydrogen bond acceptors phase. In all three of these liquidtiquid systems, hydrogen bond
are in similar environments causing them to be energetically acceptors produce the majority of their spectral response within
coupled enough to produce clear symmetric and antisymmetricthe organic phase. This is emphasized to a significant degree
OH stretch modes. If one looks at Figure 4d for the £¢1,0 by hydrogen bond acceptors at the £—H,0 interface.
interface, both the symmetric and antisymmetric modes are Figure 4d shows the corresponding sum frequency intensities
clearly present in the calculated spectral response from hydrogerfrom hydrogen bond acceptors at each ligtliduid interface.
bond acceptors. These two peaks are also apparent in the deptfihe spectral intensities from hydrogen bond acceptors at the
profile spectra (Figure 4a). The dominant region of spectral CCl,—H,O and CHC4—H,O interfaces are scaled by factors
intensity at lower frequencies is attributed to the symmetric OH of x10 andx5, respectively, to fit the graph. (Intensities are
stretch mode, while the lesser regions of spectral intensity atnot scaled in the corresponding spectral profiles of these
higher frequencies are attributed to the antisymmetric OH stretchsystems.) A comparison of these calculated spectral intensities
mode. Of note, as a function of interfacial depth, these spectral shows that the spectral intensity from hydrogen bond acceptors
features shift toward higher frequencies when progressing acrossat the CHCIl,—H,0 interface is much greater than that observed
the interface from the O phase to the C¢phase. We attribute  even at the CHGHH,0 interface. This implies that the spectral
this spectral shift to the identification of hydrogen bond contribution from hydrogen bond acceptors will play a much
acceptors that possess different degrees of hydrogen bonds tdarger role within the ChCl,—H0 interfacial system compared
their oxygen atoms: water molecules possessing two intermo-to the other interfacial systems. These observations are attributed
lecular hydrogen bonds would be expected to reside closer toto a broad range and large number of £H—H,O bonding
the water phase (lower frequencies) while molecules possessingnteractions within that interfacial region.
one intermolecular hydrogen bond (higher frequencies) reside The relatively large contribution and spectral breadth dis-
closer to the CGlphase?® played by hydrogen bond acceptors at the ;Ck—H,0

For the CHC{—H.0 interface the sum frequency spectral interface indicates that these modes play a large role in the
depth profile of hydrogen bond acceptors (Figure 4b) also showsoverall VSF spectrum generated from this interface. Interfer-
distinct contributions from symmetric and antisymmetric OH ences in the modes present in the high-frequency portion of
stretch modes. This is also apparent in the calculated spectrathe CHCl,—H,O spectral region largely dictate its shape and
contributions (Figure 4d). However, for this system there is no distinct spectral characteristics. The large spectral contribution
clear spectral shift as these water molecules move across thédrom hydrogen bond acceptors coincides with VSF experimental
interface as was seen for the GEH,0 interface. It is also studies of the DCEH,0 interface and (CGH CH,Cl;)—H,O
worth noting that the peak signal from hydrogen bond acceptorsinterface studies where a nearly featureless sum frequency
at the CHC4—H,0 interface is approximately four times greater spectral response from water is obser%édAt the CHCl,—
than the overall peak signal of the corresponding profile at the H,O interface, the phase of the spectral response from the free
CCly;—H0 interface (Figure 4d), along with a narrow distribu- OH mode constructively interferes with the phase from hydrogen
tion of bonding interactions across the interface. It is somewhat bond acceptors at lower frequencies (where the symmetric OH
surprising that the interfacial width of this profile is narrower stretch mode predominates) and destructively interferes with
than the interfacial width of the corresponding profile at the the phase from hydrogen bond acceptors at higher frequencies
CCly;—H0 interface; this is not apparent from their density (where the antisymmetric OH stretch mode predominates). This
profiles (see Figure 1c). results in an accumulation of sum frequency intensity on the

Interestingly, for the ChCI,—H,0 interface, Figures 4c and  lower frequency side of the free OH peak and a reduction of
4d show less distinct features for the symmetric and antisym- sum frequency intensity on the higher frequency side of the
metric stretch modes from hydrogen bond acceptors. The free OH peak. As a consequence, there is a loss in a distinct
spectral depth profile (Figure 4c) shows a relatively broad free OH peak within the overall spectrum (see Figure®d).
response in both frequency and interfacial depth. It has an overall Interfacial water monomers, or water molecules that have no
frequency shift to energies lower than that found in the previous bonding to other water molecules, are also present with differing
two interfacial systems. Following an asymmetric line shape, characteristics and with different degrees of impact on the VSF
the spectral peak intensity at lower frequencies is consistentspectra for these three systems. Figures 5a and 5b show sum
with the symmetric OH stretch mode, followed by a shoulder frequency spectral depth profiles of water monomers at the
of intensity at higher frequencies that likely corresponds to the CCl,—H,O and CHC}—H,0 interfaces, respectively. Figure 5a
antisymmetric OH stretch mode. An additional important shows the sum frequency spectral depth profile of water
observation is that for the Gi&l,—H2O interface there is a  monomers at the C¢HH,O interface is spatially localized
significant increase in penetration of water into the ,CH within the interfacial region with the highest population in the
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Figure 6. (a) Density profile of water monomers at the &Hb—H0 interface after 1 ns (blue) and 3 ns (red). (b) Tilt angle distributions of OH
bonds from hydrogen bond acceptors (red) and water monomers (blue) at $#8&€H,0 interface after 3 ns. Also shown are data points (green)
representing the tilt angle distribution of OH bonds from water monomers after 1 ns. The two tilt angle distributions of OH bonds from water
monomers are scaled equallyR) to fit the graph. (c) Sum frequency spectral profile of water monomers at th€lg&HH,0 interface after 3 ns.

(d) Sum frequency spectral intensities of water monomers at the-G20 (red), CHC}—H0O (blue), and CHCIl,—H,0 (green) interfaces after

3 ns. All spectra are shown in SSP polarization and possess bin $ize& and/or 1 cm™.

organic rich region of the interface. As is observed with Figure 6b shows the tilt angle distribution of the OH bonds
hydrogen bond acceptors at this interface, the OH oscillators from water monomers and hydrogen bond acceptors at the
from water monomers reside in similar environments and CH,Cl,—H0 interface. In this graph, the vertical axis represents
produce clear symmetric and antisymmetric OH stretch modes. thez-coordinate and the horizontal axis represents the OH bond
The symmetric OH stretch mode appears as a peak of hightilt angle. Positive values of the tilt angle represent water
intensity at lower frequencies, and the antisymmetric OH stretch molecules with their OH oscillators directed toward the
mode appears as a tail of lower spectral intensity at higher CH,Cl, phase, while negative values represent water molecules
frequencies. with their OH oscillators directed toward the® phase. Figure
Figure 5b shows that the sum frequency spectral depth profile 6b shows that hydrogen bond acceptors direct their OH
of oriented water monomers at the CHEH,0 interface is also oscillators toward the CKLI, phase. This is to be expected, as
localized within the interfacial region, producing clear symmetric these molecules possess intermolecular hydrogen bonds incident
and antisymmetric OH stretch modes at lower and higher only upon their oxygen atoms. The preferential orientation of
frequencies, respectively. Density profiles of water monomers water monomers however is a little more complex. Water
within this system show that the population of water monomers monomers closest to the Gibbs surface generally prefer to direct
(not necessarily oriented) persists throughout much of the €HCI their OH oscillators toward ¥D, while monomers further away
phase, and this population is greater at all depths when comparedrom the Gibbs surface prefer to direct their OH oscillators
to the population of water monomers at the £€H,0 interface. toward CHCl,. This response appears quite noisy after only 1
As a result, one might expect a higher sum frequency spectralns of simulation time but is readily apparent after 3 ns of
response from water monomers at the CH&,0 interface simulation time. This tilt angle distribution reveals two separate
compared to the CGHH,0 interface merely due to the higher regions of oppositely oriented water monomers, which has also
concentration of water molecules in the former; this observation been observed in calculations at the D&&0 interface?®
is consistent with the spectral responses calculated in the depth Figure 6¢ shows that the sum frequency spectral profile of
profiles of water monomers from these systems. water monomers at the GBI,—H,O interface produces no
The distribution of water monomers at the &H,—H,0 significant response immediately at the Gibbs surface. Much
interface warrants close scrutiny, as Figure 1d shows a smallof the spectral response from water monomers appears more
but significant density at least 10 A into the organic phase. than several angstroms away from the Gibbs surface, inside the
Presenting a view extending deeper into the,Chl phase, bulk CH,CI, phase, indicating that these water monomers are
Figure 6a reveals a peak population from water monomers of still oriented (as is also shown in Figure 6b). The presence of
approximately 3x 1073 g/mL, residing approximately 17 A distinguishable symmetric and antisymmetric OH stretch modes
into the CHCI, phase. This peak population appears after 1 ns is vague, and each OH stretch mode broadens as a function of
of simulation time (20 000 configurations) and persists through depth within the CHCI, phase, indicating a broader distribution
3 ns of simulation time (60 000 configurations). This persistence of H,O—CH,CI, interactions. The largest spectral response
in density indicates an equilibrated and stable population of appears near the peak population of water monomers in the
water monomers in the Gi&l, phase. CH,Cl, phase, approximately 15 A away from the Gibbs surface.
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But despite this large population when compared to water interfacial width being the largest and the GE&H,0 interfacial
monomers in other systems, the integration of sum frequencywidth being the smallest. This trend is observed with both
signal within the spectral depth profile of Figure 6¢c does not density profiles and spectral profiles. Following this trend that
result in a large sum frequency spectral intensity, as is shown relates to the polarity of the organic liquid, free OH modes from
in Figure 6d. The sum frequency intensity of water monomers straddling water molecules exhibit varying degrees of interaction
at the CHCl,—H-0 interface is only of similar magnitude with  with the organic phase, where the®CH.Cl, interaction is
respect to the sum frequency intensity of water monomers atthe strongest and the;B—CCl, interaction is the weakest. This
the CCL—H0 interface. This can be attributed to the destructive is observed with both sum frequency spectral intensities and
interference between water molecules in the ,Cht—H,0 spectral profiles. Hydrogen bond acceptors generally reveal clear
system that have different orientations as a function of depth. symmetric and antisymmetric OH stretch modes, and the spatial
The orientation distribution of water monomers can be resolution of molecules possessing one versus two intermo-
understood by considering a polarization generated by the waterlecular hydrogen bonds on the oxygen atom is observed with
surface that emits an electric field, normal to the surface, into spectral profiles at the Cgt+H-0 interface. Spectral profiles
the adjacent phase. The surface polarization generated by wate@ire also used to show that water monomers are oriented deep
has been studied in some de#d#’ With respect to these studies, within the CHCl, phase and that these penetrating water
the polarization can be attributed largely to hydrogen bond molecules possess varying orientations throughout the organic
acceptors, as these molecules are optimally oriented with theirrich region of the interface.
dipole moments perpendicular to the water surface. Considering Vibrational sum frequency spectroscopy is a proven method
the electric field emitted by hydrogen bond acceptors on a local, for the study of water surfaces. Over the past several years,
molecular scale (as is described by Ishiyvama and Morita for many intriguing computational approaches have been taken
water molecules at the vapewater interfacé), water mono- toward the calculation of sum frequency spectra and have been
mers located within the same spatial region as hydrogen bondtargeted primarily toward experimental measurements of vapor
acceptors (approximately 0 & z < —10 A) will be oriented water interfacial systen®:38-46 This computational approach
opposite to hydrogen bond acceptors, due to the local propagadis extending our understanding of water at these complex
tion of the electric field. Conversely, water monomers located liquid—liquid interfaces by creating a unique visual tool capable
further away from the spatial region occupied by hydrogen bond of discerning intimate details involving water structure, bonding,
acceptors (approximately10 A < z < —20 A) will be oriented and penetration within buried interfacial systems.
in the same direction as hydrogen bond acceptors, due to the
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