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Abstract: The studies presented here combine experimental and computational approaches to provide
new insights into how water structures and penetrates into the organic phase at two different liquid—liquid
systems: the interfaces of carbon tetrachloride—water (CCl,—H,0) and 1,2-dichloroethane—water (DCE—
H20). In particular, molecular dynamics simulations are performed to generate computational spectral
intensities of the CCl;—H,O and DCE—H,0 interfaces that are directly comparable with experimental
measurements. These simulations are then applied toward the generation of spectral profiles, responses
that vary as functions of both frequency and interfacial depth. These studies emphasize the similarities
and differences in the structure, orientation, and bonding of interfacial water as a function of interfacial
depth for these two liquid—liquid systems and demonstrate the differing behavior of water monomers that

penetrate into the organic phase.

Introduction

tional simulations of these liquigliquid systems have also

There has been a growing interest in the molecular structure Provided a great deal of insight, where properties such as

of the interface between two immiscible liquids. This is driven

in part by the unique properties of the liguitiquid interface

interfacial width, molecular structure, dynamics, or spectroscopic
response can be identified on a molecular s¢alé®.

Of these experimental and computational techniques, VSF

for materials synthesis, its importance in understanding envi-
ronmental remediation processes, and its relevance to underspectroscopy is proven to be a particularly powerful method
standing transport across biological membranes. These system#r understanding the structure of the liquiijuid interface?-16

thus present an intriguing environment that is the focus of many However, while VSF spectroscopy has been applied to study a
applied and fundamental studies. From an applied perspective variety of liquid—liquid systems, use of the spectral results to
they serve as the locale for processes such as chemicabbtain information regarding interfacial depth is very difficult.
separations, nanoparticle synthesis, and charge transfer. FronThis is due to the fact that VSF spectroscopy is an excellent
a fundamental perspective, they are amenable to experimentaprobe of the molecular bonding interactions extant within the

techniques such as X-ray reflectivity? fluorescence anisot-
ropy,> second harmonic generation (SHG) spectroséopand
vibrational sum frequency (VSF) spectroscdp}f Computa-
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interfacial region, yet the observed spectral response is also
integrated over the entire interfacial region. X-ray reflectivity
has been demonstrated to be a very good technique when applied
toward the measurement of interfacial dep8HG spectroscopy

has been used in conjunction with probe molecules of varying
lengths, or so-called “molecular rulers”, to sample interfacial
properties at various depthBut neither of these techniques
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can match the molecular-level bonding information that can be
measured from vibrational spectroscopic methods. =z
In this work, molecular dynamics simulations are performed %
to generate VSF spectral intensities of water at the carbon 5
tetrachloride-water (CC}—H>0) and 1,2-dichloroetharavater § o :
(DCE—H20) interfaces. These computational measurements are N
found to be in very good agreement with experimental measure- -20 - — T T 1
ments. The simulations are then applied toward the generation 0.0 04 0.8 12 16
of VSF spectral profiles. These spectral profiles are measured Density (g/mL)
as functions of both frequency and interfacial depth, thus
providing the molecular-level bonding information obtainable <
from VSF spectroscopic methods while elucidating this infor- g
mation as a function of location with respect to the interfacial %
region. Emphasis is placed upon the OH stretch modes of water §
that are immersed in the organic phases. These VSF profiles N
provide a unique description of interfacial depth that is difficult -154 T . T .
to determine from VSF spectral intensities typically measured 0 5 10 15 20
in experiments. Density=10  (g/mL)
Figure 1. (a) Density profiles of water (red), straddling water molecules
Computational Details (blue), and organic liquids (green) at the G€H,O (solid) and DCE
H,O (dashed) interfaces. (b) Density profiles of hydrogen bond acceptors
Molecular dynamics simulations of the GEH,O and DCE-H,O (red) and water monomers (blue) at the £€H,0 (solid) and DCE-H,0
interfaces were performed using the AMBER 7 pack¥d@etails of (dashed) interfaces. Density profiles of water monomers have been scaled
the simulations have been described elsewffese,only a brief sum- by 20x to fit the graph. Resolution (bin size) for each graph is 1 A.

mary will be given here. Bulk liquid boxes measuring 40440 A x ) ) ]

40 A were simulated for 200 ps. Each liquid box contained 2135 pOL3 Molecule; this was independent of (i) the number of hydrogen bonds
water molecules, 400 CEmolecules, or 480 DCE molecules. Fol- 0N their oxygen atoms and (ii) the actual location of these molecules
lowing equilibration of the bulk liquids, one water box was combined With respect to the interfacial region. These generalities were in
with one CC} box to create a system measuring 440 A x 80 A, accordance with the current identification of the free OH mode extracted
and one water box was combined with two DCE boxes to create a ffom VSF experimental measuremetts® Finally, the criterion for
system measuring 40 A 40 A x 120 A. In both systems, statistics ~ hydrogen bonding was an intermolecular-B separation of 2.5 A.
were only collected for the 40 A 40 A x 80 A volumes immediately ~ (This value was generous, as the local minimum from theHOadial
surrounding the water region. This rendered the remaining DCE volume dIStI’IbU‘tIOI‘I function for thIS water model in this configuration was
as a reservoir to accommodate the greater solubility of water in DCE determined to be approximately 2.4 A.)

with respect to CGl These interfacial systems were minimized and
simulated for 2 ns with periodic boundaries applied in all three
directions. After this 2 ns equilibration, statistics were collected every  Figure 1a and 1b show density profiles of the ¢€H,0

50 fs over the_ course of the next 3 ns. The time step of integration was (solid lines) and DCEH.,0 (dashed lines) systems as a function
1fs. The Particle Mesh Ewald technique applieda cutoff tohandle ~ of interfacial depth along the-coordinate of the periodic cell.
long-range interactions, and the temperature was held fixed at 300 KThez—coordinate is represented here as the vertical axis and is

using weak COUP'”.‘Q to a heat bath. A modified Morita and Hihes normal to the interfacial plane. The density region above 0 A
treatment was applied to generate the VSF spectral responses from water

within these liquid-liquid systems. These modifications included a represents the water phase’ while f[he density region below Of&
dipole—dipole coupling term between adjacent water molecules and a 'ePresents the organic phase. Figure la shows the density
variable intramolecular coupling constant for individual water mol- Profiles of water, CGJ, DCE, and water molecules that straddle
ecules’® All spectra described in this report were determined for SSP the interface. Although straddling water molecules possess
polarization, which probes the transition dipole moments of OH stretch population within bulk water (above 0 A), Figure 1a shows that
modes in water that oscillate perpendicular to the interface. their population peaks at the interface. The density profile of
In the computational approach contained herein, emphasis was placedDCE approaches the interfacial region smoothly and extends
on revealing the VSF responses from the OH stretch modes of water slightly deeper into the bulk water phase when compared to
that interact directly with the organic phase. Three types of interfacial that of CC}. This is indicative of the increased interfacial
water molecules possess OH stretch modes that fit into this category:inickness of the DCEH,0 interface compared to the that of
‘t’)vatzr ﬂﬁ'e‘f}fjles tgat” Sttratdflled ctjhe '”tterf"’c‘jced where fone ?;‘the ?H the CCL—H0 interface and is reported in other experimental
onds (the "free stretch mode) extended away from the water and computational observatiotfs2 The density profile of CGl

region; water molecules that were hydrogen bonded to other water h il - this | . fthe | d
molecules only on their oxygen atoms, labeled here as hydrogen bond owever appears osclllatory; this Is representative of the layere

acceptors; and water molecules that did not possess any hydrogen bond®acking of CCl at the CCJ—H,0O interface and has been studied
labeled here as water monomers. It should be noted that, computation-n detail elsewheré?

ally, any water molecule that possessed a hydrogen bormhigrone Figure 1b shows the density profiles of hydrogen bond
of its two hydrogen atoms was characterized as a straddling water acceptors and water monomers. Similar to straddling water
molecules, hydrogen bond acceptors also possess peak popula-
(29) g)aosze, D. A., et alAMBER 7 University of California: San Francisco,  tjons at the interface. The hydrogen bond acceptor population

(30) Morita, A.; Hynes, J. TChem. Phys200Q 258 371.
(31) Walker, D. S.; Hore, D. K.; Richmond, G. . Phys. Chem. B00§ 110, (32) strutwolf, J.; Barker, A. L.; Gonsalves, M.; Caruana, D. J.; Unwin, P. R;;
20451. Williams, D. E.; Webster, J. R. B. Electroanal. Chem200Q 483 163.

Results and Discussion
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Figure 2. (a) Experimental and (b) computational VSF spectral intensities Figure 3. Computational VSF spectral intensities of (a) the free OH mode

of the CCh—H,0 (red) and DCE-H.O (blue) interfaces in SSP polarization. ~ from straddling water molecules and (b) hydrogen bond acceptors at the
Resolution (bin size) for computational spectrum is 1-&m CCly—H0 (red) and DCEH0 (blue) interfaces in SSP polarization. The

spectral response from hydrogen bond acceptors at the-E12D interface
L . has been scaled by %0to fit the graph. Resolution (bin size) for
is significantly greater in the DCEH>0 system compared to  ¢omputational Spectrya is 1 crh grap ( )

the CCL—H,0O system and possesses a peak population that
extends deeper into the DCE phase than the @dse. Similar (a)
to the density profiles of straddling water molecules, the density
profile of water monomers in the CE£tH,O system also
possesses peak population at the interface. However, the density
profile of water monomers at the DCH,0 interface persists
in population throughout the organic phase. This observation,
in addition to that of an increased hydrogen bond acceptor
population, is consistent with the increased solubility of water
in DCE compared to CGl

Figure 2a and 2b show respectively the experimental and 2
computational VSF spectral intensities of water at the,€CI
H,O and DCE-H,O interfaces in SSP polarization. The

computational CGHH,0 spectrum reasonably reproduces the b)

spectral features seen in the experimental result, and the

computational DCEH,O spectrum adequately demonstrates the

loss of structure and intensity observed experimentally. A

detailed computational deconvolution of these spectra has been

reported elsewhers. : H
Figure 3a and 3b show computational VSF spectral intensities !

of the free OH mode (from straddling water molecules) and -

hydrogen bond acceptors, respectively, at the,€8b0 and

DCE—H,0 interfaces in SSP polarization. Figure 3a shows the -2

z-coordinate (A)

IR Frequency (cm'!)

z-coordinate (A)

free OH mode at the CGHH,0 interface is determined to ETIIET 3300 353 3800
possess a peak value of 3670¢in excellent agreement with IR Frequency (em")
experimental measuremenfsThe free OH mode at the DGE Figure 4. Computational VSF spectral profiles of water at the (a) £Cl

; ; ; H>0 and (b) DCE-H,0 interfaces as functions of frequency (vertical axis)
H0 interface, though not readily apparent from Figure 2a and and interfacial depth (horizontal axis) in SSP polarization. Resolution (bin

2b, is shown to be the largest spectral contributor to the total gj;e) for each graptsi1 A and 1 cm.
DCE—H,0 spectrum in SSP polarizatidh.

Figure 3b shows that the computational VSF spectral intensity at the DCE-H,O interface is shown to cause interference effects
of hydrogen bond acceptors at the GEH,0 interface, though with the free OH mode (Figure 3a) that result in the loss of a
scaled by a factor of 10, is still small compared to the spectral distinct free OH peak at the DCEH,0 interface (see Figure
response of hydrogen bond acceptors at the BBED inter- 2a and 2by?8
face. For hydrogen bond acceptors at the £€1,0 interface, Figure 4a and 4b show computational VSF spectral profiles
two clear peaks are observed that correspond to symmetricof water at these liquidliquid systems as functions of both
(3605 cn1l) and antisymmetric (3710 cn¥) OH stretch modes,  frequency and interfacial depth. For these graphs, the horizontal
in good agreement with past experimental measuremgiiitsee axis represents the frequency and the vertical axis represents
increased VSF spectral intensity of hydrogen bond acceptorsthe z-coordinate. As is the case with Figures 1a and 1b, the

9448 J. AM. CHEM. SOC. = VOL. 129, NO. 30, 2007
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Figure 5. Computational VSF spectral profiles of the free OH mode at Figure 6. Computational VSF spectral profiles of hydrogen bond acceptors
the (a) CCl—H2O and (b) DCE-H,O interfaces in SSP polarization. at the (a) CCG—H20 and (b) DCE-H,0 interfaces in SSP polarization.
Resolution (bin size) for each graph1 A and 1 cm. Resolution (bin size) for each graph1 A and 1 cm.

density region abav 0 A represents the water phase, while the Although these straddling water molecules are shown to exist
density region belw 0 A represents the organic phase. Figure throughout the entire water region based on their criterion for
4a shows the VSF spectral profile of water at the £&1,0 hydrogen bonding (see Figure 1a), Figure 5a and 5b show that
interface as a function of interfacial depth. This profile identifies the spectral response of the free OH mode only resides at the
two key features: the peak intensity of the free OH stretch mode interface. This is due to the isotropic nature of bulk water and
at high frequencies, and a relatively thin region of spectral the anisotropic nature of the water surface under the dipole
intensity as a function of interfacial depth observed at lower approximation. Unlike the CGt+H,O VSF response (experi-
frequencies. Figure 4b shows the VSF spectral profile of water mental or computational), the DCH,0O VSF response (ex-
at the DCE-H,0 interface as a function of interfacial depth. perimental or computational) displays no distinct spectral
Relative to the CGHH,O depth profile, the VSF response from  contribution from the free OH mode even though these
water at the DCEH,0 interface is more diffuse, indicative of  calculations indicate it is present (see also Figure 3a). Compared
a broader region of oriented water molecules at this interface to the spectral profile of the free OH mode at the £¢4,0
relative to the CGHH,0 interface. Particularly interesting is  interface (Figure 5a), the spectral profile of the free OH mode
that, unlike the CGHH,0 interface, the free OH peak located at the DCE-H,0 interface (Figure 5b) is broader in both
at high frequencies is not distinguishable at the DEEO frequency and depth, indicative of a broader range of interactions
interface. These graphs combine the information that can bebetween DCE and ¥ at the interface. We attribute the
extracted from VSF spectral intensities (Figure 2b) and density asymmetric tail of spectral intensity found at lower frequencies
profiles (Figure la) to demonstrate visually the increased (Figure 5b and 3a) to stronger interactions between the free OH
interfacial thickness at the DCHH,0 interface relative to the  mode and the DCE phase relative to those between the free
CCly;—H0 interface. Further analysis to follow will show the OH mode and the Cgphase. The spectral characterization of
depth profiles of different types of water species that interact the free OH mode has been identified from a computational
directly with the organic phase, information that can be quite deconvolution of the VSF spectral intensity measured at the
elusive with the more traditional analytical approaches featured DCE—H,0 interface?® In that work, the free OH mode was
in Figures 1 and 2. found to be the single largest contributor at the DGERO
Figure 5a and 5b show computational VSF spectral profiles interface, but spectral interferences with hydrogen bond accep-
of the free OH mode at the CEHH,O and DCE-H,O tors resulted in its absence from the total D&HE,0 spectrum.
interfaces, respectively. Water molecules that straddle the These studies provide further insight into the interfacial depth
interface (with one OH bond extended into the water phase andof straddling water molecules by spatially isolating the region
the other “free” OH bond extended into the organic phase) are of the interface where they exhibit net molecular orientation.
responsible for producing this type of OH stretch mode. The  Figure 6a and 6b show computational VSF spectral profiles
OH bond extended into the water phase is hydrogen bonded toof hydrogen bond acceptors at the ¢&H,0 and DCE-H,0
an adjacent water molecule as a proton donor. The oxygen atominterfaces, respectively. Hydrogen bond acceptors interact with
of straddling water molecules can also hydrogen bond to adjacent water molecules only through one or two intermolecular
adjacent water molecules as a single or double proton acceptorhydrogen bonds to their oxygen atoms. Figure 6a shows

J. AM. CHEM. SOC. = VOL. 129, NO. 30, 2007 9449
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Figure 7. (a) Computational VSF spectral profile of water monomers at the-©@4O interface. (b) Computational VSF spectral profile of water monomers
at the DCE-H0 interface. (c¢) Computational VSF spectral intensities of water monomers at the 184 (red) and DCEH0 (blue) interfaces. (d) Tilt
angle distributions of OH bonds from water monomers at the;€840 (red) and DCEH,0 (blue) interfaces. Resolution (bin size) for each graph is

1 A and/or 1 cm?.

interesting new information about such hydrogen bond acceptorshydrogen bond acceptors at this interface (see Figure 3b), water
at the CCJ—H,0 interface. The OH oscillators of hydrogen monomers exhibit lower and higher vibrational frequencies
bond acceptors exist in similar (organic) environments, resulting corresponding to symmetric and antisymmetric OH stretch
in clear symmetric and antisymmetric OH stretch modes (see modes, respectively. Figure 7b shows the computational VSF
also Figure 3b). These OH stretch modes have been identifiedspectral profile of water monomers at the DEH,O interface.
experimentally’° For a given value of interfacial depth in Figure The spectral profile of water monomers in this system also
6a, the symmetric OH stretch mode is observed as part of thefollows its density profile in Figure 1b. However, it is somewhat
more intense lower frequency peak, while the antisymmetric surprising that, deep into the DCE phase, water monomers still
OH stretch mode is observed as an isolated, lower intensity peakappear to beriented The spectral profile from water monomers

at higher frequencies. Progressing alongzweordinate from at the DCE-H,0 interface is the only spectral profile that
the water phase (above 0 A) toward the ¢@hase (below produces a detectable spectral response from any species of
0 A), both the symmetric and antisymmetric peaks shift toward water beyond the immediate interfacial region. (This pro-
slightly higher frequencies. This difference in spectral location file is 5 orders of magnitude smaller than that of the entire
as a function of interfacial depth is likely caused by separate DCE—H,O spectral profile shown in Figure 4b; therefore it does
spectral contributions between water molecules that possess onlynot significantly contribute to that result.) The observation of
one acceptor bond compared to those that possess two acceptariented water monomers deeply immersed within the DCE
bonds, with molecules possessing two acceptor bonds locatedbhase would be very difficult to elucidate from Figure 7c, which
closer to the water phase. Figure 6b shows a broad, somewhashows computational VSF spectral intensities of water mono-
featureless spectral profile for hydrogen bond acceptors at themers at the DCEH,O and CCJ—H-0 interfaces. Figure 7c
DCE—H,0 interface that corresponds primarily to its symmetric shows that the VSF spectral intensity of water monomers at
OH stretch mode. The asymmetric tail of spectral intensity found the DCE-H,0 interface is actuallysmaller than that of the

at higher frequencies is attributed to the antisymmetric OH CCl;—H0 interface.

stretch mode of hydrogen bond acceptors, whose peak has more In general, VSF responses from water molecules are depend-
overlap with the symmetric OH stretch mode than that observed ent upon both population and net orientation. Figure 1b shows
at the CCJ—H,0 interface. Spectral deconvolution of the that water monomers at the DEH,0 interface have greater
computational VSF spectral intensities reveals this mode to be populations than water monomers at the £¢1,0 interface.

approximately 1 order of magnitude larger at the D&EO To address the orientation dependence of water monomers
interface compared to the C£IH,0 interface (see also Figure  within these systems, Figure 7d shows tilt angle distributions
3b)28 of OH bonds from water monomers at the G&H,O and

Figure 7a shows the computational VSF spectral profile of DCE—H,0 interfaces. Positive tilt angle values represent OH
water monomers (non-hydrogen-bonded water molecules) at thebonds oriented with the hydrogen atom directed toward the
CCly—H,0 interface. As is predicted based upon the localization organic phase, while negative tilt angle values represent OH
of its density profile (see Figure 1b), the spectral profile of water bonds oriented with the hydrogen atom directed toward the water
monomers is localized around the interfacial region. Similar to phase. 30 A of bulk water were excluded in the data collection,

9450 J. AM. CHEM. SOC. = VOL. 129, NO. 30, 2007
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which correlates ta-coordinate values greater than 5 A. Figure interfacial region of oriented water molecules, while the BCE
7d reveals that water monomers at the £€1,0 interface H,0 interface is measurably broader. The increased width of
generally point their OH bonds toward the water phase, while the DCE-H,0 interface is consistent with results obtainable
those at the DCEH0 interface are sensitive to their degree from density profiles. In addition, these spectral profiles show
of immersion within the organic phase: Water monomers closestthat even though the DCEH.O interface is broader and
to the DCE-H,0 interface direct their OH bonds toward water, seemingly more diffuse, water molecules present throughout the
while those further away direct their OH bonds toward DCE. interfacial region show a high degree of net orientation. In the
The small VSF spectral intensity of water monomers at the deconvolution of the spectral profiles, emphasis is placed upon
DCE—H0 interface (Figure 7c) is attributed to destructive those water molecules that contain OH stretch modes interacting
interference effects caused by two separate spatial regions ofdirectly with the organic phase: the free OH mode from
oppositely oriented water monomers. This differs significantly straddling water molecules, hydrogen bond acceptors, and water
from destructive spectral interferences that are typically observedmonomers. The spectral profiles of these types of molecules
from (nearly) isotropic distributions of molecules, but both types show how two liquid-liquid interfacial regions differ in the
of molecular environment could produce the same spectral extent of spectral and interfacial broadening associated with the
response when plotted as a function of frequency alone. While free OH mode, the spatial resolution of hydrogen bond acceptors
other types of water molecules experience a broad range ofthat possess one or two intermolecular hydrogen bonds, and
interactions at the DCEH,0 interface compared to the C€&l the presence of oriented water monomers that are found to
H.0 interface, water monomers at the DEH,0 interface are deeply penetrate into the DCE phase.
expected to experience the broadest range of interactions of all  This computational approach combines two standard inter-
types of water molecules due to their degree of penetration into facial treatments to create a new visual tool for understanding
the DCE phase. interfacial structure and environment. The comparison of the
calculations with experiments adds more credibility to the
models used in the simulation, and the combined approach
Molecular dynamics simulations have been applied to produce provides information about interfacial depth and bonding not
vibrational sum frequency (VSF) spectral profiles of water at easily accessible by VSF experiments alone. Whereas the results
the CCL—HO and DCE-H;O interfaces. These spectral described in this work are shown to be useful in the comparative
profiles provide new insights into the presence and interfacial study of two different liquid-liquid systems, this approach is
depth of water molecules that interact directly with the organic readily adaptable to perturbations made onto individual systems.
phase. Unlike density profiles that describe interfacial thickness ap important example includes understanding water structure
by changes in molecular population, spectral profiles describe jn the double layer region created by surfaces in the presence
interfacial thickness by changes in molecular orientation, thus of interfacial ions and surfactants. Such studies at the vapor
revea“ng the anISOtI’OpIC nature Of the |IqUId Surface. In a.ddltlon, water and OH_Water interfaces are Currently in progress in th|s
this computational approach enables direct comparison with VSF |gporatory.
measurements performed experimentally, and in doing so a
reliable description of interfacial water structure is provided. Acknowledgment. The authors thank the National Science
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that cannot be obtained by the VSF experimental measurements ) ) ) o
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The results show clear differences in the structure and 29- This material is available free of charge via the Internet at
http://pubs.acs.org.

Conclusions

orientation of liquid water in contact with a nonpolar organic
liquid (CCly) versus a slightly polar organic liquid (DCE). The
spectral profiles show that the GEIH,0O interface has a narrow  JA071740B
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