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Abstract: We observe potential dependent alignment and hydrogen bonding of interfacial water molecules at
a charged air/water and Cfkater interface. The interfacial potential is a result of the presence of charged
soluble surfactant adsorbed to the interface. We vary the interface potential by changing the surface charge
density, the ionic strength, and the temperature while monitoring OH stretching modes sensitive to the structure
and hydrogen bonding of interfacial water molecules. As the potential is increased at the air/water interface
we observe a progression from a waterlike and less hydrogen bond ordered structure to an icelike and more
hydrogen bond ordered structure. This progression is a direct consequence of the induced alignment of the
interfacial water molecules resulting from the large electrostatic field produced in the interfacial region by the
charged surfactant. Temperature dependence measurements confirm the conclusion that there is a potential
dependent alignment of the interfacial water molecules. In comparison, at thsv&@r interface we observe

only the icelike structure both in the presence and absence of a charged surfactant. The structural difference
observed at the air/water and G@later interfaces is discussed within the context of the structure imposing
effect the nonpolar C@Imolecules have on the interfacial water molecules.

Introduction interfaces® The bulk of this work has been conducted with
simulations employing metal electrodes as the source of the
surface charge at the electrode/water interface. Experimental
confirmation of these theoretical studies has been slow to follow
ague, in part, to the limited number of techniques suitable for
Interfacial investigations. With the development of FTIR

Surfactants or amphiphiles are composed of a hydrophobic
and a hydrophilic moiety. This unique combination of chemical
properties in a single molecule results in the partitioning of
surfactants to water surfaces. The presence of surfactants
an air/water or oil/water interface greatly affects the surface S
tension of the water. In fact, this reduction of the relatively spectroscopy as a tool capable of discriminating surface

high surface tension of water by a surfactant accounts for the mOIecmes from bulk molecules, the potential dependent vibra-
widespread use of surfactants in commercial products such adional spectroscopy of water m_olecules atthe charged electrode/
motor oils, lubricants, detergents, and soaps. In addition, marlywater interface has been obtained These studies have been,

of the processes essential to the evolution and maintenance ofor the most part, in agreement W'th the.theoret|cal studies.
life are dependent on the surface free energy lowering effect of RECeNt results from X-ray scattering studi¥sof water at a
surfactants. Processes ranging from the stabilization of globular harged electrode surface are in agreement with some theoretical
proteins to the formation of complex organelles and membra- results and in disagreement with other@ithin the past decade
nous structures are intimately coupled to the interface modifying !2S€r based nonlinear optical techniques such as second harmonic
characteristics of surfactaritsDespite the technological and ~ 9eneration (SHG} 4 and vibrational sum frequency generation
biological importance of surfactants, litle is known on a (VSFG)®™'® have become powerful tools for the study of

mo:cecular Ie\ée.I ab(?ut how \/Svater.?nd"surfﬁctants |nterac']E athllqwdd 2) Nagy, G.. Heinzinger, KO, Electroanal. Chent990 296, 54958,
surfaces and interfaces. Specifically, the presence of charged (3) Nagy, G.; Heinzinger, K.; Spohr, Earaday Discuss1992 94, 307—
surfactants at an interface results in a large surface charge ands.

thus a large electrostatic field in the interfacial region. The 3751‘;) gghwelghOfer, K. J.; Xia, X.; Berkowitz, M. lLangmuir1996 12,
effec; this e_Iectrost_atlc field has on the_structure and hydrogen (5) Xia, X.. Berkowitz, M.Phys. Re. Lett. 1995 74, 3193-96.
bonding of interfacial water molecules is not fully understood,  (6) Xia, X.; Perera, L.; Essmann, U.; Berkowitz, M. Surface Science
yet it is essential to a full description of the surface modifying 1995 335 401-15.

effects of charged surfactants. In this paper we report on 10&)45532'@ K.-I; Yotsuyanagi, T.; Osawa, M. Phys. Chen996 100

changes in the alignment and hydrogen bonding of water gy Habib, M. A.; Bockris, J. O. MLangmuir 1986 2, 388-92.
molecules induced by the presence of a charged surfactant at (9) Gordon, J. D.; Melroy, O. R.; Toney, M. ElectrochemActa1995
the air/water and CGhwater interface. 40’(?(;)8'I"0ney M. F.; Howard, J. N.; Richer, J.; Borges, G. L.; Gordon, J

Over the.past 20 years extensive theoretical work has beenG.; Melroy, O. R.; Wiesler, D. G.; Yee, D. Sorensen, L.Ntature1994
conducted in an effort to better understand the structure and3es 444-446.

hydrogen bonding of interfacial water molecules at charged 51:(;15)2%%0, X.; Ong, S.; Eisenthal, K. Ehem. Phys. Lett1993 202,
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interfaces. In particular, charged interfaces such as the quartzinterface. By scanning the energy of the IR laser and monitoring
water interfac&2°as well as the charged-surfactant-air/water the generated sum frequency signal one obtains a vibrational
interfacél17-2Lhave been investigated with SHG and VSFG. spectrum of the interfacial molecules. The VSFG intensity is
In the work presented here we employ VSFG to explore the proportional to the square of the surface nonlinear susceptibility
effects surface charge density, ionic strength, and temperatureys®(wsig = wvis + wir) as
have on the alignment and hydrogen bonding of water molecules )
at both the air/water and C{llvater interfaces. lgtg U |Psfg|2 02, + ZlX(RZ)UleWVlZ Lyislir (1)

In a recent publicatiorf we showed that there is a large v
enhancement in the sum frequency response in the OH stretching

spectral region when a charged surfactant is adsorbed to theVN€rePsis the nonlinear polarization aistg, xnr, andyr, are

airlwater interface. We attribute this enhancement to an theé nonresonant and resonant partg &, y, is the relative
alignment of the interfacial water molecules induced by the large Phase of theth vibrational mode, antlis andl;; are the visible
electrostatic field present in the interfacial region resulting from &nd IR intensities. Since the susceptibility is in general complex,
the surface charge produced by the charged surfactant. A similarth® resonant terms in the summation are associated with a
alignment of interfacial water molecules has been observed at"®lative phasg, which is used to account for any interference
the electrode/water interface with X-ray scattefittand FTIR between two modes which overlap in energyls is also
experimentd:8 In addition, molecular dynamics simulations Proportional to the number density of moleculé, and the
suggest that water molecules between two charged platinumorientationally averaged molecular hyperpolarizability, as
plates not only align with the electrostatic field but also hydrogen follows

bond in a tetrahedral network much like the structure of cubic N

ice* % In the present paper we further characterize the Xg) =—[p,0 2
alignment of water molecules at the air/water and fGiter " €

interfaces induced by the presence of a charged surfactant. By . L
examining OH stretching modes sensitive to the local hydrogen  11uS the square root of the measured SF intensity is
bonding environment of interfacial water molecules we observe Proportional to the number density of molecules at the surface
a progression from a waterlike and less hydrogen bond ordered®" interface. The molecular hyperpolarizabilify, is enhanced
structure to an icelike and more hydrogen bond ordered structureVNen the frequency of the IR field is resonant with a SF-active
with increasing interfacial potential. We also find that the water V|prat|onal mode fr.om a molecule at the surfape or |nterface.
molecules at the air/water interface achieve maximum orienta- 11iS enha.n.cemzent ifi. leads to an enhancement in the nonlinear
tion at a potential of approximately 260 mV, whereas the Susceptibilityy{s’» which can be expressed as

maximum in the orientation of water molecules at the £CI A
water interface occurs at approximately 160 mV. VSFG spectra X(RZ)U 0 i
from both interfaces obtained as a function of temperature are w,— o, —iTl,
also presented and shown to agree with our observation that

interfacial water molecules are aligned by the presence of whereA, is the intensity of theth mode and is proportional to
charged surfactants. Finally, we show that the structure andthe product of the Raman and the IR transition momeniss
hydrogen bonding of water molecules at the air/water and/CCl the resonant frequency, afgis the line width of the transition.
water interfaces is markedly different both in the absence and Since the intensity tern#,, is proportional to both the IR and

\

®3)

presence of charged surfactant. Raman transition moments, only vibrational modes which are
both IR and Raman active will be SF-active. Thus molecules

Background or vibrational modes which possess an inversion center will not
be SF-active.

Vibrational sum frequency generation (VSFG) is a nonlinear In general the surface susceptibilipd® is a 27 element
optical technique that has been extensively used in the study Oftenso?‘ however, it can often be rtfduced to several nonvanishin
surfaces and interfacé%16.18.1921.22SFEG is a second-order ’ A ) N 9

. o . . elements by invoking symmetry constraints. Liquid surfaces
process and therefore under the dipole approximation is forbid- and interfaces as well as monolavers on liauid surfaces are
den in media that possess inversion symmetry. Atthe interfaceisotro ic in the plane of the surfacey The s mqmetr constraints
between two centrosymmetric media there is no inversion centerfor arl? in- Ianep isotropic surface .re duc éyz) dowr): to the
and thus VSFG is allowed in this region. The asymmetric nature | In-plan P %

- 4 ; .~ following four independent nonzero elements
of interfaces allows one to specifically probe the interfacial
region using VSFG. Typically, one combines a visible laser @.0 _ 2.2 _ 2.2 _ @ 4
beam and a tunable infrared laser beam at the interface with Xzzz2Xxxe = XyyzXxax = XyzyXoxx = Xzyy )
the energy range of the tunable IR laser overlapping with the

energies of vibrational modes of molecules present at the wherez is defined to be the direction normal to the surface.

These four independent elements contribute to the VSFG signal
(14) Goh, M. C.; Eisenthal, K. BChem. Phys. Lettl989 157, 101— under the four different polarization conditions SSP, SPS, PSS,
104. and PPP where the polarizations are listed in the order of
(15) Bain, C. D.J. Chem. Sa¢Faraday Trans.1995 91, 1281-96. . P . : .
(16) Bell, G. R.; Bain, C. D.; Ward, R. Nl. Chem. Soc., Faraday Trans. decreasing frequency (sf,vis,ir). Which vibrational modes are
1996 92, 515-523. _ present under a certain polarization condition depends on the
(17) Gragson, D. E.; McCarty, B. M.; Richmond, G. L. Am. Chem. polarization of the IR field and the direction of the IR and

Sofi%?%ﬁﬁg’yeyﬁﬁessmer M. C.: Richmond, G.JLPhys, Chem, ~ R@Man transition moments. The SSP polarization condition

1996 100, 7617-7622. accesses vibrational modes with transition moments which have
(19) Du, Q.; Freysz, E.; Shen, Y. Bcience (Washington, D. CLp94 components perpendicular to the surface plane, whereas the SPS
264 826-8. and PSS polarization conditions access modes which have

(20) Du, Q.; Freysz, E.; Shen, Y. Rhys. Re. Lett. 1994 72, 238-41. . .
(21) Gragson, D. E.; McCarty, B. M.; Richmond, G. L.Phys. Chem. transition moments with components parallel to the surface

1996 100, 14272-14275. plane. The intensity under PPP polarization conditions contains



368 J. Am. Chem. Soc., Vol. 120, No. 2, 1998 Gragson and Richmond

contributions from all of the tensor elements thus vibrational shown to accurately characterize the interfacial potential as a
modes with components both perpendicular and parallel to the function of surface charge density and ionic strergf. Using
surface plane will be present in the PPP polarized VSFG spectra.this model the interfacial potential is expressed as
For the systems in this study, the crucial vibrational modes of
the interfacial water molecules all possess transition moments 2kT . 4 T
with components out of the plane of the surface. Consequently, ®(0)= Esmh (‘7 ZekTI)
we confine our discussion to the SSP polarization condition.
However, verification of the peak assignments has been madewhereo is the surface charge densibjis the sign of the charged
from spectra using all of the polarization combinations. surfactant molecule; is the permittivity of free space, arids

At an interface where charged surfactant is adsorbed athe ionic strength of the bulk solution. We obtain the surface
significant surface charge exists which produces a large charge density from surface tension measurements employing
electrostatic fieldEo. This electrostatic field can make an a Wilhelmy balance. Within the confines of the Gouy
additional contribution to the nonlinear polarization induced at Chapman model, the depth of the interfacial region, called the
the interface by the optical fields,is andE; through a third- double layer region or the Deby#liickel screening length, over
order polarization termy® as follows which the electrostatic field is present can be expressed as

Psfg = X(Z) : EvisEir + X(S) : EvisEirEO (5) 1‘ = ( —100(DRT) = 03/\/i (nm) (8)
K\ 8aN%*A

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

Pﬁé and contains the electrostatic field dependence of the WhereD is the dielectric constant arids the ionic strength of

nonlinear polarization induced at the interface. Bgfhand  the bulk solution in mol/L. Increasing the bulk surfactant
%@ have resonant and nonresonant portions as described abovéoncentration increases the surface concentration and the surface
and, in fact, the overall SF response can be represented by afharge density thereby resulting in an increased interfacial
effective surface susceptibility which is a combinationy&# potential. Varying the ionic strength of the solution has a 2-fold
andy®@. In the absence of a large electrostatic field one would effect on the electrostatic field created by the soluble charged
expect the interfacial water molecules to be randomly oriented Surfactants used in this study. One effect is a change in the
after a few water layers and thus not contribute to the nonlinear Debye-Hickel screening length, eq 8, brought about by a
polarization. The presence of a large electrostatic field aligns change in the number of ions present at the interface. For
the interfacial water molecules beyond the first few water layers €xample, as the ionic strength increases the number of ions at
and thus removes the centrosymmetry over this region allowing the |nterfgce increases and the surface charge is screened in a
more water molecules to contribute to the nonlinear polarization. Smaller distance. The smaller Debyldickel screening length
The depth of the asymmetric region is on the order of the Debye Means thgt fewer mte_rfamal water molecules interact with the
length or 3 nm at an ionic strength of 10 mM and 10 nm at an eIecFrostanc elgctr!c field which in turn .produces a smaller
ionic strength of 1.0 mM corresponding to approximately-10 _nonllne_ar polarlzz_itlon. The other effect is a r_eductlo_n in th_e
30 water layers, respectively. Previous studies have shown thatnterfacial potential, eq 7, that accompanies increasing ionic
this alignment of the interfacial water molecules is manifested Strength. Also pertinent to consider is that the surface concen-
in the VSFG spectra as a large enhancement in the SF responsgation of soluble surfa(?tants and thus the surfacg charge density
in the OH stretching spectral regiéh?! This electrostatic field ~ are dependent on the ionic strength of the solution. For a bulk
dependent enhancement results from a combination of anSDS concentration of 4.00 mM the surface concentration
increased number of water molecules interacting with the optical increases by 1815% over the range of ionic strengths studied
fields and an alignment of the transition dipole moments of the here with most of the increase achieved before an ionic strength
OH modes with the polarization vector of the IR light. of 0.05 M.

Second harmonic studigsat the air/water interface with an
insoluble charged surfactant present have shown that the SH
intensity is dependent on the interfacial potential which, in turn,  The laser system employed for the vibrational SFG studies has been
is dependent on the surface charge density and the ionic strengtlilescribed in detail elsewhet&?> Briefly it consists of a titanium:
of the surfactant solution. The relationship between the sapphire regenerative amplifier which pumps a two-stage optical

nonlinear polarization for VSFG and the interfacial potential Parametric amplifier seeded with a small portion of white light
be obtained by intearatir@l® over the region where the continuum generated in ethylene gl_y_col. The system produces IR pulses

can g y 9 fg o) 9 tunable from 2.44.0um at a repetition rate of 1 kHz. The energy of

electrostatic fieldfyo, is present. Assuming® is constant over the pulses over this range is approximatelyBwith a bandwidth of

the interfacial region and using the relationship between the 18 cnit and a pulse duration of 1.9 ps. The IR pulses are combined

(7)

GExperimental Section

electrostatic fieldE(z) and the interfacial potentiab(z) one at the interface with approximately 15@ of 800 nm light from the
obtains Ti:sapphire regenerative amplifier. All spectra presented were obtained
underSyy, Siis, Pir polarization conditions which picks out the vibrational
e 3 . o X .
Psfg — X( )EvisEir + X( )EvisEirq)(O) modes with components of the transition dipole moment perpendicular

to the plane of the interface. Spectra from the air/water interface were
@ @3) obtained in an external reflection geometry with the 800 nm and IR
=7ty (D(O)]EvisEir (6) beams directed onto the interface in a copropagating arrangement at

; ; ; — (22) Messmer, M. C.; Conboy, J. C.; Richmond, G.JL..Am. Chem.
where ®(0) in the potential at the interface where= 0. Soc.1995 117, 8039-40.

Equation 6 demonstrates the linear dependence of the nonlinear (23) Chattoraj, D. K.; Birdi, K. SAdsorption and the Gibbs surface

polarization on the interfacial potential. excessPlenum Press: New York, 1984.
In the work presented here we monitor the structure and , (24) Sragson. D. E.; Alavi, D. S.; Richmond, G. @pt. Lett.1995 20,

hydrogen bonding of interfacial water molecules as the inter- (25) Gragson, D. E.; McCarty, B. M.; Richmond, G. L.; Alavi, D. 5.
facial potential is varied. The GowyChapman model has been  Opt. Soc. Am. 996 13, 2075-2083.
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angles of 56 and 68 deg from the surface normal, respectively. The 104

beam diameters of the tunable IR and 800 nm laser beams used in the | dZS'SDSl“:X%m“OmM
air/water studies were approximately 300 and @00, respectively. OH-SS-8 0,500 mM
Spectra from the C@water interface were obtained in a total internal 8+ 0.250 mM

0.100 mM

reflection geometry with the 800 nm and tunable IR beams coincident _
on the interface from the Cglside at the critical angle for each
wavelength (66.5 and 73.2 deg, respectively). The beam diameter of
the tunable IR and 800 nm laser beams for the @@iter studies was
approximately 300um and 4 mm, respectively. Generation of
fluorescence and continuum in the GQby the 800 nm beam
necessitated the beam expansion (as compared to the air/water studies) 7
to 4 mm. Previous studi&®? have shown that operating in a total 5
internal reflection geometry produces an enhancement of several orders

of magnitude in the generated nonlinear polarization. For both |
geometries the generated sum frequency light is detected in reflection B e e T
with a PMT after filtering. Individual spectra were collected with gated 2800 3000 3200 3400 3600 3800
electronics and a computer while, the IR frequency was scanned from Frequency (cm")

2750 to 3700 cm'. Each scan was obtained with an increment of 4 rigure 1. VSFG spectra from the air/water interface under S-sf, S-vis,
cm * and an average of 300 laser shots per increment and each spectrg.jr polarization conditions for various bulk concentrations of SDS and

presented is an average of at least two scans. We obtain peakyn jonic strength of 10 mM. Solid lines are a least-squares fit to the
intensities, bandwidths, areas, and positions from least-squares fits t0yata using egs 1 and 3.

the spectral data using eqs 1 and 3.

Both 18 MQ water from a Nanopure filtration system and HPLC ]
grade water from Mallinckrodt were used with no detectable difference 1.0-
in the VSFG spectra or in surface tension measurements performed | O OH-$S-S
with a Wilhelmy balance. HPLC grade carbon tetrachloride (999
from Sigma-Aldrich was used as received. Atom d-25 sodium dodecyl
sulfate (98%) from Cambridge isotope laboratories was used as
received. The bulk concentration of SDS in the aqueous phase was
increased by additions of a stock solution followed by gentle stirring.
After each addition 2630 min was allowed for the interfacial
adsorption of SDS to occur before a spectral scan was obtained. From
surface tension measurements performed with a Wilhelmy balance and
the Gibbs equation for adsorption we calculate the surface density of 0.2
SDS. The surface density measurements were consistent with literature
measurements conducted at the same ionic stréhgthThe surface
potential is then calculated using Gou@€hapman theory and the 0.0 T T T T T T T T 1
assumption that each SDS molecule is charged. Absorption of the 200 220 240 260 280
tunable IR beam in the OH stretching region by the L£@hs Surface Potential (mV)
determined to be negligible with FTIR and by monitoring the IR energy Figure 2. Normalized SF field at the position of the Ot$S-S peak
from the laser system after the beam had travkesé cmpath length from the fitted spectra in Figure 1 plotted as a function of the surface
of CCl.. All glassware and experimental apparatus which came into potential for the air/water interface. Surface potential determined from
contact with the aqueous or organic phases were soaked in concentrategurface tension measurements and the Gibbs and -@@bgpman
sulfuric acid containing NeChromix for at leas3 h and then were  equations. Solid line is a least-squares fit to the data using an exponential
thoroughly rinsed with 18 M@ water. function with the functionality included on the figure.

0.050 mM
Neat H,0O

SF Intensity (a.u.)

Normalized SF Field (a.u.)

Normalized OH intensity = 1.05-450*exp(-0.0312*V)

Results To further examine this latter point the SF field at the position

A. SDS at the Air/Water Interface. Figure 1 shows the  of the OH-SS-S peak, normalized to unity at maximum
VSFG spectra from water molecules at the air/water interface intensity, is plotted in Figure 2 as a function of the surface
with varying bulk concentrations of deuterated SDS and an ionic potential calculated from surface tension measurements. As will
strength of 10 mM. The solid lines in Figure 1 are a fit to the be discussed further below the G13S-S peak results from
data using egs 1 and 3 from which we obtain the position, area, OH vibrations from water molecules that are in a tetrahedral
width, and intensity (height) of each peak. As the bulk arrangement with a high degree of hydrogen bond order much
concentration is increased we observe an enhancement in thdike the structure of ice. From Figure 2 we find that the intensity
OH peaks from the interfacial water molecules. As mentioned reaches a maximum at a surface potential of approximately 260
above this enhancement is a result of the alignment of the mV. Equation 6 would predict that the SF field should be linear
interfacial water molecules which accompanies the interfacial with the surface potential where we find that the SF field has
electrostatic field produced by the charged surfactant. We an exponential dependence on the surface potential. The
observe this enhancement at bulk concentrations correspondingleviation from the linearity predicted by eq 6 is a result of the
to very small surface coverages, approximately-2800 A%/ alignment of the dipole moments of the interfacial water
molecule, and find that a maximum in the enhancement is molecules which results in a lesser degree of cancellation of
observed well before the maximum surface coverage is reachedhe transition moments of the OH stretches as the surface
at 2-3 mM. This first observation illustrates the high sensitivity potential increases. The maximum enhancement observed at
of VSFG to the presence of charged surfactants at the interface260 mV then corresponds to maximum alignment of the
and from the second observation we infer that the interfacial interfacial water molecules with further increases in the potential
water molecules achieve their greatest degree of alignmenthaving minimal effect on the alignment of the water molecules.
before maximum surface coverage is attained. Potential dependent alignment of the interfacial water molecules

(26) Tajima, K.Bull. Chem. Soc. JprL97Q 43, 3063-3066. has been observed previously at the charged electrode/water

(27) Tajima, K.Bull. Chem. Soc. Jprl971, 44, 1767-1771. interface with FTIR8 and X-ray scattering experimerft?
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Table 1. Labels, Structural Designations, and Peak Frequencies of 80 —
the OH Peaks Used in This Study to Elucidate Structural
Information from the VSFG Spectra

OH peak label structural designation peak freq{&m § g
OH-SS-S, O icelike, high H-bond order 3263250 60 - %
OH-SS-A, H,O waterlike, low H-bond order 34063450
_ O OH-SS-S
® OH-SS-A

Table 1 lists the labels, structural designations, and peak
positions of the two peaks observed in the VSFG spectra from
interfacial water molecules shown in Figure?®t30 It is
important to note here that the vibrational spectra of liquid water
is extremely complex, due to coupling across hydrogen bonds
and energetic coupling of many normal modes, and thus the
exact assignment of the normal modes responsible for each peak
is exceedingly difficult. However, from the two peaks present 200 220 240 260 280
in the spectra of Figure 1 and a qualitative assignment of the Surface Potential (mV)
structural environment of the water molecules contributing to Figure 3. Relative percent of the OH oscillators contributing to each
each peak, we can obtain information Concerning the hydrogen OH peak as determined fromthefltted spectra in Flgure 1 plotted VersUS
bonding between interfacial water molecules. The first peak the surface potentlal_. Solid line is a least-squares fit to the data using
(OH—SS-S) occurs at 3200 cnd and is attributed to the in- 2" €xponential function.
phase coupled OH vibrations from water molecules that are in 10—

o
el

ey

: { f i

20 T T T T T T T 1

% of water molecules contributing to each OH peak

a tetrahedral arrangement with a high degree of hydrogen bond 4.00 mM d,-SDS

order19:30.31 This peak has been described as being indicative 1 OH-SS- Eg:g?jﬁ

of an “icelike” structure and dominates the IR and Raman 84 1=0.043M
I=0.142 M

spectra from bulk water below room temperature. The peak _ - 1=0.500 M

located between 3400 and 3450 ¢is attributed to the coupled R Neat H,0

vibrations from water molecules that have incomplete tetrahedral 2z

coordination with one strong and one weaker hydrogen bond §

or to water molecules with bifurcated hydrogen bo#tf§-32 = 4o

The OH-SS-A peak has been described as being indicative “ |

of a lesser degree of hydrogen bond order and a more 5

“waterlike” structure. We have shown through isotopic dilution

studie$334that the square root area under the OH peaks in the 1 . R

VSFG spectra of surface water is a good indicator of the relative 0 - , : — s S

number of oscillators (water molecules) contributing to the OH 2800 3000 3200 3400 3600 3800

peaks. Figure 3 shows the relative percent of OH oscillators Frequency (cm )

contributing to each peak calculated from the fitted data of Figure 4. VSFG spectra from the air/water interface under S-sf, S-vis,
Figure 1 plotted versus the surface potential. Figure 3 shows P-ir polarization conditions for various ionic strength and a bulk SDS
that there is an increase in the degree of hydrogen bond ordelconcemil'ation of 4.00 mM. Solid lines are a Ieast-squares fit to the
with an increase of the surface potential as evidenced by thedata using egs 1 and 3.
increase in the proportion of water molecules contributing to depth reduces the number of water molecules interacting with
the OH-SS-S peak. In fact, the partitioning of water the optical fields. The range of ionic strengths studied results
molecules into the more hydrogen bond ordered structure in the double layer changing from a few angstroms to a few
increases from 50% at approximately 200 mV to 70% at nanometers which corresponds to a variation from a few water
approximately 230 mV. layers to tens of water layers. Figure 5 shows the relative
Figure 4 shows the VSFG spectra from the air/water interface percent of OH oscillators contributing to each peak calculated
for a 4.00 mM bulk SDS concentration at varying ionic from the fitted data in Figure 4 plotted versus the surface
strengths. The solid lanes in Figure 4 are a fit to the data using potential determined from surface tension measurements. As
eqgs 1 and 3. As the ionic strength is increased from 4.00 mM the interfacial potential is increased by decreasing the ionic
to 0.5 M we observe a dramatic decrease in the enhanced OHstrength Figure 5 shows that there is a progression from a less
peaks in the VSFG spectra. The decrease in the enhancemeritydrogen bond ordered structure to a more hydrogen bond
with increasing ionic strength results from both a decrease in ordered structure. The partitioning of water molecules into the
the surface potential and a decrease in the double layer depthmore hydrogen bond ordered structure increases from 40% at
The decreased surface potential diminishes the alignment of theapproximately 180 mV to 65% at approximately 230 mV which
interfacial water molecules, while the decreased double layer is in good agreement with the similar data in Figure 3 obtained
by varying the bulk concentration.

(28) Walrafen, G. EWater: A Comprehensé Treatise Walrafen, G.

E., Ed. Plenum Press: New York, 1972; Vol. 1, pp £254. To further explore the sensitivity of the VSFG experiments
(29) Eisenberg, D.; Kauzmann, Whe Structure and Properties of t0 the orientation of interfacial water molecules we have
Watet Oxford University Press: New York, 1969. , performed temperature dependent measurements. Figure 6
41%9)4135".%”“"" M.R.; Atia, A. A.; Miller, J. DLangmuir1996 12 shows the VSFG spectra from the air/water interface with a
(31) Scherer, J. R.; Go, M. K; Kint, S. Phys. Chenl974 78, 1304 bulk SDS concentration of 4.00 mM and an ionic strength of
13. 10 mM for varying temperatures. The spectra in Figure 6 shows

(32) Giguere, P. AJ. Raman Sped984 15, 354-359. ; it
(33) Gragson, D. E.: Richmond, G. 1. Phys. Chem1997 in press. that the intensities of the OH peaks are very dependent on the

(34) Gragson, D. E.; Richmond, G. 1. Chem. Phy&997, 107, 9687 temperature. The decrease in the intensity of the OH peaks
9680. with increasing temperature results from the increased random-
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the data.

temperature. These data illustrate the temperature dependence
of the OH peaks, and the steeper slope obtained for the OH
SS-S peak implies that this peak is more temperature dependent
than the OH-SS-A peak. Figure 8a shows the relative percent
of OH oscillators contributing to each peak calculated from the
fitted data in Figure 6 plotted versus the temperature. As the
temperature is increased from near freezing to near boiling we
observe very little change in the partitioning of water molecules
between the two peaks with the relative percent of oscillators
in each peak remaining constant at approximately 65% and 35%
for the OH-SS-S and OH-SS-A peaks, respectively. The
observation that the peak intensity decreases with increasing
temperature whereas the partitioning between the icelike and
water like peaks remains constant is a result of the increasing
bandwidth of the OH-SS-S peak with increasing temperature
as shown in Figure 8b. As the temperature is increased the
OH—SS-S peak intensity decreases while the bandwidth
increases, these opposing effects cause the relative area of the
OH—-SS-S peak to remain constant. We see a similar effect
occurs in the OHSS—A peak but to a much lesser degree since
the decrease in peak intensity from this peak is much smaller.
B. SDS at the CCl/Water Interface. Figure 9 shows the
VSFG spectra from the C&H,0 interface in the OH stretching
spectral region with varying bulk concentrations of the charged
soluble surfactant SDS present in the aqueous phase and an ionic
strength of 10 mM. Inspection of the spectra in Figure 9 shows
that similar to the air/water case there is a large enhancement
in the intensity from the OH peaks as the bulk surfactant
concentration is increased. This increase with increasing bulk
concentration is again a result of the fact that the interfacial
concentration, and thus the surface charge density and magnitude
of the electrostatic field, is a function of the bulk concentration.
We find that this enhancement reaches a maximum value a bulk
concentration of approximately 0.5 mM, while surface tension
measurements show that the maximum surface coverage occurs
around 2 mM. From this observation we infer that the water

ization of the interfacial water molecules afforded by the molecules have achieved their highest degree before maximum
increased thermal energy. Figure 7 shows the SF field at thesurface coverage is reached. Further, we observe an enhance-
peak positions of the OHSS-S and OH-SS-A peaks ment in the SF response at submicromolar bulk concentrations
obtained by taking the square root of the peak intensity from which correspond to surface concentrations several orders of
the fitted spectra in Figure 6 plotted as a function of the magnitude below the maximum surface concentration. The
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Figure 9. VSFG spectra from the C@Wwater interface under S-sf, ~ Figure 10. Normalized SF field at the position of the Gt8S-S peak
S-vis, P-ir polarization conditions for various bulk concentrations of from the fitted data of Figure 9 plotted versus the interfacial potential.
SDS and an ionic strength of 10 mM. Solid lines are a least-squares fit The interfacial potential is calculated from surface tension measurements

to the data using egs 1 and 3. and the Gibbs equation.

ability to detect a very low surface concentration of SDS again
illustrates the high sensitivity of this experimental technique. 22+
The presence of C¢has some effect on the SDS present at
the interface, most notable is an increased surface activity which
results in more SDS at the interface in comparison to the air/
water interface for a certain bulk concentration.

Inspection of Figure 9 shows that the dominant feature in
the VSFG spectra from the C£SDS/water interface is the
OH—SS-S (icelike) peak, while there is little or no evidence
for intensity from the OH-SS-A (waterlike) peak. This
observation is markedly different from what was observed at
the air/water interface where the waterlike (©85S-A) peak 1.4 %
gave rise to a prominent shoulder on the icelike (€55-S)
peak. The shoulder in the 2968050 cnt! region in the 295 3(')0 3(')5 3'10 3'15 350 32'5
spectra from Figure 9 arises from a small amount of contami- Temperature (K)
nant, CH stretches, present at the neat interface riding on the,:igure 11. SF field at the OH-SS—S peak position from fitted VSFG

large OH-SS-S peak. The fact that a small amount of  gpecira plotted versus the temperature. Solid line is a linear least-squares
contaminant is visible in the VSFG spectrum from the £CI| it to the data.

water interface and not the air/water interface is a result of the

enhancement in the VSFG Signal obtained in the total internal maximum a|ignment at an interfacial potentia] of approximate|y
reflection (TIR) geometry which we have found from previous 160 mV somewhat below what was observed from the air/water
studie$®2?to be as much as 4 orders of magnitude. Addingto interface. We again have verified the alignment of the
our increased sensitivity in the TIR geometry is the fact that interfacial water molecules with temperature dependent mea-
many trace bulk impurities will preferentially adsorb at the £ClI  syrements shown in Figure 11 where we plot the SF field at
water interface and thus result in small signals in the VSFG the OH-SS-S peak versus temperature. Figure 11 shows that
spectrum. From the dominance of the ©8S5-S peak we infer a5 the temperature is increased the SF field diminishes as a result
that the prevailing structure of water molecules at the CCl  of the increased thermal energy and the increased randomization
water interface in the presence of SDS is a tetrahedral arrangeof the OH transition dipole moments. In comparison to the
ment much like the structure of ice. This observation is in complimentary data from the air/water interface we find that at
striking contrast to the IR and Raman spectra from bulk water the CCly/water interface the dependence of the SF field on the

at room temperature for which there is approximately equal temperature is approximately three times larger.
distribution between each modk.As will be discussed below,

this difference is a result of the structure inducing influence piscussion
the nonpolar CGl molecules have on the interfacial water
molecules. A. Surface Potential Effects. The presence of charged
Figure 10 shows the normalized SF field from the-€65-S surfactant at the air/water interface induces an electrostatic field
peak obtained from the spectra in Figure 9 plotted against thein the double layer region. This field is on the order of 10
interfacial potential determined from surface tension measure- V/m at maximum surface coverage and can induce an alignment
ments. As was the case for the air/water data we find that at of the interfacial water molecules which is manifested in the
the CCl/water interface the dependence of the SF field on the VSFG spectra. The depth of the field and thus the region probed
potential deviates from the linear relationship predicted by eq by VSFG is on the order of the double layer which, within the
6. Again this deviation is a result of the alignment of the confines of Gouy-Chapmann theory, depends on the solution
transition dipole moments of the interfacial water molecules with ionic strength. The dependence of the SF field in the OH
the polarization vector of the IR light. At the Cflater stretching region on the surface potential is illustrated in Figure
interface we find that the water molecules achieve their 2. As the surface potential is increased by increasing the bulk

SF Field (a.u.)

O OH-SS-S, slope=-0.03
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concentration of SDS while holding the ionic strength constant A third OH peak observed in previous studies of bulk and
at 10 mM we observe an increase in the intensity from the-OH surface water is located at approximately 3680 €rand is
SS-S peak. The functionality of this increase follows an attributed to the free OH stretch from water molecules that have
exponential which agrees well with previous experiments hydrogen atoms not participating in hydrogen bondf®.The
conducted at the metal electrode/water interfact the air/ laser system employed limits our ability to obtain spectra in
water interface we find that the interfacial water molecules attain the 3606-4000 cnt? region thus we confine our discussion to
the highest degree of alignment at a potential of 260 mV, the two OH peaks located at 3200 and 3400-&mThe red-
whereas for the metal electrode/water interface maximum shift of the peak position of the OH peaks with increased
alignment was observed at a potential of 500 mV. The intermolecular hydrogen bonding as is seen in the three
difference in the potential at which maximum alignment is aforementioned peaks has been thoroughly exan#f&dSThe
achieved at the SDS-air/water interface in comparison to the shift occurs because hydrogen bonding actually “steals” bond
metal electrode/water interface is possibly due to extended strength from the OH bond and thus stronger hydrogen bonds
hydrogen bonding between the interfacial water molecules andresult in weaker OH covalent bonds and vibrational modes at
the SDS headgroup. At the SDS-air/water interface the water lower energy. A comparison of the peak positions with the
molecules are oriented by the electrostatic field with their degree of hydrogen bonding illustrates the well-known trend
hydrogens pointed toward the air. Hydrogen bonding between that the peak position of the OH peak is red-shifted with
SDS headgroups and water molecules aligns the water moleculesncreased hydrogen bonding. Accompanying the red-shift of
such that the hydrogens are directed toward the head$roup the peak frequency with increased hydrogen bonding is a large
which is essentially the same orientation produced by field increase in the bandwidth of the OH peak. This increase in the
alignment. Extended hydrogen bonding between water mol- bandwidth results from dynamic dipetelipole coupling be-
ecules and the SDS headgroups would act to enhance the fieldween neighboring water molecules which produces a distribu-
alignment of the interfacial water molecules thus causing tion of low- and high-frequency stretching mod@8? The
maximum alignment to occur at a lower surface potential. nature of this distribution also has an effect on the position of
Hydrogen bonding of the water molecules in the solvation sphere the peak frequency of the OH peak. Deconvolution of these
of the surfactant headgroup also may contribute to the enhancetwo effects, hydrogen bonding and intermolecular coupling, on
ment. However, theoretical studfésf SDS at the air/lwater  the energetics of the OH stretching peaks in the vibrational
and CClwater interfaces have shown that these waters are spectra is difficult and generally requires the study of HOD in
contained within several angstroms from the headgroup, whereasH,0 or D,O which eliminates the intermolecular coupling effect.
the double layer region extends several nanometers and thugdowever, the extent of hydrogen bonding can be inferred
contains many more water molecules. The fact that there arethrough a comparison of the relative amount of each peak: OH
fewer water molecules in the solvation sphere means that theSS-S and OH-SS-A, present in the vibrational spectra. This
dominant contribution to the enhanced SF response arises fromcomparison is possible since the icelike (©8S-S) peak is
water molecules not necessarily participating in solvation of the indicative of more complete or extensive hydrogen bonding than
headgroup. the waterlike (OH-SS-A) peak.

The structural properties of bulk water have been previously ~ Figures 3 and 5 illustrate how the intermolecular hydrogen

characterized in numerous studies through inspection of the OHPONding changes as a function of the surface potential at the
peaks in Raman and IR speck3! In addition, both air/water interface. The observed increase in the relative percent

FTIR783% and VSFG719-213637 have been used to study the Of oscillators contributing to the more strongly hydrogen bonded

structure of surface water molecules in a variety of systems. Peak (OH-SS-S) with increasing surface potential provides
The OH-SS-S peak located between 3200 and 3250 tin us with direct evidence that the intermolecular hydrogen bonding
attributed to the coupled stretching vibration from water increases with increasing surface potential. Theoretical stfdies
molecules that have complete tetrahedral coordination with two Of water molecules between two platinum electrodes with
strong hydrogen bonds much like the structure off68:31The surface charge densities covering the same range of values as
OH—SS-A peak occurs at approximately 3400 chand two those determined here from the SDS-air/water interface have
different assignments have been suggested for this peak. Theshown a similar trend. We observe this trend in two separate
first assignment is from coupled OH vibrations of water ¢ases; first by increasing bulk SDS concentration to increase
molecules that are asymmetrically hydrogen bonded with the surface potential (Figure 3) and second by decreasing the
incomplete tetrahedral coordination and a lesser degree ofionic strength to increase the surface potential (Figure 5). The
hydrogen bond ordéf:30:31 Other author® have attributed this fu_nctlonallty _shoyvn in the_ two figures is somewhat dlfferent
peak to the OH stretch from water molecules with bifurcated With the plot in Figure 3 rising at a faster rate than the plot in
hydrogen bonds; this assignment also implies a molecular Figure 5. This phenomena is due to the fact that as the ionic
arrangement with a lesser degree of hydrogen bond order thanStrength is varied (Figure $joththe surface potentiaindthe
the OH-SS-S peak. Raman and IR spectroscopic studies have double layer depth change, whereas as the bulk concentration
shown that the peak at 3200 chdominates the spectra of bulk 1S varied (Figure 3) while holding the ionic strength constant
liquid water at low temperatures, whereas the peak at 3450 cm Only the surface potential changes. Low surface potentials in
dominates the spectra at elevated temperafirdge temper-  Figure 5 correspond to high ionic strength and thus a small
ature dependence of these spectral features gives rise to th&louble layer thereby producing a larger electrostatic field and
characterization of these two peaks as being indicative of 9reater alignment than the equivalent surface potential in Figure
“icelike” (OH—SS-S) and “waterlike” (OH-SS-A) structures 3. Complicating the situation even more is the fact that as the
with the icelike peak corresponding to a higher degree of double layer decreases with decreasing ionic strength there are

hydrogen bond ordering and the waterlike peak corresponding (39 Du, Q- Superfine, R.; Freysz, E; Shen, YFRys. Re. Lett. 1993

to a lower degree of hydrogen bond ordering. (37) Gragson, D. E.; Richmond, G. Langmuir1997, 13, 4804-4806.

(38) Jeffrey, G. A.An Introduction to Hydrogen BondingOxford
(35) Schweighofer, K. J.; Essmann, U.; Berkowitz, 34.Phys. Chem. University Press: New York, 1997.

B 1997, 101, 3793-99. (39) Whalley, E.Can. J. Chem1977, 55, 3429-41.
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fewer water molecules interacting with the optical fields. We SHG studie®¥*at the neat air/water interface suggest that there
have had little success deconvoluting each effect in the data inare two types of interactions which produce a net orientation
Figure 5, thus the data are presented as a function of the surfacef surface water molecules. One interaction is strongly tem-
potential and only qualitatively compared to Figure 3. perature dependent and is attributed to hydrogen bonding, while
X-ray scattering experimenfof the electrode/water interface  the other is less temperature dependent and attributed to
suggest that there is a substantial increase in the density oforientation due to the permanent dipole of water. These SHG
interfacial water molecules as compared to bulk water causedexperiments probe the overall changes in the nonlinear polar-
by destruction of the hydrogen bonded network when a large izability from the water surface and do not contain the molecular
electrostatic field is applied across the interface. The work specificity afforded by VSFG. Previous VSFG measurements
presented here as well as theoretical stddisBow the opposite  from the neat air/water interfatfshow little or no temperature
behavior in that there is actually an increase in the intermolecular dependence in all of the OH peaks which is in contradiction
hydrogen bonding when a large electrostatic field is applied with the SHG experiments. The fact that we observe a strong
across the interface. This observation is inferred from Figures temperature dependence at the air/SDS/water interface whereas
3 and 5 which show that as the interfacial potential is increased little dependence was observed in VSFG studies from the neat
the partitioning into the more extensively hydrogen bonded and air/water interface provides further support that the presence of
icelike peak also increases. Further inspection of Figures 3 andSDS does indeed align the surface water molecules. At the
5 show that a maximum in the partitioning of water molecules air/water interface in the presence of SDS we observe that both
into the more hydrogen bond ordered structure occurs at OH peaks are dependent on temperature; however, the icelike
approximately 230 mV. The fact that this potential is somewhat and waterlike peaks have somewhat different temperature
smaller than the 260 mV potential required to achieve maximum dependencies. From the slopes of the linear fits to the data in
alignment of the water dipoles as shown in Figure 2 shows that Figure 7 we conclude that the icelike peak is more temperature
increased dipole alignment with increased surface potential dependent, while the waterlike peak is less temperature de-
continues to occur after maximum hydrogen bonding is achieved. pendent. This observation is in good agreement with the
Our observation that at the C£3DS/water interface the  previous SHG studies from the neat air/water interfattsince
OH—-SS-S peak dominates the OH stretching spectral region the more temperature-dependent peak {(3%—S) results from
provides direct evidence that there is more extensive hydrogenmore strongly hydrogen bonded water molecules and the less
bonding between neighboring interfacial water molecules when temperature-dependent peak (©8S-A) is less strongly
compared to bulk water molecules. This difference is a result hydrogen bonded.
of the effect that the nonpolar Cholecules have on the water The temperature dependence of the-€88-S peak at the
molecules in the interfacial region. This effect can be explained ccy water interface is larger than both the ©8S-S and
in terms of the ability of water to solvate a nonpolar molecule oH-SS-A peaks at the air/water interface as evidenced by
such as CGl and the corresponding decrease in entropy the |arger negative slope shown in Figure 11. Earlier we
assouateq with the solvation of nonpolarl molecules. This concluded that the intermolecular hydrogen bonding was
decrease in the entropy of the system overrides the enthalpy Ofgtronger at the CGwater interface than at the air/water interface
solvation and causes the solvation of nonpolar molecules in gnq thys the VSFG spectra from the @@hter interface should
water to be energetically unfavorable. The decrease in entropype more strongly temperature dependent. The fact that this trend
results from water molecules rearranging into a tetrahedral js ghserved in the temperature dependent measurements provides
structure in order to maximize hydrogen bonding in the presence s, ther support that the intermolecular hydrogen bonding is
of a nonpolar soluté. Our observation that the VSFG spectrum greatest at the C@later interface where the nonpolar GCl
is dominated by the icelike peak at the EDS/water interface  5jecyles induce hydrogen bonding between water molecules.
is a direct consequence qf the structure inducing influence_of Equation 7 shows that the surface potential increases with
CCl, molecules on the interfacial water molecules. This j,creasing temperature thus the fact that the SF field decreases
observation is also consistent with previous calculaffoo$ with increasing temperature provides evidence that the increased
hydrogen bonding at an oil/water interface which suggests that o, yomization of interfacial water molecules by the increased

there is an increase in the strength of the hyd_rogen bonding i ermay energy outweighs any alignment produced by increased
among the water molecules near a hydrophobic surface. ASg a1 potential.

was mentioned earlier we are probing specifically the asym- . . A
metric interfacial region which for the studies discussed here, Atthe SDS-alrlwate_r mte_rfac;e we observe that the part|t|on|r_lg
of water molecules into icelike and waterlike structures is

fonic strength of 10 mM, corresponds to at most 20 water elatively temperature independent (Figure 8a) with 65% and
layers. In the bulk agueous phase the water molecules are no ) e 0
y d P 5% of the oscillators contributing to the Gt$S-S and OH-

influenced by the presence of a nonpolar molecule and thus . .
the waterlike peak accompanies the icelike peak. In a recentSS_”.'\ peaks, respectively. The fact that n thg presence of SDS
the intermolecular hydrogen bonding of interfacial water

publicatior$” we showed that at the neat G@later interface ; X X -
molecules is relatively independent of the temperature while

the dominant peak is the icelike Gt6S-S, peak while at the he ali ; |
neat air/water interface we observed an equal distribution h€ alignment is strongly temperature dependent can be ex-

between the OHSS-S peak and the less hydrogen bond plained by the increased bandwidth that accompanies the

ordered waterlike OHSS—A peak. The similarity of the water ~ INcréased temperature. As the temperature is increased the
structure at the CGwater interface both in the presence and distribution of hydrogen bonded states increases and thus the

in the absence of a charged soluble surfactant further allows us€nNergy range of OH oscillators increases as evidenced by the

to infer that the presence of the surfactant and counterions in

increased bandwidth shown in Figure 8b. The increased
the aqueous phase does not disrupt the hydrogen bond orderinq]a”dw'dth is a result of more states energetically accessible to
of the interfacial water molecules.

e interfacial water molecules but still within the two OH peaks.

B. Temperature Effects. Previous temperature-dependent Thus the relative number of water molecules co.ntn'butllng to
each peak does not change; however, the distribution of
(40) Michael, D.; Benjamin, 1J. Phys. Chem1995 99, 1530. environments in which the water molecules exist does change.
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The spectral broadening of vibrational peaks with increasing the icelike arrangement as evidenced by no observable contribu-
temperature is well studié@?®31and results from a decrease tion from the waterlike peak in the VSFG spectra. The
in the net alignment of the transition dipole moments of the difference in the hydrogen bonding of water molecules observed

molecules with the polarization vector of the optical field. at the air/water and C@lvater interface is a direct result of
. the structure imposing effect the nonpolar ¢@blecules have
Conclusions on the interfacial water molecules. VSFG measurements at

We have performed unique experiments exploring the influ- Various temperatures from both the air/water and /0@iter
ence that a charged surfactant has on the alignment andnterface confirm our sensitivity to the alignment of interfacial
hydrogen bonding of water molecules at the air/water and/CCl Water molecules. The relationship between the_ temperature
water interface. The alignment of interfacial water molecules dependence of the VSFG measurements and intermolecular
is evidenced by an enhancement in the OH stretching peaks oflydrogen bonding is in good agreement with previous SHG
the VSFG spectra. The exponential dependence of this en-measurements from the neat air/water interface. We find that
hancement agrees well with FTIR studies from the charged metalthe temperature dependence of the SF response increases in the
electrode/water interface. By employing the interface specific Order air/water OHSS-A, air/water OS-SS-S, and CCJ
technique of VSFG to monitor OH stretches sensitive to water OH-SS-S which follows the order of increased inter-
hydrogen bonding we observe a progression from a less molecular hydrogen bonding. These studies provide new insight
hydrogen bonded and waterlike structure to a more hydrogen nto the effects charged surfactants have on the structure and
bonded and icelike structure as the surface potential is increasedlydrogen bonding of interfacial water molecules and have
at the air/water interface. We can control the extent of hydrogen Particular relevance to theoretical studies examining water
bonding by either increasing the bulk concentration of charged Molecules between two charged electrodes.
surfactant or decreasing the solution ionic strength. The

observed formation of an icelike structure with increased applied . .
potential agrees well with molecular dynamics simulations of acknowledge the Office of Naval Research and the National
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