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Effect of the negatively charged carboxylate group of the stearic acid surfactant CH3(CH2)16COO- on the
solvation at the surfactant air/water interface was investigated. A direct comparison is made with the previously
studied interfacial aqueous solvation at a monolayer of the neutral stearic acid CH3(CH2)16COOH, as well as
the surfactant-free air/water interface. Static and time-resolved femtosecond second harmonic generation (SHG)
spectroscopy of a solvatochromic dye coumarin 314 (C314) adsorbed at the interface was employed as a
surface-selective molecular probe of the interfacial solvation environment. The S1rS0 electronic transition
frequency of C314, which reflects static solvation at the interface, is relatively insensitive to the surface
charge. On the contrary, the characteristic time of the solvation dynamics at the anionic surfactant monolayer
(200 Å2/molecule),τs

- ) 1.6 ( 0.3 ps, is significantly slower than at the neutral monolayer of undissociated
stearic acid at the same surface coverage,τs

0 ) 400 ( 60 fs. It is also slower than the air/water interfacial
solvation, with the amplitude-averaged timeτs ) 850 ( 70 fs measured without the lipid surfactant. The
observed effect is consistent with the alignment of the water molecules near the interface by the electric field
of the charged surfactant, which results in an increased hydrogen bond order and loss of diffusional (rotational
and translational) mobility.

Introduction

Collective molecular dynamics at liquid interfaces is a
fascinating subject with practical implications for many impor-
tant processes in technology and life sciences. In particular,
understanding of the solvation at aqueous interfaces is imperative
for any predictive theory of the chemical reaction dynamics at
liquid interfaces. Experimental and theoretical studies of the
bulk phase solvents have shown that the solvation dynamics,
which reflects dipolar relaxation of the solvent molecules in
response to a charge redistribution of the solute, has a profound
effect on the rates of the charge-transfer reactions.1-3 Many
biologically important processes occur at aqueous interfaces,
e.g., the surface of cell membranes, and often involve charge
transfer as one of the steps. Reactions of folded proteins, in
particular enzymes, RNA, and DNA, also require consideration
of the interfacial environment of these bulky molecules, for
which the term “biological water” has been coined recently.4

Tremendous complexity of the biological interfaces makes
it a formidable task to analyze these systems at the molecular
level. In general, however, one can classify two types of the
interfacial interactions that determine the molecular structure
and dynamics: (1) specific local interactions, in particular,
chemical and hydrogen bonding of solvent and solute molecules
with the surface moieties, and (2) nonspecific electrostatic
interactions arising when ionic species are distributed on the
surface. The latter can be generally thought of as interaction of
charges and/or dipoles of molecules at or near the interface with
the electric field of a charged surface. To understand the
interfacial interactions and how they affect the solvation
properties, one therefore must attempt to separate the two types.

A multitude of hydrophilic, hydrophobic, neutral, or ionized
functional groups are present at a typical biological surface.
Consider, for example, the headgroups of phospholipids forming

bilayer membranes or side chains of the common amino acids,
with functional groups such as-COOH, -NH2, -OH, -H,
-CH3, etc., which account for the protein folding and function
of enzymes. Various combinations of these functional groups
on the surface result in an entangled mix of interfacial
interactions. An air/water interface covered with a chosen
amphiphilic surfactant provides a simplified model system that
may prove useful in an attempt to approach this complex
problem. Amphiphilic surfactants such as long chain fatty acids,
alcohols, amines, etc. form ordered, well-characterized mono-
layers at the air/water interface,5,6 with the headgroup immersed
in the water phase and the organic tail pointing up in the air.6,7

This enables one to investigate how a particular functional group
(in the present study, the carboxylate/carboxyl group encoun-
tered, e.g., in the side chains of aspartic and glutamic amino
acids) affects the interfacial solvation. By measuring and
comparing the effect of different headgroups on solvation, one
may be able to deconstruct the complex interactions at the
aqueous biological interfaces into simpler components.

Many naturally occurring biological surfaces contain charged
headgroups, with the compensating counterions dissolved in the
adjacent aqueous phase of the buffer electrolyte solution. One
example is the negatively charged cell membranes, which are
composed of a mixture of phospholipids with either anionic (e.g.,
glycerol or serine) or zwitterionic (e.g., choline) headgroups.
In many cases, for example, when carboxyl or amine groups
are present at the interface, the surface charge is a function of
the pH of the water phase. The presence of charged moieties at
the interface results in a large electrostatic field imposed on
both the solute and the solvent molecules in the interfacial
region. For example, even for a moderate surface charge density
of 1 charged group per 200 Å2, the electric field at the interface
is ∼7 × 107 V/m. The interaction energy of a water dipole
µH2O ) 1.85 D with this field is of the order of 0.1kBT. It is
therefore natural to expect that the surface charge of biological† Part of the special issue “Bruce Berne Festschrift”.
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aqueous interfaces significantly affects both the structure and
the dynamical properties of water near the interface.

Several experimental techniques have been employed to
investigate equilibrium structural properties of water in the
vicinity of charged interfaces. Using the surface-enhanced
FTIR,8,9 and X-ray scattering10 for water/metal electrode
surfaces, the nonlinear vibrational sum frequency generation
(SFG) for air/water, organic liquid/water, and quartz/water
interfaces,11,12 and SHG for the air/water13 and silica/water
interfaces,14 alignment of the water dipoles by the interfacial
electric field has been observed, along with the changes in the
hydrogen bonding structure near the charged interface. A
number of theoretical studies, mostly utilizing MD computer
simulations, of air/water, organic liquid/water,15,16 and water/
metal electrode,17,18 interfaces have been performed in order to
develop a better understanding of how the electrostatic field
affects water properties in the interfacial region. One must point
out, however, that the hydrogen bonded network of interacting
water dipoles is a very complex system with a multitude of
dynamical time scales,19-21 and predicting, even qualitatively,
the electric field effect on the dynamics is a tough theoretical
problem.

This paper presents a first attempt to determine how the static
solvation energies and the solvation dynamics of a probe
molecule at the interface, properties that directly pertain to the
interfacial reaction dynamics, are influenced by the surface
charge. The chosen system, which consists of a charged
surfactant at the air/water interface, is designed to serve as a
simplified model of the more complex biological interfaces. In
the femtosecond solvation dynamics experiments, we utilize the
recently developed time-resolved second harmonic generation
spectroscopy,22-24 which combines surface specificity, spec-
troscopic selectivity, and ultrafast temporal resolution. Static
electronic transition spectra and dynamics of the electronically
excited-state solvation of a solvatochromic probe coumarin 314
(C314) adsorbed at the air/water interface covered with anionic
stearic acid CH3(CH2)16COO- are compared with the previous
measurements at the neutral monolayer of the same surfactant24

and at the surfactant-free air/water interface.22,23 Both neutral
and ionic monolayers of stearic acid can be readily prepared
because the ionization state of the carboxyl/carboxylate func-
tional group is determined by the pH of the underlying water
phase. The surfactant-free air/water interface was studied
previously,22,23 and two components,τ1 ) 250 ( 60 fs and
τ2 ) 1250( 80 fs were obtained, with an amplitude-averaged
solvation time ofτs ) 850( 50 fs. These time scales are similar
to the relaxation time scales observed in the bulk water2,19,25in
agreement with the predictions of the dielectric continuum
theory.15 (Due to the limited time resolution, the ultrafast
“inertial” component of the solvation dynamics in water, on
the<30 fs time scale25, was not recorded in these experiments.)
However, when a monolayer of neutral stearic acid CH3(CH2)16-
COOH was spread on the surface, the interfacial solvation time
changed toτs

0 ) 400 ( 60 fs.24 This significant modification
of the interfacial dynamics was attributed to the rearrangement
of the hydrogen bonding network of water molecules near the
interface due to specific interactions with the hydrophilic
carboxyl group of the surfactant.24 We discover that relaxation
of water at the anionic carboxylate monolayer isτs

- ) 1.6 (
0.3 ps, which is significantly slower (by a factor of 4) than at
the neutral carboxyl surfactant at the same surface coverage.
One of the possible explanations of this effect is the nonspecific
electrostatic interactions of the water dipoles with the charged
plane of the carboxylate groups. Consistent with the static studies

of equilibrium water structure at charged interfaces,8-11 the
electrostatic field induces alignment and increased hydrogen
bonding of the water molecules, thus hindering their motion.

Experimental Section

Details of the experimental apparatus and sample preparation
were described in a previous publication.24 Briefly, saturated
solutions of coumarin 314 (Acros, laser grade) were prepared
in deionized double-distilled water at 20° C, and the concentra-
tion was measured by UV-vis spectroscopy: the peak absor-
banceA ) 0.65 atλmax ) 448 nm corresponding to the dye
concentrationC ) 15 µM. The solution was contained in a
shallow Teflon beaker, and the SHG experiments were con-
ducted using reflection of the probe laser beam off the free
surface of the solution. Surface concentration of the adsorbed
C314 was∼1013 cm-2, obtained from surface tension measure-
ments of the C314 solutions.24

Langmuir monolayers of stearic acid CH3(CH2)16COOH
(Aldrich) were prepared on the surface of the sample in the
beaker using hexane as a spreading solvent, which completely
evaporates in less than 1 min, leaving a film of stearic acid on
the water surface. The pH of the solution was adjusted to
pH ) 10.5 by adding NaOH. The carboxyl headgroups of the
amphiphilic surfactant are completely ionized because the
pKa ≈ 5.0 of the stearic acid is well below the pH of the
underlying solution. At the same time, it was verified by the
UV-vis spectroscopy that the C314 is insensitive to the solution
pH and stable in the range from pH 3.0 to 11.0. Surface tension
measurements were performed using a Wilhelmy plate setup
to determine the surface coverage corresponding to the first order
2D gas-liquid phase transition of the surfactant film.5,6 It was
found that for the anionic lipid, the transition shifts toA ) 280
Å2/molecule, compared toA ) 260 Å2/molecule for the neutral
form of the same surfactant.24 This is expected, due to Coulomb
repulsion of the charged-COO- headgroups, which therefore
require larger surface area. In the interfacial solvation dynamics
experiments, we use monolayers withA ) 200 Å2/molecule,
which is the same as the neutral monolayers studied previously.24

This surface coverage corresponds to the expanded 2D liquid
phase, where the film is uniform6 and orientationally ordered.7,26

A regeneratively amplified Ti-sapphire laser system (Clark-
MXR) produces 120 fs pulses used in the pump-probe
experiment. The fundamental wavelength is tuned toλ ) 850
nm, and a portion of the laser output (70µJ/pulse) was used
directly as a probe beam for the second harmonic generation.
A small portion of the output was frequency doubled in a BBO
crystal to produce 1µJ pump pulses at 425 nm, which are one-
photon resonant with the adsorbed C314 molecules. Both pump
and probe beams were directed onto the sample surface at an
incidence angle 70° from normal, and focused by two 1 m f.l.
lenses to 0.5 mm spots overlapped at the surface. The sample
beaker was rotated at 4 rpm with the focal spot of the laser 1.5
cm off center to avoid local heating, desorption, and bleaching
of the C314 dye by the one-photon resonant pump beam. The
pump and probe beams were recombined at a 5° angle in the
horizontal plane, and the reflected beams were spatially
separated after the sample using 4 irises. A long-pass wavelength
colored glass filter was placed in the probe beam immediately
before the sample to block any spurious SH, and a short-pass
blue filter was placed immediately after the sample surface to
block the reflected fundamental wavelength. The generated SH
beam was dispersed through a 1/4 m monochromator (Jarrel
Ash) and detected by a Hamamatsu PMT (model R4220P). The
signal was boxcar integrated, averaged (Stanford Research

Solvation at the Surfactant Air/Water Interface J. Phys. Chem. B, Vol. 105, No. 28, 20016699



Systems), and recorded by a computer (National Instruments
A/D board), which controlled the delay between the pump and
probe pulses via a stepper-motor driven translational stage
(Klinger).

Results and Discussion

We begin by describing the static SHG spectroscopy of the
C314 probe molecule at the negatively charged stearic acid
monolayer. The surface charge density of the 200 Å2/molecule
anionic monolayer is-8 µC/cm2. The results are summarized
in Table 1. Molecular orientation of the probe dye was measured
using the null angle technique,27 assuming a narrow distribution
of the molecular angles. AtA ) 200 Å2/molecule of anionic
stearic acid, the average angle between the transition dipole
moment of C314 and the interface normal isθmol ) 30 ( 5°,
whereas in the case of neutral surfactant monolayer of the same
density,θmol ) 41( 3°.24 The S1rS0 transition dipole moment
is parallel to the permanent dipole moment of C314 in the
ground electronic state. The observed effect,∆θmol∼10°, is
therefore consistent with the alignment of the polar C314
molecules (µ0 ) 8.2 D28) along the electrostatic field of the
carboxylate monolayer (E ) 6.5× 107 V/m), which is normal
to the interface. The field-dipole interaction energy can be
estimated to be of the order ofkBT.

Spectra of the C314 adsorbed at the interface were measured
by recording the intensity of the second harmonic signal while
tuning the fundamental wavelength of the probe laser beam (see
refs 29 and 30 for details of the SH spectroscopy). Two-photon
resonant enhancement is observed when the SH frequency 2ωpr

of the Ti-sapphire laser output (wavelength tuning range 800-
900 nm) matches the S1rS0 electronic transition frequencyωge

(ground-to-excited) of the C314 (usually in the 420-450 nm
range). Nonresonant second harmonic signal from a neat silica/
water interface was recorded as a reference for normalization
to take into account laser intensity variation as the wavelength
is tuned. The SH spectrum of C314 at the interface covered
with the charged stearic acid monolayer (Figure 1) shows a peak
close to that of the neutral surfactant. The asymmetry in the
SH spectrum arises due to the nonresonant contribution to the
SH signal from water molecules that are partially ordered near
the interface by the electric field of the monolayer.14 The solid
line in Figure 1 shows the fit to a model, which takes this
nonresonant contribution into account:31

with the adjustable parametersAge, B, ωge, andΓge. The factor
Age contains the number of C314 probe molecules, the transition
matrix elements, and other terms that are not strongly dependent
on the probe frequencyωpr. Due to the nonresonant termB, the
apparent maximum of the SH spectrum is slightly blue-shifted

from the real S1rS0 transition frequencyωge of C314 by∼2
nm. With this correction taken into account, the transition
frequencyωge of C314 at the charged stearic acid monolayer
(431 ( 2 nm) is quite close toωge at the neutral monolayer
(432 ( 2 nm,24). Note that the interfacial electrostatic field in
our experiments is too weak to induce a significant electro-
chromic shift of the transition frequency: the transition dipole
moment of C314 is approximatelyµge ) 4 D while E ) 6.5×
107 V/m, and we estimate the electrochromic shift to be less
than 50 cm-1, i.e., 1 nm. The shift of the electronic transition
frequency of the solvatochromic probe such as C314 reflects
the polarity of the solvation environment.31 We therefore
conclude that the static polarity at the air/water interface covered
with negatively charged stearic acid monolayer is similar to that
experienced by the probe molecule at the neutral monolayer
and somewhere between the polarities of the bulk water and
the surfactant-free air/water interface (Figure 1). Using the
ET(30) scale to compare the polarity of interfaces and the bulk
media,31 the negatively charged stearic acid monolayer at the
air/water interface approximately corresponds to the polarity
of bulk chlorobenzene, ET(30)) 37.5. For comparison, the
surfactant-free air/water interface has ET(30)) 31, close to
that of bulk hexane, while for the bulk water, ET(30)) 63.

TABLE 1: Properties of the Molecular Probe Coumarin 314 Adsorbed at the Various Air/Water Interfaces

Interface

negatively charged
CH3(CH2)16COO-,

A ) 200 Å2/moleculea

neutral
CH3(CH2)16COOH,

A ) 200 Å2/moleculeb surfactant-free air/water interfacec

molecular angle (wrt surface normal)θmol 30 ( 4° 41 ( 3° 70 ( 3°
S1rS0 transition freqωge 431( 2 nm 432( 2 nm 423( 2 nm
S1rS0 transition widthΓge 10 ( 2 nm 19( 2 nm 14( 2 nm
solvation timeτs 1.6( 0.3 ps 400( 60 fs 250( 60 fs; 1250( 80 fsτavg ) 850( 70 fs

a This study.b From ref 24.c From refs 22, 23, 24.

Figure 1. Lower traces:[ second harmonic spectrum of coumarin
314 adsorbed at the air-water interface covered with a negatively
charged stearic acid,A ) 200 Å2/molecule, solid line shows the fit to
eq 1, see text for details.O, dashed line- same for the neutral stearic
acid monolayer,A ) 200 Å2/molecule, ref 24. Upper traces:4, dashed
line - SH spectrum of C314 at the surfactant-free air/water interface,
ref 24; dash-dotted line- linear absorption spectrum of C314 in bulk
water.

ISH ∝ | Age

ωge - 2ωpr + iΓge
+ B|2

(1)
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Interfacial solvation dynamics were measured in a femto-
second pump-probe experiment in the spirit of the numerous
bulk-phase solvation dynamics experiments:2,19,25 the dye
molecule is electronically excited by a pump laser pulse, and
the subsequent solvent relaxation is monitored by a time-delayed
probe pulse as the energy gap between the excited and the
ground states S1fS0 evolves in time. Unlike the time-resolved
fluorescence experiments used in the bulk phase solvation
studies, where only the excited S1 state fluoresces, the SH signal
from the interface contains resonant contributions from both
ground and excited-state populations. The excited-state nonlinear
susceptibility evolves in time (increases or decreases) as
solvation brings the S1fS0 energy gapωeg(t) (excited-to-ground)
for the excited-state molecules in or out of the resonance with
the SH frequency 2ωpr. The ground state contribution is time-
independent. Assuming a two-level model (i.e., only two
electronic states resonantly contribute to the SHG),

where the first term describes the ground-state resonant con-
tribution ø(2)

g, the second term is the excited-state resonant
contributionø(2)

e, and the third term is nonresonant nonlinear
susceptibilityø(2)

NR; ng andne represent fractions of the C314
molecules in the ground and excited states,ng + ne ) 1. Because
the second harmonic generation is a coherent optical process,
the three contributions interfere constructively or destructively,
depending on their relative phases, which is reflected by the
complex values of their respective nonlinear susceptibilities in
eq 2.

Upon the initial excitation of the S1 state, before the solvation
takes place,ωeg(0) is close toωge. BecauseA′eg ) -A′ge,30,22

an initial decreasein the SH intensity as a function of the
pump-probe delay is observed when the pump and probe pulses
overlap in time. Upon photoexcitation, the ground-state con-
tribution is reduced by a fractionne/ng, and the amplitude of
the excited state contribution is approximatelyne/ng of the
ground state, but with an opposite sign. This makes the initial
decrease of the SH signal proportional to 2ne/ng, eq 2. Thus the
instrument response limited∼10% drop in the SH signal att )
0 in Figure 2 corresponds to∼5% of the C314 molecules being
promoted to the S1 state by the pump pulse. Because the chosen
probe wavelength (λSH ) 425 nm) is on the blue side of the
S1rS0 transition at this interface (Figure 1), the solvation lowers
the excited-state energy and shiftsωeg(t) to the red, away from
the resonance with the probe. The second term in eq 2 therefore
decreases in magnitude, thereby reducing the destructive inter-
ference, and the SH signal shows a partial recovery (Figure 2).

The measuredISH(t) dependence was fit to the two-level
model outlined above by assuming a single-exponential decay
for the solvation time correlation function2

and substituting the resultingωeg(t) into eq 2. The pump-probe
cross-correlation function (fwhm≈ 175 fs) was measured
independently using their sum frequency generation at the
interface and was convoluted with eq 2 to correctly fit the initial
drop.A′eg, ne/ng, τs, andωeg(∞) are adjustable parameters, while
ωge, Γge, and B are obtained by fitting the independently
measured SH spectrum (Figure 1), and we assumeΓeg ≈ Γge.

The extracted solvation time for the air/water interface covered
with negatively charged stearic acid isτs

- ) 1.6( 0.3 ps. Use
of a double exponential did not result in a better fit of the
experimental data within the signal-to-noise ratio.

The upper trace in Figure 2 shows the solvation dynamics
measured at the neutral stearic acid monolayer,24 where similar
analysis yields the characteristic solvation timeτs

0 ) 400( 60
fs. Thus, it appears that the negatively charged carboxylate
groups at the air/water interface induce slower aqueous relax-
ation than the neutral carboxyl groups. It is also interesting to
compare the results at the anionic stearic acid monolayer
interface with the two solvation components,τ1 ) 250( 60 fs
andτ2 ) 1250( 80 fs, measured at the neat air/water interface
without the lipid surfactant.23 The amplitude-averaged solvation
time at the neat air/water interface isτs ) 850 ( 70 fs. The
two solvation time scales at the air/water interface are similar
to those measured in the bulk water for similar probe dyes:
coumarin 343 yieldedτ1 ) 250 fs andτ2 ) 960 fs,32 whereas
7-dimethylaminocoumarin-4-acetate yieldedτ1 ) 160 fs and
τ2 ) 1.2 ps.33

Motions of water molecules contributing to the solvation
dynamics can be divided into two categories.19 The inertial
component of solvation, which constitutes as much as 50% of
the overall solvation response in the bulk water,25 is associated
with the nearly free rotation of the H2O dipoles.20 This
component has a Gaussian time dependence and proceeds on
the ultrafast time scale,e30 fs in the bulk,25 which is beyond
the temporal resolution of our experiment. The exponential
solvation dynamics component observed in our measurements
is referred to as the diffusive component2,19,25and is generally
associated with diffusive (overdamped) reorientational and
translational motions of the water molecules. Theoretical models
and molecular dynamics simulations show that these diffusive
dynamics are accompanied by breaking and formation of the
hydrogen bonds between water molecules.21 One may speculate,
therefore, that the time scales of the diffusive solvation
dynamics, such as those in Figure 2, depend on the structure
and hydrogen bond order of water in the interfacial region.

A thorough theoretical modeling involving accurate carbox-
ylate-water and carboxyl-water interaction potentials and MD
simulations would be required for an unambiguous interpretation
of the observed carboxylate/carboxyl surfactant effect on the
solvation dynamics, which is outside of the scope of this paper.

ISH(t) ∝

|ng

Age

ωge - 2ωpr + iΓge
+ ne

Aeg

ωeg(t) - 2ωpr + iΓeg

+ B|2

(2)

S(t) )
ωeg(t) - ωeg(∞)

ωeg(0) - ωeg(∞)
) exp(-t/τS) (3)

Figure 2. Lower trace: [ time-resolved second harmonic signal
recorded in a pump-probe solvation dynamics experiment of C314 at
the air-water interface covered with a negatively charged stearic acid,
A ) 200 Å2/molecule; solid line- fit to eq 2, see text for details.
Upper trace:O, dashed line- same for the C314 at the neutral stearic
acid monolayer,A ) 200 Å2/molecule, ref 24.
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Here, we discuss only the possible mechanisms for the observed
difference between the solvation dynamics at the carboxylate
and carboxyl surfactant interfaces. Due to its negative charge,
the carboxylate surfactant imposes a strong electrostatic field
on the water molecules in the interfacial region. The nonspecific
electrostatic interactions may alter the water structure and,
therefore, the solvation dynamics time scale. On the other hand,
different chemical makeup of the carboxylate vs carboxyl
headgroups may lead to the different specific local interactions
at the surfactant interfaces, e.g., different hydrogen bonding of
the water molecules with the headgroups. This could also lead
to rearrangement of the network of water-water hydrogen bonds
near the interface and therefore cause the change in the
dynamical response. This mechanism involving the specific local
interactions was proposed in our previous work to explain the
difference in the solvation dynamics observed at the neutral
stearic acid monolayer vs the surfactant-free air/water interface.24

Numerous experimental studies supported by theoretical
models provide evidence that the equilibrium water structure
near a charged surface is significantly affected by the interfacial
electrostatic field. Alignment of water molecules by the electric
field was observed at metal electrodes using surface FTIR8,9

and X-ray scattering,10 at the surface charge densities similar
to our experiment, of the order of-10 µC/cm2. Significant
perturbation of the hydrogen bond network near the surface by
the applied electric field was inferred from the experimental
data. Using the nonresonant second harmonic generation, net
orientation of water molecules was observed at a charged
monolayer air/water interface13 and a charged silica surface.14

Vibrational sum-frequency generation (SFG) spectroscopy has
been applied to study structure and hydrogen bonding at various
aqueous interfaces.11,12At charged surfaces, both alignment and
increase in the H-bond order were observed via an overall
increase in the intensity of the SFG-active OH stretch modes
and a change in the relative intensities of the subbands assigned
to weaker H-bonded water molecules (bulk-like environment)
and stronger H-bonded molecules (ice-like structure). Perhaps
the closest example to our experimental system was the
vibrational SFG study of a negatively charged surfactant (sodium
dodecyl sulfate) monolayer at the air/water interface,12 where
the effect was observed at the surfactant coveragesA ) 100-
300 Å2/molecule (surface charge densities- 4 to-12µC/cm2),
which is very similar to our case. The observed increase of the
stronger H-bonded ice-like OH band with the (negative) surface
charge indicates increased hydrogen bond order of water
molecules near the anionic surfactant interface. In relation to
our experiments, the stronger H-bonded water structure near
the interface would imply slower diffusive orientational and
translational relaxation, which is associated with the rearrange-
ment, i.e., breaking, of the water-water hydrogen bonds.

Computer simulations have been performed by several groups
in an attempt to gain some insights into the molecular structure
and properties of water near charged interfaces.16-18 Most of
the studies, however, have focused on metal surfaces.17,18

Although all computer models reliably reproduce the water
dipole alignment effect, difficulties exist in correctly describing
the rearrangement of the hydrogen bond network in the electric
field. An attempt to predict the electric field effect on the
structure and dynamics at the dichloroethane/water interface
from molecular dynamics simulations was made.16 However,
similar to the other MD studies, no significant changes in the
hydrogen bonding pattern were discovered, and the calculated
water dipole reorientation correlation function was found to be
insensitive to the applied electric field. Several reasons prevent

direct correlation of the MD results of ref 16 with our
experimental findings. The dichloroethane/water interface may
have a very different molecular structure and therefore different
dynamical properties than the surfactant air/water interface. This
was found to be the case in the vibrational SFG study of the
CCl4/water and air/water interfaces.12 The comparison between
the calculated water dipole reorientation correlation function
and our experimental observable, the solvation correlation
function S(t) ( eq 3), may not be straightforward as different
motions of water molecules may contribute differently to the
solvation energy.19,20,25 Finally, the question remains open
whether the observed difference between the carboxylate and
carboxyl surfactants can be contributed entirely to the surface
charge effect, or if there is an interplay between the electric
field effect and the difference in the specific local interactions
of water with carboxylate vs carboxyl headgroups. Further
experiments such as comparative studies of the solvation
dynamics at different surfactant monolayers are needed to
characterize the effects of the chemical composition of the
headgroup vs charge on the interfacial solvation.

Conclusions

Static and dynamic solvation of a probe molecule coumarin
314 at the air/water interface covered with an anionic carbox-
ylate surfactant (stearic acid) was characterized and compared
with the neutral surfactant air/water interface. The static
solvation energetics appears to be relatively insensitive to the
ionization state of the stearic acid surfactant. Solvation dynamics
at the negatively charged carboxylate monolayer was found to
be significantly slower than at the neutral carboxyl surfactant,
τs

- ) 1.6( 0.3 ps vsτs
0 ) 400( 60 fs. The effect is consistent

with the alignment and increased hydrogen bond order of water
molecules by the electric field of the charged interface, which
causes slower diffusive relaxation associated with breaking of
the water-water hydrogen bonds. However, it is possible that
both the nonspecific electrostatic interactions and the specific
local interactions between water and carboxylate vs carboxyl
headgroups of the surfactant contribute to the observed effect.
Our results indicate that the dynamics of many reactions at
interfaces such as electron transfer, which are controlled by the
relaxation properties of the interfacial solvent environment, may
be sensitive to the ionization state of the chemical moieties
composing the interface.
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