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Time-resolved second harmonic generation spectroscopy of a solvatochromic dye coumarin 314 was used to
investigate how the solvation dynamics at the air/water interface are affected by lipid surfactants with anionic
carboxylate and sulfate headgroups. The surfactants were chosen to mimic common functional groups and
the negative charge of biological aqueous interfaces such as cell membranes and folded proteins. The diffusive
component of the solvation response, associated with rearrangement of the water hydrogen bond network,
exhibits a biexponential decay. The two time scales change as a function of the surface charge density, compared
to the bare air/water interface solvation dynamics,τ1 ) 250( 50 fs andτ2 ) 2.0( 0.4 ps, which are similar
to the bulk water response,τ1 ) 130-250 fs andτ2 ) 0.6-1.2 ps. The fasterτ1 component is unaffected at
low to intermediate sulfate surface coverage (270( 50 fs at 500 Å2/molecule and 225( 25 fs at 250 Å2/
molecule) but becomes slower at high surface coverage (100 Å2/molecule), 600( 70 fs. The slowerτ2

component changes even at the lowest coverage:τ2 ) 4.4 ( 0.9 ps at 500 Å2/molecule; 5.2( 0.7 ps at 250
Å2/molecule; and 5.4( 1.1 ps at 100 Å2/molecule. Different behavior of the two solvation components
indicates that they represent different water motions. The solvation dynamics compared with the structure-
sensitive surface vibrational spectroscopy of the same interface [Gragson, D. E.; McCarty, B. M.; Richmond,
G. L. J. Am. Chem. Soc. 1997, 119, 6144. Gragson, D. E.; Richmond, G. L.J. Am. Chem. Soc. 1998, 120,
366.] show a similar dependence on surfactant coverage. For the first time, to our knowledge, a relation is
made between a dynamical relaxation mode, the slower diffusive solvation time scaleτ2, and a spectral feature,
in this case the strongly hydrogen-bonded water structures induced by the negative surface charge. The
carboxylate and sulfate surfactants induce similar dynamics, suggesting that the solvation is not sensitive to
the chemical composition of the headgroup but rather to the total negative surface charge density.

Introduction

Many of the naturally occurring aqueous interfaces are
charged. On a very general level, this is a manifestation of the
asymmetry of interfaces: many species dissociate in the
presence of water, and the positive and negative ions often
exhibit a different tendency to stay at the surface (e.g., because
of adsorption or chemical bonding) vs solubility in the bulk.
Several particularly important examples of charged aqueous
interfaces are found in biology: cell membranes are negatively
charged because of the presence of anionic phospholipids in
the lipid bilayer; folded proteins expose hydrophilic functional
groups, which are often ionic, to the water phase. These
interfaces host a variety of vital reactions involved in protein
interactions, enzyme catalysis, molecular recognition, and
various steps of the electron transfer pathways. Properties of
water as a solvent near these charged surfaces are extremely
important in determining how adsorption, desorption, and
chemical reactions will proceed in these special restricted
environments. Solvation structures of water near an interface
determine free energies of the interfacial species, their adsorp-

tion, and chemical equilibria, whereas dynamical characteristics
such as solvation response times influence the rates of surface
reactions.1

A simplified model system was used in this study to mimic
negatively charged biointerfaces. The air/water interface is
covered with a monolayer of an amphiphilic lipid surfactant
with an anionic (carboxyl or sulfate) headgroup. This way we
can study how equilibrium and dynamical properties of water
near the interface are changed due to a single (anionic)
functional group instead of a multitude of hydrophilic func-
tionalities composing a typical biointerface. Variation of the
surfactant density allows the study of how the solvent properties
change as a function of the surface charge, whereas comparison
of different surfactants at similar surface densities isolates the
effect of the chemical composition of the hydrophilic head-
groups.

Our measurements primarily focused on the solvation dynam-
ics of water near the negatively charged lipid interfaces.
Solvation dynamics characterize the response of the solvent to
a sudden change in the charge distribution of an adsorbed solute
molecule. It was monitored via the femtosecond time-resolved
second harmonic generation (TRSHG) spectroscopy of a sol-
vatochromic probe molecule coumarin 314 (C314). This method
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combines ultrafast time resolution with surface selectivity, so
that only the molecules adsorbed at the interface are detected.

It was recognized a long time ago that the dynamical time
scales of solvent reorganization have a profound influence on
the rates and mechanisms of redox reactions.2 Further theoretical
developments demonstrated that solvation dynamics often
determine the rate of the elementary electron-transfer step.3

Extensive experimental and theoretical efforts were undertaken
to measure and understand the ultrafast solvation response of
bulk polar solvents,4 in particular water.5 The bulk-phase
aqueous solvation is characterized by three temporal compo-
nents. The so-called inertial component has a Gaussian time
dependence ofτi ∼ 25 fs duration and is thought to be due to
librational motions of water molecules.6,7 This is followed by
two exponential components which have been termed dif-
fusive: reported values forτ1 vary from 130 to 250 fs and for
τ2 from 690 to 1200 fs.4,8 These diffusive components have been
assigned to aqueous dynamics involving rearrangement of the
hydrogen bond network, i.e., breaking and making water-water
H bonds,6,7 for which similar time scales have been measured
using time-resolved vibrational spectroscopy of OH stretch in
bulk water.9,10 Although the temporal resolution of our experi-
ment does not allow observation of the ultrafast inertial
component, we report measurements of the two diffusive
components of aqueous solvation at negatively charged lipid
interfaces. We report how these time scales associated with the
dynamics of hydrogen bond rearrangement are changed as a
function of the surfactant coverage, i.e., the surface charge
density.

The following simple estimate shows that it is to be expected
that the structure of water, e.g., the average orientation of water
dipoles, is significantly altered in the vicinity of a charged
interface. The surface charge density of a typical biointerface
may range from 5 to 30µC/cm2, corresponding to 50-300 Å2

per charged group,11 resulting in the interfacial electric field of
the order of 0.5-3 × 108 V/m. The interaction energy of a water
dipole (µH2O ) 1.85 D) with this field may be up to 0.5kBT.
The alignment of water molecules near the interface may lead
to hydrogen-bond patterns that are different from the randomly
oriented hydrogen bond patterns of bulk phase water. This, in
turn, would imply that the dynamical behavior of the interfacial
water, in particular the diffusive solvation time scales, should
differ from the bulk-phase response times. Structural changes
of water near a charged interface have been observed by several
experimental techniques, including surface-enhanced FTIR,12,13

sum-frequency generation (SFG),14,15 and X-ray scattering of
charged metal electrodes.16 Particularly relevant to the present
case is the vibrational SFG study of the OH stretch of water at
the air/water interface covered with a sodium dodecyl sulfate
surfactant, where both static alignment of water molecules and
increased hydrogen bonding were observed.14,15 Our measure-
ments of the dynamics of water at the same interface may help
elucidate the structure-dynamics relationship of this important
aqueous environment.

The observed effects of the electrostatic field on water
properties should be applicable to any type of charged aqueous
interface. Indeed, our experiments indicate that similar aqueous
solvation dynamics are induced by thenegatiVely chargedlipids
of different chemical composition, C12 sulfate and C17 carboxy-
late; that is, the solvation dynamics seem to be sensitive only
to the total negative charge of the interface. On the contrary,
for theneutralC17 carboxyl surfactant (stearic acid) at the air/
water interface, a very different solvation response was discov-
ered as reported previously:17 only the faster (τ1 ) 400 fs)

component of the diffusive was observed, whereas the slower
τ2 component was suppressed. This may be attributed to local
interactions such as hydrogen bonding of neutral hydrophilic
headgroups with water molecules that are specific to each
surface moiety.

In a preliminary report, solvation dynamics at the negatively
charged stearic acid (C17) surfactant air/water interface18 were
found to proceed slower than at the neutral stearic acid
monolayer17 and slower than at the surfactant-free air/water
interface.17,19However, only the overall solvation response time
scale for the carboxylate monolayerτS ) 1.6 ( 0.3 ps was
reported. Here, we describe measurements at carboxylate and
sulfate anionic monolayers, as a function of the surfactant
density with an improved signal-to-noise ratio which allows
clear observation of the two diffusive solvation dynamics
componentsτ1 andτ2. Both time scales increase at the negatively
charged interface. However, we discover that the two compo-
nents show different dependence on the anionic surfactant
coverage, indicating that they represent different water motions.
In the Discussion section, our results are compared with the
available data on the ultrafast solvation dynamics in bulk
water,4,5,8 in protein and DNA hydration shells,20 in restricted
environments such as reverse micelles,21 and with recent
measurements of the H-bond dynamics in the hydration shells
of anions.22

Experimental Section

The probe laser beam is incident at 70° from vertical onto
the air/water interface of the sample solution contained in a
shallow Teflon beaker. The reflected beam contains a weak
second harmonic (2ω) signal generated at the interface. The
2ω signal is filtered from the fundamental frequency (ω) light
using two blue (short-pass) filters and a Jarrel Ash monochro-
mator and registered by a photomultiplier (Hamamatsu. model
R4220P). The sample solutions contained 15µM of coumarin
314 (Acros, laser grade) which adsorbs to the surface and gives
a strong resonantly enhanced second harmonic signal. Doubly
distilled water was used to prepare all solutions, and the sample
beakers were cleaned using the piranha solution (1:2 H2O2:
concentrated H2SO4) prior to each measurement to avoid organic
contaminants on the surface.

The pump-probe TRSHG setup is based on a regeneratively
amplified Ti:sapphire laser system (Clark-MXR) which operates
at 1 kHz and produces 120 fs pulses. The fundamental
wavelength is used for the probe beam,λpr ) 840 nm (45µJ/
pulse), whereas a small portion of the output is frequency-
doubled in a BBO crystal to produce the pump beamλpu )
420 nm (1µJ/pulse). Details of the pump-probe setup are
described elsewhere.17,18 The pump and probe beams are
overlapped at the sample surface at a 5° horizontal separation
angle. The spot size of the pump beam is∼0.5 mm, corre-
sponding to the average power density of∼300 mW/cm2 in
the pump beam. We note that the probe beam is not one-photon
resonant with the C314 dye molecules. The sample beaker is
placed on a rotary stage operating at 4 rpm, and the pump and
probe laser beam spots are 1.0-1.5 cm off center. This
minimizes local heating, desorption, and bleaching of the C314
dye by the one-photon resonant pump beam.

When sodium dodecyl sulfate (SDS), CH3(CH2)11OSO3
- Na+,

a water-soluble surfactant, is added to the sample solution, the
amphiphilic dodecyl sulfate adsorbs to the air/water interface
forming a negatively charged molecular layer, whereas the
sodium cations remain in solution. The surface densityΓSDS of
the anionic lipid at submonolayer to monolayer coverage is
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determined by the bulk SDS concentrationCSDS, as described
by the Gibbs adsorption isotherm

where the factor 2 in the denominator reflects adsorption of a
completely dissociated ionic surfactant. SDS is often referred
to as an ideal surfactant because it obeys eq 1 nearly perfectly.23

Using a standard Wilhelmy plate setup, the surface tensionγ
of water-SDS and water-C314-SDS solutions were measured
as a function of SDS concentration and the results were fitted
to the Gibbs eq 1 to calculate the surface excess of SDS,ΓSDS,
as shown in Figure 1. The results for the water-SDS solutions
are in good agreement with the literature values.23 Because C314
is surface active, its presence affects adsorption of SDS, as
demonstrated in Figure 1. In particular, the SDS surface

coverage corresponding to a saturated monolayer is∼80 Å2/
SDS molecule for the 15µM C314 solution, whereas in the
absence of coumarin, it is∼48 Å2/SDS molecule.23 This
behavior is expected because of the C314 molecules occupying
some of the surface, thereby reducing the surface available to
SDS molecules. Similar effects were observed for other pairs
of surfactants.17,18,24Three SDS concentrations, 0.05, 0.125, and
0.6 mM, corresponding to the surface coverage of 500, 250,
and 100 Å2/SDS molecule, were chosen for the time-resolved
solvation dynamics measurements. Note that all three concentra-
tions are well below the critical micelle concentration (cmc)
for SDS, 8 mM.

The carboxylate surfactant used in this study is ionized stearic
acid, CH3(CH2)16COO-. Preparation of the monolayers of this
insoluble surfactant was accomplished by spreading its solution
in hexane on the surface of the water-C314 solution using a
microsyringe, as described previously.17,18The water sub-phase
pH was adjusted to 10.5 by adding NaOH to ensure that the
stearic acid (pKa ≈ 5.0) is completely ionized. The 2D phase
diagram of this insoluble surfactant limits its use to a narrow
range of surface coverage,∼200 Å2/molecule, where the film
is in the uniform liquid phase.18 A lower coverage would be in
the 2D gas-liquid coexistence region, where the film is not
uniform and consists of islands of liquid-phase density separated
by a very low density “gas” phase, whereas at higher coverage,
formation of a second layer and clusters of the surfactant
molecules on the surface may occur.

As observed previously, formation of both the sulfate and
carboxylate surfactant monolayers at a density of∼200 Å2/
molecule reduces the number of adsorbed C314 molecules by
approximately a factor of 2 relative to the bare air/water
interface.17,18 Surface concentration of the adsorbed C314 was
∼1013 cm-2, obtained from surface tension measurements of
the C314 solutions.17

Results

Average molecular orientation of the C314 probe molecules
at the SDS air/water interface was measured using the SHG
null angle technique,25 Figure 2, assuming a narrow distribution
of orientations. Because our SH probe is in resonance with the
S1 r S0 transition of C314, it measures the angleθmol of the

Figure 1. (A) Surface tension of SDS solutions in water (O) and in
15 µM coumarin 314 water solution (9) as a function of SDS bulk
concentration. (B) Calculated surface density of SDS as a function of
SDS bulk concentration. (C) 2D phase diagram (surface pressureπ vs
area per SDS molecule) of SDS Gibbs monolayers on water (O) and
on a 15µM coumarin 314 water solution (9).

ΓSDS) - 1
2RT

∂γ
∂[ln CSDS]

(1)

Figure 2. Molecular orientation of coumarin 314 at the air/water
interface covered with SDS, as a function of the SDS surface density.
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transitiondipole momentµge with respect to the surface normal,
showing that the C314 molecules tend to be more perpendicular
to the interface as the SDS surface density increases. In C314,
the S1 r S0 transitiondipole moment of C314 is parallel to its
permanentdipole moment in the ground state (µg ) 8.2 D).26

The results in Figure 2 therefore indicate that the dipolar C314
molecules are aligned by the electrostatic field of the charged
interface. Similar results were obtained previously for the
negatively charged carboxylate monolayer interface.18

The second harmonic spectrum of C314 adsorbed at the SDS
air/water interface was recorded as described elsewhere.17,18

Coumarin 314 is a well-characterized solvatochromic probe,27

so that its transition frequency (determined by the equilibrium
solvation energy) can be used to characterize the polarity at
this interface.28 The SDS bulk concentration was 0.6 mM,
corresponding to the Gibbs surface excessΓSDS ) 1 × 1014

cm-2, i.e., 100 Å2/SDS molecule. The peak in the SH spectrum
(Figure 3) corresponds to the resonance of the second harmonic
probe frequency 2ω with the S1 r S0 transition. The transition
frequency at the interface was extracted by fitting the SH
spectrum as described in ref 18,ωge ) 429 ( 2 nm. For
comparison, the SH spectrum at the neat air/water interface
yields 423 nm, and the linear absorption spectrum of C314 in
bulk water peaks at 448 nm. Figure 3 thus shows that the polarity
of the SDS interface is intermediate between the surfactant-
free air/water interface and bulk water. On the ET(30) polarity
scale, the bulk water is 63, the neat air/water interface is 31,
and SDS air/water interface is 35. We note that the electro-
chromic shift of the C314 transition dipoleµge ≈ 4 D in the
interfacial field E ≈ 1.3 × 108 V/m is expected to be of the
order of 2 nm, which is within our experimental uncertainty.
Although they provide a reliable measure of the equilibrium
solvation energies, static electronic spectra carry relatively little
information regarding other molecular properties of these
interfaces. For example, SH spectrum at the anionic SDS
interface, whereωge ) 429 ( 2 nm, is very similar to that at
the neutral stearic acid interface at 200 Å2/C17 molecule, where
ωge ) 431 ( 2 nm.17 Time-resolved experiments described
below show that significant differences exist between the
dynamical response of the neutral and charged interfaces.

Femtosecond pump-second harmonic probe spectroscopy of
the solvatochromic C314 probe molecules adsorbed at the
interface was used to measure the aqueous solvation dynamics.
Quantitative details of the time-resolved second harmonic

generation (TRSHG) as a probe of the solvation dynamics were
presented elsewhere (see, e.g., ref 18). Qualitatively, one-photon
resonant pump pulse (λpu ) 420 nm) excites a small fraction
(∼5%) of the C314 molecules at the interface to the S1 electronic
state, whose dipole moment (µe ) 12 D) is larger than that of
the ground electronic state S0 (µg ) 8.2 D). Relaxation of the
solvation environment around the excited molecules is moni-
tored by a time-delayed SH probe pulse. Prior to the excitation,
the equilibrium arrangement of polar solvent molecules around
the ground-state solute is determined by the solute-solvent
interaction energy (primarily dipole-dipole), which tends to
partially orient the surrounding solvent molecules along the
dipole field lines. The minimum free energy solvent structure
around the S1 excited state C314 will be different because of
its larger dipole moment. The temporal evolution of the many-
dimensional solvent configuration is usually characterized by
projecting it onto a one-dimensional coordinate representing the
solvent-solute interaction energy.8 Its temporal evolution (after
a sudden S1 r S0 excitation) is quantified by the solvation
correlation functionS(t), defined as

whereωeg(t) ) (Ee - Eg)/p represents the evolving energy gap
(i.e., transition frequency) between the excited S1 and ground
S0 state of the solvated C314.S(t) ranges from 1 for the ground-
state configuration att ) 0, i.e., immediately after the pump
pulse, to 0 for the equilibrium excited-state configuration
achieved att f ∞.

The SH probe signal is a coherent superposition of thetime-
independentresonant contribution from the ground-state mol-
ecules and thetime-dependentcontribution from excited mol-
ecules

where the total second-order surface nonlinear susceptibility
is18,19

The first term is thetime-independentground-state resonant
contribution, whereng represent the ground-state population,
ωge is the ground-to-excited-state S1 r S0 transition frequency,
2ω is the SH probe frequency,Γge is the transition width, and
Agecontains the transition matrix elements and other terms which
are not strongly dependent on frequency. The second term
describes the resonant contribution from the excited-state
populationne, where the onlytime-dependentterm is the excited-
to-ground-state S1 f S0 transition frequencyωeg(t). The third
term B represents a constant nonresonant contribution. Att )
0, ωeg(0) ) ωge, and a decrease in the SH probe signal is
observed owing to cancellation of the ground and excited-state
contributions, becauseA′eg ) -A′ge; for a two state system, the
phases of the ground and excited states are of opposite sign.19,29

Subsequently, solvation lowers the excited-state energy thus
red-shiftingωeg(t). This decreases overlap with the SH probe
λpr ) 420 nm, which in these experiments is on the blue shoulder
of the C314 surface spectrum (Figure 3), i.e., shifts the excited
state out of the resonance, and results in a partial recovery of
the SH signal intensity as a function of the pump-probe delay.

Figure 3. (9) SHG spectra of C314 at the SDS air/water interface
(100 Å2/SDS molecule); (O) same at the surfactant-free air/water
interface. Dashed line shows the linear absorption spectrum of C314
in water.

S(t) )
ωeg(t) - ωeg(∞)

ωeg(0) - ωeg(∞)
(2)

ISH(t) ) |ø(2)|2Ipr
2 (3)

ø(2)(t) ) ng

Age

ωge - 2ω + iΓge
+ ne

Aeg

ωeg(t) - 2ω + iΓeg

+ B

(4)
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The main panel in Figure 4 shows the TRSHG signal (normal-
ized to 1) recorded at the air/water interface; the partial recovery
of the signal due to the solvation dynamics is detailed in the
inset. The fitting procedure outlined below gives the solid line
and allows extraction of the solvation correlation functionS(t).

The initial drop of the TRSHG signal is fitted as a convolution
of a step-function with the instrument response function. The
latter is determined as the pump-probe cross-correlation
measured by the surface pump+ probe sum frequency
generation at the sample interface, and therefore represents the
true experimental instrument response function. It is represented
by a Gaussian with the full width at half-maximumτ0 ) 175
fs. Absence of the coherent artifact in these experiments allows
careful deconvolution of the instrument response from the
transients. We do not detect the inertial solvation component,
which is expected to be of the order ofτi ) 25 fs and therefore
is suppressed by a factor ofτ0/τi (almost 10) in the observed
transient signal.

There are several components in the recovery of the TRSHG
signal. In the 0-14 ps time window studied here, it is dominated
by the solvation dynamics which clearly show a bimodal
behavior. This solvation dynamics part is represented as a sum
of two exponential functions with adjustable time constantsτ1

andτ2 and amplitudesa1 anda2. Rotational relaxation of C314
proceeds on a much slower time scale30 and provides a slightly
sloping background for the solvation dynamics part of the
TRSHG signal,∼0.2% change per 10 ps. The rotational
relaxation, which is at f ∞ asymptote for the solvation, was
measured independently in a longer pump-probe delay scan
for the chosen polarizations of the pump (S), probe (45°), and
SH signal (P), and is shown by dashed line in Figures 4-7, where
the amplitude of the bleach in the rotation dynamics signal has
been scaled down for comparison purposes. It was found to be
a single exponential withτR ) 350 ps, in good agreement with
the previous report,30 and was used in the fit with no adjust-
ments. The overall recovery of the TRSHG signal is thus
represented as a sum of three exponentials, with only two of
them, representing the solvation part, having adjustable ampli-
tudes and time constants.

The SH probe wavelength was chosen to be on the blue
shoulder of the surface spectrum of C314 (420 nm, Figure 3)

because our modeling shows that in this spectral range the
recovery of the TRSHG signalISH(t) gives a faithful representa-
tion of the solvation correlation functionS(t), that is, ISH(t) is
approximately linearly proportional toS(t).18 For a model system
with realistic spectral parameters, it was found that the direct
fit of the TRSHG data reproduces the time scales of the dynamic
Stokes shift S(t) within 10-15%. Use of a single probe
wavelength to extract the solvation dynamics correlation func-
tion is analogous to the so-called “linear probe wavelength” in
the time-resolved fluorescence measurements in bulk liquids.8,31

The fitting of the TRSHG signal as described above thus yields
the solvation correlation function at the interface

The amplitudesa1 and a2 are normalized to one-half the
magnitude of the initial bleach in the SH signal due to the pump,

Figure 4. Pump-probe time-resolved second harmonic generation
signal of C314 at the surfactant-free air/water interface. Inset: the
ultrafast part of the response due to the solvation dynamics (note the
change of both vertical and horizontal scales). Diamonds, experimental
data; solid line, biexponential fit described in the text; dashed line,
asymptote of the solvation dynamics (see text for details).

Figure 5. Solvation dynamics of C314 at the SDS CH3(CH2)11OSO3
-

air/water interface, 500 Å2/SDS molecule (bulk concentration of SDS
is 0.05 mM). Dashed line: rotational dynamics baseline (see text).
Residual of the fit is shown at the bottom.

Figure 6. Solvation dynamics of C314 at the SDS air/water interface,
250 Å2/SDS molecule (bulk concentration of SDS is 0.125 mM).
Dashed line: rotational dynamics baseline (see text). Residual of the
fit is shown at the bottom.

S(t) ) a1 exp(-t/τ1) + a2 exp(-t/τ2) (5)
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i.e.,∼5% of the total SH signal. This is done for the following
reason. The initialt ) 0 bleach in the SH signal (∼10%) is due
to the transfer of∼5% of the population to the excited state,
resulting in a 5% decrease of the ground-state contribution to
theø(2) plus an opposite phase but same magnitude, i.e.,-5%,
contribution from the nascent excited-state population, as
described by eq 4. Therefore, the initial decrease in SH signal
would be 10%. If the solvation shifts the excited S1 state far to
the red, completely out of resonance with the SH probe, the
SH signal would recover from 90 to 95% (the 5% “hole” in the
ground-state population persists for a longer time determined
by the orientational relaxation, vide supra). This would cor-
respond toa1 + a2 ) 1. In reality,a1 + a2 < 1 because by the
completion of the solvation process there still is overlap of the
excited-to-ground-state S1 f S0 transition frequencyωeg(t) with
the SH probe.

Although the solvation dynamics of C314 at the neat air/
water interface have been reported previously,19 the improved
signal-to-noise ratio in the present experiments allows unam-
biguous observation of the two diffusive solvation components,
as demonstrated in Figure 4. The extracted time scales areτ1

) 250( 50 fs (a1 ) 0.5 ( 0.12) andτ2 ) 2.0 ( 0.4 ps (a2 )
0.24 ( 0.08). These results obtained using the 840 nm probe
wavelength are in good agreement with the dynamics obtained
using 900 nm probe in an earlier study, where the two
components were also observed,τ1 ) 250 ( 60 fs andτ2 )
1.2 ( 0.4 ps.27 The amplitude-averaged solvation time〈τ〉 )
(a1τ1 + a2τ2)/(a1 + a2) is 900( 150 fs, in agreement with the
previously reported〈τ〉 ) 820( 60 fs measured using the 840
nm probe.27

TRSHG signals of the C314 solvation dynamics recorded at
the sodium dodecyl sulfate monolayers at the air/water interface
are shown in Figures 5-7 for the three chosen surfactant
concentrations, 500, 250, and 100 Å2/SDS molecule. The
biexponential character of the aqueous solvation response is
evident at all three interfaces. Residuals of the fit, shown in
empty diamonds at the bottom of Figures 5-7, demonstrate the
noise level of 0.20, 0.13, and 0.23% for the three experiments,
that is, the S/N ratio varies from 450 to 770. This proves critical
in observation of the two solvation components because the

dynamic range of the experiment, i.e., the change of the SH
signal due to the excited state solvation, is only∼3-4%.

For the 500 Å2/SDS molecule interface, the faster solvation
component isτ1 ) 270( 50 fs (a1 ) 0.6( 0.1), i.e., essentially
the same as at the surfactant-free air/water interface, whereas
the slower component is elongated by more than a factor of 2,
to τ2 ) 4.4 ( 0.9 ps (a2 ) 0.22 ( 0.04). At the intermediate
density monolayer, 250 Å2/SDS molecule, the fast component
is still unchanged with respect to the air/water interface,τ1 )
225 ( 25 fs (a1 ) 0.60( 0.08), and the slower component is
longer yet,τ2 ) 5.2 ( 0.6 ps (a2 ) 0.24 ( 0.04). Finally, at
the highest SDS film density, 100 Å2/SDS molecule, the faster
component is elongated toτ1 ) 600( 70 fs (a1 ) 0.40( 0.04),
whereas the slower component is virtually the same as at the
intermediate surfactant coverage,τ2 ) 5.4 ( 1.1 ps (a2 ) 0.32
( 0.04).

To determine whether the chemical composition of the
negatively charged headgroup affects the dynamical properties
of the aqueous interface, we compare the solvation dynamics
at two different anionic surfactants, SDS and ionized stearic
acid CH3(CH2)16COO-, at similar surfactant densities The
recently reported measurements for the carboxylate monolayer18

have been repeated to improve the signal-to-noise ratio. Figure
8 shows TRSHG signals at the 250 Å2/SDS molecule monolayer
(top trace) and 200 Å2/molecule ionized stearic acid monolayer
(bottom trace). For the carboxylate surfactant, the two solvation
components areτ1 ) 250( 70 fs (a1 ) 0.48( 0.12) andτ2 )
5.5 ( 2.2 ps (a2 ) 0.40 ( 0.18). The overall features of the
solvation responses at the SDS and carboxylate interfaces are
very similar; both the time scalesτ1 and τ2 and their relative
amplitudesa1 anda2 agree within the experimental error. The
comparison suggests that the surface charge has a more
significant effect on the solvation dynamics than the chemical
structure of the amphiphile.

The results for the diffusive solvation dynamics components
at various aqueous interfaces measured in the present study are
summarized in Table 1, together with a compilation of the
corresponding response times reported for bulk water.

Figure 7. Solvation dynamics of C314 at the SDS air/water interface,
100 Å2/SDS molecule (bulk concentration of SDS is 0.6 mM). Dashed
line: rotational dynamics baseline (see text). Residual of the fit is shown
at the bottom.

Figure 8. Comparison of the solvation dynamics of C314 at the air/
water interface covered with SDS CH3(CH2)11OSO3

-, 250 Å2/molecule
(top trace), and ionized stearic acid CH3(CH2)16COO-, 200 Å2/molecule
(bottom trace).
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Discussion

The solvation dynamics observed in our TRSHG experiments
are most likely dominated by the dynamical response of the
water solvent, which is faster, is more polar, and has a much
higher number density at the interface than the lipid surfactant.
We therefore begin by comparing our findings with the
dynamics of the bulk water, for which it has been firmly
established experimentally that the solvation response has three
distinct temporal components.5 The ultrafast inertial component,
which accounts for∼50% of the solvation free energy, is
characterized by a 25 fs Gaussian decay. The other 50% of the
solvation free energy is relaxed via two diffusive components
which are exponential with time scalesτ1 ) 130-290 fs and
τ2 ) 0.69-1.2 ps (see Table 1). Theoretical models, including
molecular dynamics simulations, assign the inertial component
to the nearly free liberations of water molecules.6,7 The diffusive
solvation dynamics, on the other hand, are associated with the
rotational and translational diffusional motions which are
strongly coupled in water.4,5,8 These motions cannot occur
without breaking and making hydrogen bonds, i.e., involve
rearrangement of the H-bond network. Indeed, time-resolved
vibrational spectroscopy experiments in bulk water yielded
average lifetimes of the OH‚‚‚O hydrogen bond from 0.5 to 1
ps,9,10 similar to the diffusive solvation time scales from the
time-resolved fluorescence Stokes shift measurements of dipolar
solutes. Inelastic neutron scattering experiments have been
reported to yield the time scales for the rotational (1.16 ps) and
translational (1.25 ps) self-diffusion in water.32 The aqueous
solvation dynamics are also closely connected with the inter-
molecular dynamics of neat water measured without a solva-
tochromic solute, using frequency- and time-resolved Raman
scattering.33

Our measurements show that the diffusive aqueous solvation
response is slower at negatively charged lipid interfaces than
in bulk water. A qualitatively very similar trend has recently
been reported for the H-bond dynamics of water in solvation
shells of anions, measured using time-resolved vibrational
spectroscopy.22 The OH‚‚‚O stochastic modulation time constant
in hydration shells of F-, Cl-, Br-, and I- was measured to be
from 0.8 to 3.0 ps, considerably slower than the 500 fs lifetime
the OH stretch measured by the ultrafast vibrational spectros-
copy in bulk water without the anions.22 Thus, there is a
semiquantitative agreement between the dynamics of hydrogen
bonds in the hydration shells of anions in bulk water and the
dynamics of solvation near the anionic headgroups of surfactants
at the air/water interface. This agreement supports the close
connection between the diffusive solvation response and the
dynamical properties of the hydrogen bond network of water
and, further, implies that this relation holds for interfacial
aqueous systems as well as for the bulk water.

The existence of the two diffusive time scalesτ1 and τ2

demonstrates the complexity of the aqueous solvation dynamics.
Despite numerous theoretical efforts, at present there is no clear-
cut assignment of the molecular motions of water contributing
to the two diffusive components. Similar to the bulk water
results, we observe two diffusive components at the air/water
interface and at the anionic lipid interfaces. A significant finding
is that the two time scales behave differently as a function of
the surface charge. The fasterτ1 component is unaffected at
low to intermediate surface charge densities (500 to 250 Å2/
SDS molecule) but increases by a factor of 3 at 100 Å2/SDS
molecule. On the contrary, the slowerτ2 component shows high
sensitivity to the surface charge even at low surfactant densities,
lengthening by more than a factor of 2 at 500 Å2/SDS molecule,
but changes little (∼20%) as the coverage is further increased
to 100 Å2/SDS molecule. To illustrate the difference between
the two components, they are plotted in Figure 9 as a function
of the SDS surface density.

Our measurements of the solvation dynamics at negatively
charged interfaces, summarized in Figure 9, suggest that the
two diffusive solvation componentsτ1 andτ2 involve substan-
tially different motions of water. This difference may prove key
to the assignment of these relaxation modes because it provides
a test for theoretical modeling, such as MD simulations, of these
aqueous interfaces.34

In Figure 9, the solvation dynamics time scalesτ1 andτ2 are
compared with the results of the static frequency domain
vibrational SFG spectroscopy, which was recently used to study
structure and orientation of water at the SDS air/water inter-
face.14,15 Two OH stretch bands have been observed at the
interface. The higher frequency band (3300-3500 cm-1),
denoted OH-SS-A, has been assigned to the “water-like”
structures with lower H-bond order, whereas the lower-
frequency OH-SS-S band (3100-3300 cm-1) was presumed
to be due to “ice-like”, high H-bond order structures specific
to the interface.35 Orientational alignment of water by the
charged surface was manifested by an increase in the overall
VSFG intensity. Increase of the relative intensity of the high
H-bond order OH-SS-S band over the lower H-bond order
OH-SS-A band with the surface charge density was interpreted
as increased hydrogen bonding between water molecules at the
negatively charged interface. In Figure 9, the VSFG electric
field of the high H-bond order OH-SS-S band is shown by
dashed line as a function of the charged surfactant density.

As can be seen in the bottom panel in Figure 9, the slower
componentτ2 of the diffusive solvation response measured in
our TRSHG experiments scales with the VSFG field of the
strongly hydrogen-bonded OH stretch as the SDS surface density
is increased. Although the trend is subject to relative large
experimental uncertainties indicated by the error bars, it allows

TABLE 1: Diffusive Components of the Solvation Response Function at the Air/Water Interface, at Several Anionic Surfactant
Densities, and in Bulk Watera

τ1 a1 τ2 a2 〈τ〉b

bulk watera 130-290 fs 0.7-0.3 0.69-1.2 ps 0.3-0.7 0.6-0.9 ps
surfactant-free air/water

interface
250( 50 fs 0.5( 0.12 2.0( 0.4 ps 0.24( 0.08 0.9( 0.15 ps

SDS, 500 Å2/molecule 270( 50 fs 0.6( 0.1 4.4( 0.9 ps 0.22( 0.04 1.4( 0.3 ps
SDS, 250 Å2/molecule 225( 25 fs 0.6( 0.08 5.2( 0.6 ps 0.24( 0.04 1.65( 0.2 ps
ionized stearic acid,

200 Å2/molecule
250( 70 fs 0.5( 0.12 5.5( 2.2 ps 0.4( 0.18 2.2( 0.9 ps

SDS, 100 Å2/molecule 600( 70 fs 0.4( 0.04 5.4( 1.1 ps 0.32( 0.04 2.8( 0.4 ps

a A compilation of experimental results from refs 4, 5, 8, and 21.b The amplitude-averaged diffusive solvation time defined as〈τ〉 ) (a1τ1 +
a2τ2)/(a1 + a2).
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us to infer that this slower relaxation mode is tied to the
increased H bonding and alignment near the interface. That is,
we may suggest that the slowerτ2 dynamical time scale of
aqueous solvation at the interface corresponds to the strongly
hydrogen bonded interfacial water structures characterized by
the lower-frequency OH-SS-S band (3100-3300 cm-1).

The upper panel of Figure 9 shows that the fasterτ1

component, on the contrary, exhibits different behavior as a
function of the negative surface charge than the static VSFG
measurement. We thus cannot connect this faster aqueous
relaxation mode with spectral features of the OH stretch band
measured at the interface by VSFG. The faster diffusive
solvation componentτ1 has been reported by numerous both
bulk-phase experiments, ranging from 130 to 250 fs,4,5,8,21 as
well as in our study at interfaces (Figures 4-8, Table 1).
Nonetheless, the assignment of this faster aqueous solvation
mode remains unknown. Its time scale appears somewhat faster
than the typical H-bond dynamics time scales obtained from
vibrational spectroscopy, of the order of 1 ps, yet significantly
slower than the inertial librational response time of∼25 fs.
Molecular dynamics calculations, which would be based on the
well developed methods for simulating liquid interfaces,34 may
help elucidate both the nature of the various vibrational OH
bands at the interface and the origin of the two diffusive
solvation dynamics time scales. This, however, is outside the
scope of the present paper.

Solvation dynamics in the interior of reverse micelles have
been reported, where the overall response is dominated by a
much slower 0.1-0.3 ns time scale component (>60%) arising
due to geometric restrictions.21,36However, examination of the
faster part of the response (35-40%) shows that theτ1

(subpicosecond) andτ2 (picosecond) components are lengthened
compared with the solvation dynamics in bulk water and at the
air/water interface. On the basis of our observations at the planar
charged lipid interfaces, this can be attributed to the effect of
the surface charge of the reverse micelles.

Ultrafast solvation response was recently measured in the
aqueous hydration shells of a protein (histone I) and protein-
DNA complex by using an anionic probe dye molecule which
noncovalently binds to the positively charged residues of the
protein.20 It was found that, unlike the case of micelles, the
solvation in the protein water layer is not hindered geometrically
and still occurs on fs to ps time scale, although somewhat slower
than in bulk water. This is consistent with the interfacial electric
field effect observed in our measurements, which caused the
overall slower aqueous solvation dynamics at charged lipid
monolayers. We note, however, that significant differences may
exist between the negatively and positively charged interfaces.
Polar alignment of water molecules at oppositely charged
interfaces, i.e., hydrogen pointing up at negative surfaces vs
oxygen up at positive surfaces, has been observed by SFG14

and X-ray scattering.16 This necessarily implies that different
H-bonding structures are present at the negatively and positively
charged interfaces, which may result in different dynamics. We
are planning TRSHG experiments at aqueous interfaces of
positively charged lipid surfactants to elucidate the effect of
the sign of the interfacial charge on the solvation process.

Conclusions

The diffusive part of the aqueous solvation dynamics was
measured at anionic lipid interfaces using the surface-specific,
ultrafast time-resolved second harmonic generation (TRSHG)
technique. The diffusive solvation, which is associated with
rearrangement of the hydrogen bond network of water, was
found to be biexponential at the anionic surfactant interfaces.
In agreement with previous reports27 and theoretical models,34

solvation at the surfactant-free air/water interface was found to
be similar to the bulk water response. The overall effect of the
negatively charged lipid monolayer with a surface charge density
comparable to that of a typical biointerface (100 Å2/molecule)
is to slow the diffusive solvation response by a factor of∼3-5
compared to the bulk water. This is consistent with the increased
H-bond order observed at the charged water interfaces using
equilibrium structure-sensitive techniques such as vibrational
sum-frequency generation spectroscopy.14,15

More detailed information about the molecular nature of the
diffusive aqueous solvation is available from measurements of
the two diffusive solvation time scales at different anionic
surfactant coverages. The two time scales exhibit different
behavior as a function of the surface charge density, which
demonstrates that they are associated with significantly different
molecular motions of water. Comparison of our time-resolved
dynamical experiments with the structure-sensitive vibrational
spectroscopy measurements by others14,15 allows connections
to be made between the dynamical properties of the water
solvent at the interface and its equilibrium structure. For the
first time, to our knowledge, the dynamical time scale of a
diffusive solvation component in water is related to a spectral
feature of the vibrational spectrum that characterizes strongly
H-bonded equilibrium water structures at the charged interface.

Nearly identical solvation responses have been recorded at
the carboxylate (CH3(CH2)16COO-) and sulfate (CH3(CH2)11-
OSO3

-) anionic surfactant interfaces, suggesting that for these
anionic lipids the solvation dynamics are sensitive to the
electrical charge of the interface rather than the chemical
composition of the hydrophilic headgroup.

Figure 9. Dependence of the fasterτ1 (0, upper panel) and slowerτ2

((, lower panel) solvation dynamics time scales on the surface density
of the anionic SDS surfactant.O (dashed line) shows comparison with
the static alignment and increased hydrogen bonding of H2O molecules
at the negatively charged SDS interface, quantified as the VSFG electric
field of the high H-bond order OH-SS-S stretch band measured by
the SFG vibrational spectroscopy, refs 14 and 15 (see text).
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Both equilibrium and dynamical properties of water as a
solvent are affected by the negatively charged lipid interface,
although the solvation dynamics proved to be more sensitive
to the molecular properties, structure, and interactions at the
interface than the static measurements of equilibrium solvation
energies, i.e., interfacial polarity. The changed behavior of the
hydrogen bond network near anionic interfaces may have
profound effect on many interfacial processes, affecting adsorp-
tion equilibria, solvation energies, chemical equilibria and rates
of reactions such as electron transfer, hydrogen bonding, and
molecular friction.
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