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The dynamics of molecular solvation at the air/water interface has been monitored with femtosecond time-
resolved pump-sum frequency generation (TR-SFG), a technique that has been shown to be feasible in the
study of ultrafast rotional motions. In the work reported here, the solvation process was monitored by
femtosecond photoexcitation of interfacial coumarin 314 (C314) molecules. In these experiments, the SFG
signal is brought into a vibrational resonance with the carbonyl symmetric stretch of C314 by tuning the IR
pulse to the carbonyl frequency by using a pump-TR-SFG probe. Two solvation time constants were obtained,
230 ( 40 fs and 2.17 ( 0.3 ps. These results are the same within experimental error as those measured in
time-resolved second-harmonic generation (TR-SHG) experiments. This suggests that the solvent response is
due to solvation-induced shifts of the electronic-state energies in the SFG hyperpolarizability and not
significantly to solvation effects on the energy of the carbonyl vibration nor to the strength of the carbonyl
vibrational transition moment. In addition, an explanation of the similar solvation dynamics of a newly created
ion at the air/water interface and in bulk water, which is based on molecular-dynamics simulations (Benjamin,
I. J. Chem. Phys. 1991, 95 (5), 3698-3709), could explain the similar solvation dynamics we found for
C314. The physical description is that the first solvation shell is essentially the same in bulk water and at the
air/water interface.

Introduction

The solvation of solute molecules in liquids is manifested in
both equilibrium and time-dependent processes. Solvation is
important for the description of the chemical and physical
properties of molecules in liquids, for example, electronic-state
energies, acid-base equilibria, energy relaxation, and chemical-
reaction dynamics.2-4 Water, being the most important liquid,
has been extensively studied in both theory and experiment.5

The advances provided by these various investigations attest to
the complexity of dynamical processes in water in that they
involve the motions of water molecules that are part of water-
network structures.6-9 It is the dynamics of the formation and
breaking of hydrogen bonds that underlies the rotation and
translational motions of water molecules. The most commonly
used experimental approach in the investigation of solvation
dynamics is based on the ultrafast photoexcitation of bulk solute
molecules to excited electronic states that have a charge
distribution that differs from the ground electronic states, for
example, different dipole moments.10-12 The reorganization of
the water molecules surrounding the excited-state molecules,
effected by the changed charge distribution, is then followed
by a time-delayed ultrashort probe pulse, the amplitude of which
is sensitive to the change in the energy of the excited-state
molecules as they evolve to their lowest solvation energy. These
experiments have shown that solvation dynamics of solvtochro-
mic organics molecules, chiefly coumarins, in bulk-phase
aqueous solutions, can be characterized by three time constants.12

A sub-50 fs component is attributed to librational water motions,
and two slower time domains, one which is roughly several
hundred femtoseconds and the other of the order of one
picosecond, are referred to as diffusive. These latter component

are generally attributed to the breaking and formation of
hydrogen bonds among water molecules and water-network
reorganization. There is presently no identification of the water
molecular motions that can be directly used to reveal the origin
of the two diffusive solvation time domains. However, there is
both experimental and theoretical support of the general idea
that the diffusive time domains in bulk water are connected with
the making and breaking of hydrogen bonds that is attributed
to the diffusive relaxation processes, ∼1 ps, and the making
and breaking of hydrogen bonds, 0.5-1 ps, are similar.7,13-16

Just like bulk liquids are of considerable interest, the
properties of that uniquely organized, molecularly thin region
of matter where two bulk media make contact, namely, the
interface, are also of fundamental scientific and technological
significance. Unfortunately, the traditional spectroscopies, ab-
sorption, emission, IR, and Raman scattering, which are
powerful methods used in the investigation of the properties of
bulk liquids, have had little impact in the investigation of liquid
interfaces. The reason for this is that, with the linear spec-
troscopies, the investigation of optical signals is generated by
bulk chemical species that overwhelm the signals from the much
smaller populations at the interface. Under these circumstances,
nonlinear optical methods such as sum frequency generation
(SFG) and second harmonic generation (SHG) emerge as
alternatives, because they are interface selective; that is, no
coherent SFG and SHG light is produced by molecules in
isotropic bulk liquids.17-21 SFG and SHG as second-order
interactions can be employed to specifically investigate inter-
faces that are accessible to light, including buried interfaces.22-35

Time-resolved SHG has been used to study solvation dynamics,
rotational dynamics, electron-transfer population recovery, and
other ultrafast processes.36-50 SHG can be described as an
electronic spectroscopy, and vibrational SFG can be described* Corresponding author.
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as a vibrational spectroscopy. When the incident IR light is
resonant with a vibrational mode that is both Raman and IR
active, SFG therefore has the sensitivity to molecular structure
and molecular identity that is characteristic of linear vibrational
spectroscopies.

In the SFG research reported here, the solvation dynamics is
probed by tuning the frequency of the incident femtosecond IR
light into resonance with the ring carbonyl symmetric stretch
of C314 at the air/water interface. In earlier studies, SFG has
been used to probe vibrational relaxation in molecules that have
been IR-pumped to excited vibrational states in the ground
electronic state.51-53 SFG has also been used to great advantage
in measuring the dynamics of vibrational energy transfer along
a hydrocarbon chain.54 In the present investigation, SFG is used
to monitor the solvation dynamics of interfacial molecules. The
solvation process is initiated by pumping interfacial molecules,
not into ground vibronic states but rather into excited electronic
states. The experiment consists of pumping C314 molecules at
the air/water interface from their ground electronic state S0,
which has a permanent dipole moment of around 8 D, to the
lowest excited singlet states S1, where the dipole moment has
increased to 12 D.55

Prior to the research presented here, there have been studies
using the pump-time-resolved SHG method to investigate
solvation dynamics of C314 at the neat air/water, neutral,
positively charged, and negatively charged surfactant/water
interfaces.38,39,42-44,56 The solvation at the surfactant free air/
water interface was slower than that in bulk water, with the
slowest component being slower by a factor of two relative to
the bulk value. An interesting result was the finding that the
chemical composition of negatively charged surfactant head
groups did not affect the solvation dynamics. The surfactants
used were the negatively charged dodecyl sulfate CH3-
(CH2)11SO4- and the negatively charged state CH3(CH2)16

COO-. It was also found that, at the same coverage, the charged
form CH3(CH2)16 COO- is four times slower than the neutral
form CH3(CH2)16 COOH, indicating the strong effect of surface
charge on the alignment and increased hydrogen-bond order of
water. A comparison of the effects of a positively charged
surfactant with negatively charged surfactant molecules indicates
a significant difference in their static interfacial properties, for
example, orientation of C314, and in their solvation dynamics.
The electrostatic interactions due to the oppositely charged
surfactants would tend to align the water molecules in opposite
directions and could result in the C314 molecules being located
in different interfacial locations, one below the layer of
surfactant head group for the positively charged DTAB and the
other between the surfactant layer head groups of the negatively
charged SDS. It would be of value to use SHG and SFG to
gain information on the relation of the interfacial structure of
the probe molecule and the surfactant with the solvation
dynamics studies.

Total internal reflection time-resolved fuorescence studies of
solvation at the sapphire/butanol interface found that the
solvation time was roughly a factor of two slower than that in
bulk butanol.57 However, the time resolution of 60 ps limited
the experiments to slow processes, and we had to consider the
contributions from molecules located within the evanescent wave
depth. In other total internal reflection experiments on a heptane/
water interface containing ethanol molecules, it was inferred
that the interfacial fluorophores are preferentially solvated by
ethanol molecules.58 Unlike the latter systems, time-resolved
fluorescence studies at the interface of water/ZrO2 nanoparticles
yielded solvation times that were faster than those in bulk

water.59-61 This behavior was attributed to the disruption of the
water hydrogen-bond network by the formation of the hydrogen
bonds among interfacial water molecules and surface OH groups
of ZrO2. Similar effects and mechanisms were observed and
proposed for solvation at the silica/butanol interface, which was
found to be faster by more than a factor of three relative to
bulk butanol. In a different interfacial-bulk environment, namely,
the restricted space of the interior of reverse micelle, the
solvation dynamics had a very slow time component, 0.1-0.3
ns.62,63 In addition, two ultrafast components were found, one
subpicosecond and the other picoseconds, both of which were
slower than the corresponding time components at the air/water
interface and bulk water. The effects of the surface charge at
the interior reverse micelle region are consistent with the effects
of charged surfactants that were found to slow the solvation
dynamics at the air/water interface.

On the theoretical side, there have been notable advances in
molecular-dynamics simulations of solvation dynamics at liquid
interfaces. The first simulations were that of the solvation of a
newly created ion at the air/water interface.1 The dynamics in
bulk water and at the interface were found to be essentially the
same, which is in agreement with our experiments. The
simulations showed that the solvated ion maintained its bulk
solvation shell at the interface, which provides insight into why
the interface and bulk values for solvation dynamics are very
similar. Simulations of solvation dynamics were extended to
liquid/liquid interfaces, which were found to be more complex
than in bulk media or the vapor/liquid interface.64,65 The effects
of the location of the probe molecule in the interface and the
effects of surface roughness on solvation dynamics were also
shown to be significant in molecular-dynamics simulations.
Molecular-dynamics simulations of C314 at the air/water
interface yielded, when integrating over a long time interval,
which will be discussed in a later section of the paper, an
average solvation time of 0.79 ps, which is in agreement with
our experiments.66 The amplitud- weighted averages for the SHG
experiment was found to be 0.8. To keep pace with experiments
on solvation in reverse micelles, there has been a number of
molecular-dynamics-simulation studies.67,68 It was found that,
in the early time domain, < 2 ps, th the solvation becomes faster
as the size of the micelle increases, in agreement with experi-
ment. It was also shown that the location of the probe with
respect to the interface changed the relative contributions of
the inertial and diffusive parts to the solvation dynamics of
cationic groups, and the effects were to slow down the solvation
and to make it strongly dependent on the micelle size. The latter
effect was attributed to the location of the group in the interface,
similar to what was found in solvation at self-assembled
monolayer interfaces.

Experimental Section

In the following, we apply a frequency-resolved and time-
resolved SFG technique. A new approach to the measurement
of vibrational spectra using SFG has been developed and has
proven to be successful.31,69-72 It entails combining a spectrally
broad IR pulse, which is characteristic of femtosecond IR pulses,
with a spectrally narrow picosecond visible pulse. In the
frequency-resolved SFG experiment, the bandwidth of the
incident IR pulse is much larger than that of the vibrational
resonance. Thus, vibrations within the several hundred wave-
number wide IR pulse can be detected in each pulse of the laser,
which makes it possible to obtain vibrational spectra of interest
more rapidly. The incident IR and visible pulses spatially overlap
the interface area irradiated by the femtosecond pump pulse. In
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the time-resolved SFG experiment, the instrument response is
determined by the cross-correlation time of the femtosecond
IR and the femtosecond pump light.

As shown in Figure 1, an 800 nm regeneratively amplified
Ti:sapphire system (Spitfire, SpectraPhysics) seeded with a
MaiTai 80 MHz, 80 fs oscillator, at a repetition frequency of 1
kHz was employed in the present experiments. For the SFG
measurements (800 nm and IR), a homemade pulse shaper was
used to produce a 2.5 ps 800 nm pulse with a 10 cm-1

bandwidth. In the SFG measurements (400 nm and IR), a part
of femtosecond beam from the regenerative amplifier was
splitted into two parts, one being stretched to 10 ps and another
being compressed to 10 ps. The stretched and compressed light
was collimated spatially and temporally to 1 mm BBO (type I)
to get the 400 nm picosecond light with a typical frequency
resolution of 12 cm-1 and a typical output power of 7 µJ per
pulse.73 By using an OPA, a femtosecond 423 nm light, which
serves as the pump light, was produced by fourth-harmonic
generation of an idler light. With a second OPA, tunable IR
light, 3-8.5 µm, with a bandwidth of 150 cm-1, was generated.

The IR beam with a typical power of 1.5 µJ per pulse at 5.7
µm is focused onto the sample by a BaF2 lens with a 100 mm
focal length at an angle of 67° relative to the surface normal
and a spot size of around 120 µm. The 400 nm picosecond light
is focused to 210 µm spot size by a BaF2 lens with a 250 mm
focal length at an angle of 76° from the surface normal. The
423 nm pump light is focused at an angle of 70° from the surface
normal with a focal spot of 800 µm, increasing the time
resolution of the optical layout.

A 0.3 m spectrograph with one entry and two exits (Acton
Research, three gratings including 1200 grooves/mm with 450
nm blazed, 1200 grooves/mm with 500 nm blazed, and 600
grooves/mm with 4 µm blazed) was used. The 450 nm blazed
grating was chosen to measure SFG signals. One exit was
configured for detecting the dispersed signal with a liquid-
nitrogen cooled, back-thinned charged coupled device (CCD)
camera (Roper Scientific, 1340 × 400 pixels) operating at -120
°C. The generated SFG signal was focused into the monochro-
mator and detected by a photomultiplier tube (PMT) (Hamamat-
su) when the time-profile experiments were performed. The
signal from the PMT was sent into a BOXCAR average and
then into a lock-in amplifier with reference to a 500 Hz chopper
frequency in the pump-light arm. Two probe beams were
guaranteed to overlap temporally at the maximum SFG signals

in all the experiments. A translational stage and the signal
sampling from the lock-in amplifier were controlled by a
computer with our compiled software in Labview.

The pump-probe cross-correlation function 175 fs was
measured independently by using different frequency genera-
tions of the pump beam and the IR beam at the interface. The
time resolution of the detection is determined as the pump-probe
cross-correlation measured by the surface pump + IR different
frequency generations at the BBO or GaAs surface and therefore
represents the true experimental instrument response function.
It is represented by a Gaussian with a full width at half
maximum of 175 fs.

The purity of coumarin 314 was checked by HPLC chroma-
tography and used without further purification. A 15 µM solution
was made by using ultrapure water (resistivity 18.2 M.cm,
Millipore Corp). The Gibbs monolayers were prepared by
allowing the solution to stand for 30 min prior to the start of
laser experimentation in order to allow for complete monolayer
formation. Experiments were typically performed at a 15 µM
bulk concentration. The Teflon beakers were cleaned prior to
use by immersion in freshly prepared piranha solution for 20
min and then rinsed with copious amounts of ultrapure water.
The sample was contained in a shallow Teflon beaker mounted
on a stage rotating at 2.5 rpm to minimize heating and
degradation effects. It has been shown that coumarin 314 is a
water-soluble ester that is surface active. It was found from
surface-tension measurements that the surface excess of C314
is around 7 × 1013 molecules/cm2 at the bulk saturation
concentration of 15 µM.

Figure 2 shows the SFG spectra of a 15uM coumarin 314
aqueous solution taken at SSP polarization combinations, where
the first letter indicates the polarization of the SFG light, the
second letter indicates the polarization of the incident visible
light, and the third letter indicates the polarization of the incident
IR light. In this work, the visible beam is at 400 nm, and the
IR is centered at 5.7 µm with a bandwidth of 150 cm-1. The
spectra shown in Figure 2 exhibit two peaks, at 1738 cm-1 and
1680 cm-1. The main peak at 1738 cm-1 in the SSP polarization
spectrum has been assigned to the symmetric stretching mode
ofsCdO in the ring of coumarin 314. To assign the main peak,
we performed a control experiment on coumarin 153, the
structure of which is similar to C314 because it has only one
carbonyl group. The SFG spectrum of interfacial coumarin 153
shows only one peak at 1723 cm-1. Therefore, we assign the

Figure 1. Schematic of time-resolved SFG experimental layout.
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main peak of C314 at 1738 cm-1 to be the symmetric stretch
of the carbonyl in the ring of C314 and the peak at 1680 cm-1

to be the symmetric stretch mode of the carbonyl group of the
ester group of C314. In Figure 2, we see that the SFG intensity
is much larger than that found when using an 800 nm picosecond
pulse even though it is a factor of three more intense than that
of the 400 nm pulse. An important reason for using a 400 nm
picosecond laser is that the SFG signal at ω400 nm + ωIR is at a
higher energy than the C314 fluorescence and thus avoids any
overlap in their signals.

Results and Discussion

Here, we briefly outline the theory of SFG as it applies to
interfaces. We consider two incident laser pulses, one infrared
and one visible, neither of which are one- or two-photon
resonant with excited electronic states of the interfacial mol-
ecules. The sum frequency intensity (I(ωSF)) is proportional to
the square of the sum of all sum frequency susceptibility terms
separated into a nonresonant part �NR

(2) and a resonant part
�R

(2)(ω,q)21,22,24

where δ is the phase difference between nonresonant and
resonant terms. In the case of dielectric interfaces, the contribu-
tion from the nonresonant parts is small compared to the
resonant terms of interest.

The resonant susceptibility �IJK
(2) (ω) can be expressed as74-79

where Rm(ij) represents the (ij) component of the polarizability,

In eqs 2 and 3, µmm(k) denotes the k component of the dipole
moment, ΨmV and ΨmV’ represent the vibrational wave functions
of electronic states, and ΓmV,mV’ denotes the dephasing constant.

Upon photoexcitation of interfacial C314 molecules by the
pump pulse, there are contributions from both ground- and
excited-state molecules. The time dependent SFG intensity is
given by

where �SSP,g
(2) (t) is the time-dependent ground-state contribution

and �SSP,e
(2) (t) is the time-dependent excited-state contribution,

which evolve as the solvent reorganizes (Figure 3A). Because
the SFG is a coherent optical process, the three contributions
interfere constructively or destructively, depending on their
relative phases. As shown in Figure 3B, the intensity of the
1738 cm-1 peak has decreased from its value at a time of 2 ps
before the excitation pulse to that at a delay time of 1 ps after
the excitation pulse. We did not see any peak shift in our time-
resolved SFG experiments, which indicates that the carbonyl
vibrational frequency in the excited singlet state is the same as
that in the ground state within our experimental accuracy of 12
cm-1. The absence of a detectable shift in the carbonyl frequency
in the excited state of C314 at the air/water interface was also
found to be the case for the carbonyl stretch frequency in the
excited singlet state of the structurally similar coumarin 337 in
bulk dichloromethane and bulk dimethyaniline.80 Figure 4 shows
TRSFG measurements of the solvation dynamics at the air/water
interface. The initial drop of the SFG signal, which is fitted as
a convolution of the pump pulse with the instrument response
function, is due to the decrease in the C314 ground-state
population and possible interference effects.

A significant finding showed that the TR-SFG and TR-SHG
measurements of the diffusive solvation of C314 at the air/water
interface yielded the same individual time constants, 230 ( 40
fs and 2.17 ( 0.3 ps from SFG, and 250 ( 50 fs and 2.0 ( 0.4
ps from SHG, within our experimental error. Similarly, the
relative amplitudes of the individual components were found
to be the same: SFG, fast component, 0.46, slow component,
0.3; SHG, fast component, 0.5, slow component, 0.24. The
amplitude-averaged solvation time for the SFG result is 1.0 ps,
and for SHG, it is 0.8 ps. These values are in excellent
agreement with the results from the molecular-dynamics simula-
tion of C314 solvation dynamics at the air/water interface.66

The simulation yields an average solvation time but not the
individual solvation time constants that are observed in the SFG
and SHG experiments. The similar results for SFG and SHG
are attributed to the solvent-induced shifts in the electronic-
state energies, which are common to both measurements. From
eq 2, we see that it is the Raman part of the SFG hyperpolar-
izability that is dependent on the energies of the electronic states.
Considering the SHG hyperpolarizability, we see that it is also
dependent on the energy changes, which thereby yield similar
diffusive dynamics. It also reveals that the solvation dynamics
at the air/water interface obtained in the SFG and SHG
experiments are close to that in bulk water. For the structurally
similar C343, the dynamics in bulk water has two diffusive
components. The physical basis of the similar dynamics at the
air/water interface and bulk water is possibly provided by the

Figure 2. SSP SFG of 15 µM coumarin 314 at the air/water interface
from mixing 800 nm picosecond Laser (20 µJ, s-polarization) and 400
nm picosecond Laser (7 µJ, s-polarization) with a 5.7 µm IR beam
(1.5 µJ, p-polarization). The spectra were obtained from the same
experimental conditions: five horizontally binned pixels; the focal spot
size of the 800 nm and the 400 nm are 210um).

ISF(ω) ∝ |�NR
(2) eiδ + ∑

q

n

�R
(2)(ω, q)|2 (1)

�IJK
(2) (ω) ) 2i

p

〈ΨmV|Rm(ij)|ΨmV’〉〈ΨmV’|µmm(k)|ΨmV〉
i(ωmV’,mV - ωIR) + ΓmV,mV’

(2)

Rm(ij) ) 1
p∑

n
[ µmn(i)µnm(j)

ωnm - ωIR - ωUV
+

µmn(j)µnm(i)

ωnm + ωIR + ωUV
]

(3)

ISFG(t) ∝ |�SSP,g
(2) (t) + �SSP,e

(2) (t) + �NR
(2) |2 (4)
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molecular-dynamics simulations of solvation in the bulk and
interface, where it was found that the first water shell surround-
ing the probe species in bulk water remains intact at the air/
water interface. If it is the motions of the first water shell that
are chiefly responsible for the diffusive solvation dynamics;then,
the physical origin for the similar dynamics observed in bulk

water and at the air/water interface is reasonable. Although the
first water shell for C314 at the air/water interface and in bulk
water could be the same, the friction experienced in rotational
motions is considerably different at the interface and in bulk
media and thus involves not only the first shell but also a more
extensive reorganization of the surrounding water network. One
latest SHG and SFG measurements of out of plane interfacial
motions of C314 are slower at the interface by more than 100
ps than in bulk water.73,81

Conclusions

Femtosecond time-resolved vibrational SFG has been used
to measure the solvation dynamics of the organic dye molecule
coumarin 314 at the air/water interface. On the basis of the
similar dynamics obtained from SFG and SHG measurements,
it is suggested that it is the solvation-induced shifts in the
electronic-state energies, common to both TR-SFG and TR-
SHG measurements, that are responsible for the similar dynam-
ics. Thus, it is the Raman part, not the vibrational transition
part of the SFG hyperpolarizability, that changes as solvation
occurs. An explanation of the similar solvation dynamics of a
newly created ion at the air/water interface and in bulk water,
which is based on molecular-dynamics simulations, could
explain the similar solvation dynamics that we found for C314.
The physical description is that the first solvation shell is
essentially the same in bulk water and at the air/water interface.
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Figure 3. (A) Schematic of the energy level of coumarin 314 vs solvated coordinate. (B) SSP SFG spectra at two different delay time of -2.0 ps
and 1 ps; three horizontally binned pixels, 0.5 s sampling time.

Figure 4. Electronic excited-state solvation dynamics of 15uM
coumarin 314 at the air/water interface for 400 nm (S-polarization, 7
µJ) + IR (5.7u µm, p-polarization, 1.5 µJ) probe. The pump was at
423 nm (p-polarization, 0.5 µJ). The data were best fit to a sum of two
exponential decays. The cross-correlation time of 180 fs was measured
by mixing the pump and the IR beans to get a different frequency
generation. The solid line is a fit to a biexponential giving time constants
of τ1 ) 230 ( 40 fs and τ2 )2.17 ( 0.3 ps.
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