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ABSTRACT: Although liquid/liquid and air/liquid interfaces are omnipresent, very little is
known up to now about the dynamics of processes occurring at such interfaces. As a detailed
understanding of these processes could be of invaluable technological, environmental, and
medical importance, considerable eﬀort has been invested over the last two decades in
developing new interface-selective techniques that allow for gaining further insight into the
dynamics of these processes. Whereas several major results have been achieved that helped to
contribute to a deeper understanding, there are still many aspects concerning the properties of
liquid interfaces that are not yet fully understood. In this Perspective, the work that has been
carried out so far on photoinduced interfacial dynamics will be reviewed and the current
challenges in this still emerging ﬁeld of research discussed.

M

any processes that we come across in everyday life occur
at liquid interfaces (air/liquid and liquid/liquid).1
Pertinent examples include atmospheric and environmental
chemistry, heterogeneous catalysis, as well as photosynthesis or
any other type of membrane transfer phenomena or membrane
reactions taking place in biological environment.
In order to describe and understand these processes at a
molecular level, we need detailed information about the
orientation of the molecules, their interaction, their energetics,
and the time scale of their motion.
The reason why, despite their evident importance, relatively
modest knowledge has been achieved so far about processes
occurring at liquid interfaces is certainly connected to the fact
that information about interfacial properties is diﬃcult to
access. In order to be useful for studying liquid interfaces, the
employed technique needs to be somehow interface-selective;
otherwise, the response from the small number of interfacial
molecules is totally buried in that arising from the molecules in
the bulk phases. The optical spectroscopic techniques that have
been used up to now for these studies can be categorized into
two groups. The ﬁrst group relies on the conﬁnement of the
optical beam(s) close to the interfacial region, using evanescent
waves generated upon total internal reﬂection (TIR) at the
interface of two materials with diﬀerent refractive indices,
whereas the second one proﬁts from the inherent lack of even
order nonlinear response of isotropic bulk media.

Figure 1. Schematic layouts of the diﬀerent techniques used for
studying liquid interfaces: (A) time-resolved total internal reﬂection
ﬂuorescence (TR-TIRF); (B) transient grating; (C) time-resolved
surface second-harmonic generation (TR-SSHG).

lifetime of molecules close to the interface can be measured
with a resolution of a few tens of picoseconds. For example, the
ﬂuorescence dynamics of coumarin 343 (C343) dissolved in
water at the interface with 1,2-dichloroethane (DCE) could be
well-reproduced by a biexponential decay, with a 3.6 ns
component, close to the lifetime of the dye in bulk water, and a
0.3 ns component ascribed to aggregates.2 An interesting
feature of TIR techniques is the possibility to vary the
penetration depth of the evanescent ﬁeld by changing the angle

Information that is straightforward to obtain in bulk solution is
much more problematic to obtain
at interfaces.
The most popular method based on evanescent waves is
time-resolved TIR ﬂuorescence (TR-TIRF, Figure 1A). By
combining time-correlated single-photon counting (TCSPC)
with laser pulse excitation in TIR geometry, the ﬂuorescence
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of phenomena, ranging from population dynamics to
thermoacoustic eﬀects, can be investigated. For example, the
decay of the S1 state lifetime of rhodamine 6G dissolved in
methanol at the interface with decaline was found to be about
three times as short as that in bulk methanol solution of the
same concentration.5 This eﬀect was ascribed to self-quenching
favored by a higher interfacial concentration of rhodamine
compared to bulk. The same technique was also used to
measure the speed of sound and the acoustic attenuation in the
methanol phase close to the interface with decaline on a
picosecond to millisecond time scale.6 Although more sensitive
than TR-ATIR, this evanescent transient grating technique also
requires substantial concentration of absorber to realize
suﬃcient modulations of the absorbance and refractive index
over the penetration depth of the evanescent ﬁeld.
The evanescent waves accounting for the interface sensitivity
of all of the above-described TIR techniques generally feature a
penetration depth of the order of 100 nm. On the other hand,
molecular dynamics simulations point to an interfacial thickness
typically of 1 nm.7 Therefore, TIR techniques can only yield
true interfacial information if the probe molecules are highly
surface active, implying that the concentration of molecules
adsorbed at the interface should be at least one order of
magnitude larger than their bulk concentration. As this is only
the case for a small number of molecules, this requirement
represents a severe limitation to the applicability of all of the
above-mentioned TIR techniques for investigating excited-state
dynamics at liquid interfaces.
Even-order nonlinear optical phenomena oﬀer the remarkable advantage that they are electric-dipole-forbidden in
centrosymmetric molecules and bulk materials. Indeed,
molecules with a center of inversion have zero even-order
hyperpolarizability. Furthermore, a bulk material composed of
randomly oriented asymmetric molecules has also zero evenorder nonlinear optical susceptibility, χ(2n), because the evenorder responses from the individual molecules are canceled by
destructive interference. On the other hand, the interface
between two bulk materials is not centrosymmetric and,
because of the asymmetry of forces, it has a nonvanishing χ(2n).
This asymmetry of forces can be strong enough to distort
centrosymmetric molecules, resulting in a nonvanishing
hyperpolarizability.8 This makes even-order nonlinear spectroscopic techniques truly interface-selective.
Due to their selectivity and simplicity relative to higher evenorder methods, time-resolved second-order nonlinear techniques, like surface second-harmonic generation (TR-SSHG) and
sum frequency generation (TR-SSFG), have been the methods
of choice for studying dynamic processes at liquid interfaces
over the past ∼20 years. An additional important feature of
these techniques arises from the frequency dependence of the
second-order nonlinear susceptibility, χ(2), that exhibits
resonances at frequencies corresponding to one- and twophoton transitions of the material. As a consequence, if in a
SSHG experiment, the frequencies of the probe and/or SSHG
ﬁelds coincide with an electronic transition of a molecule
dissolved in one of the phases constituting the interface, the
SSHG signal from these solutes is strongly resonantly enhanced
relative to that from the solvent molecules. Owing to electronic
resonance enhancement, interfacial spectroscopy can be
performed with solute molecules at relatively low bulk
concentration (∼10−5 M). This feature is fundamental for
TR-SSHG, where the solute molecules are ﬁrst photoexcited by
a pump pulse, and only those at the interface are probed by

of incidence of the laser beam on the interface, allowing the
depth proﬁle of a given property to be reconstructed.
Nevertheless, it should be noted that the penetration depth is
a complex function of the angle of incidence and that, therefore,
both the penetration depth as well as the resolution of depth
crucially depend on this angle. For example, a small variation
(∼0.1°) of the angle of incidence near the critical angle can
change the penetration depth by several tens of nanometers.
In the case of C343 at the water/DCE interface, the
aggregate/monomer ratio was found to substantially decrease
upon changing the penetration depth from 95 to 120 nm,
showing that aggregates are preferentially present at the
interface. 2 By measuring the time dependence of the
ﬂuorescence anisotropy upon TIR excitation, information on
the reorientational dynamics of the ﬂuorophore close to the
interface is rather easily accessible. This was used, for example,
to investigate the reorientational dynamics of sulforhodamine
101 in phthalate esters of diﬀerent viscosity close to the
interface with water.3 Two reorientational times were found
and ascribed to diﬀerent adsorption modes of the probe at the
interface. On the other hand, the viscosity dependence of these
time constants was consistent with that measured in bulk
phthalate ester solutions.
Despite many advantages, notably, its simplicity, TR-TIRF
suﬀers from several limitations. Indeed, it does not yield any
access to the dynamics of dark species, and its time resolution is
limited to that of the TCSPC technique, that is, around 20 ps.
These restrictions can be circumvented by using timeresolved attenuated TIR (TR-ATIR), where a photoinduced
process is triggered in the low refractive index medium by a
laser pulse, and the intensity change of a probe beam in TIR
geometry is monitored. This technique has been used on the
nanosecond to microsecond time scales for determining the
triplet state lifetime of a water-soluble porphyrin at the interface
with toluene.4 The faster quenching of the triplet state at the
interface compared to that in bulk aqueous solution was
ascribed to a more eﬃcient triplet−triplet annihilation or
energy transfer due to the higher interfacial concentration of
porphyrins. In this case, probing was done with a continuous
polychromatic beam, and transient ATIR spectra were
recorded. Although the signal intensity is a complex function
of the absorption and refractive index spectra of both phases
and of the angle of incidence, the main features of transient
ATIR spectra can be reasonably well compared with those of a
conventional transient absorption spectrum. However, the
major drawback of TR-ATIR is its poor sensitivity. In order to
produce a detectable TR-ATIR signal, measurable photoinduced changes of absorbance over the penetration depth of
the probing evanescent ﬁeld are required. This is only possible
with strongly absorbing molecules or highly concentrated
solutions, limiting the number of systems that can be studied,
because of solubility or self-quenching. For most studies, it is
crucial to keep the dye concentration as low as possible to
minimize the perturbations of the interface.
The high sensitivity of TR-TIRF due to the zero-background
nature of the signal and the sensitivity of TR-ATIR to dark
states are somehow combined in the evanescent transient
grating technique. In one of the possible conﬁgurations of this
four-wave mixing method (Figure 1b), a transient grating
generated upon interference between two pump pulses diﬀracts
the probe pulse in TIR geometry. As the intensity of the
diﬀracted signal is directly proportional to the photoinduced
changes of the refractive index and absorbance, a large variety
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SSHG (Figure 1c). TR-SSFG can be performed upon either
electronic (vis-pump),9 or vibrational (IR-pump)10−12 excitation. Although well-suited for studying interfacial properties,
IR-pump TR-SSFG spectroscopy does not yield direct
information on the excited-state dynamics of dye molecules
adsorbed at the interface. In the following, we will therefore
only focus on electronic TR-SSHG and TR-SSFG and describe
their most relevant applications for investigating the dynamics
of photoinduced phenomena at liquid interfaces. We shall also
discuss the limitations of the currently used experimental setups
and identify the problems concerning data analysis and
interpretation that we are presently facing in this fascinating
but challenging research area.
Studies on interfacial dynamics by second-order nonlinear
techniques were pioneered by Eisenthal and co-workers.13,14
Since about 20 years, his group and others have applied TRSSHG as well as vibrational15−17 and electronic18,19 TR-SSFG
to investigate the dynamic behavior of various molecules (cf.
Chart 1) at air/liquid or liquid/liquid interfaces. In most cases,

Figure 2. Eﬀect of solvent relaxation on the ﬂuorescence spectrum
(top) and second-order nonlinear susceptibility (bottom).

as in bulk solution, that is, by monitoring the position of the
SSHG band maximum as a function of time. However, this
method is highly time-consuming and requires a tunable probe
pulse. This procedure can be simpliﬁed by probing at a
wavelength where the time dependence of the signal intensity is
linear with the solvation-induced shift of the whole band. In the
case of ﬂuorescence, these wavelengths can be identiﬁed by
recording the emission spectrum in solvents of diﬀerent
polarity.22 The solvation dynamics of C314 at the air/water
interface has been measured using TR-SSHG assuming that the
optimal probe wavelength is the same as that for the
ﬂuorescence Stokes shift.21 As the solvation time measured at
the interface, ∼800 fs, was similar to that of diﬀusional motion
in bulk water, it was concluded that the water−water
interactions are similar in both cases. Furthermore, these
results were compared with those obtained at air/water
interfaces in the presence of diﬀerent concentrations of a
neutral,23 anionic,24 and cationic25 surfactant. Addition of a
neutral surfactant, stearic acid, at the air/water interface was
found to accelerate solvation of C314 by a factor of about two.
This was attributed to a rearrangement of the hydrogen-bond
network upon interaction with the hydrophilic head of stearic
acid. On the other hand, a negatively charged surfactant
(stearate) was found to make solvation about twice as slow as
that without surfactant, that is, four times slower than that with
a neutral surfactant. This eﬀect was ascribed to an increased
hydrogen-bonding order and thus a loss in diﬀusional mobility
due to the strong electrostatic ﬁeld generated by the negative
charges at the interface. Finally, the dynamics measured with a
cationic surfactant (dodecyl trimethylammonium bromide,
DTAB) is between that found with a neutral surfactant and
that measured at a neat air/water interface. This was explained
by opposite orientations of the water molecules close to the
surfactant layer and of the C314 probe molecule due to the
opposite charge, leading to diﬀerent speciﬁc interactions.
Although being very useful for getting qualitative information
on interfacial solvent motion, this approach relies on the
assumptions that (1) C314 behaves as a two-level system at the
probe wavelength and (2) the shape and solvent dependence of
the SSHG spectrum is the same as that for the ﬂuorescence
spectrum. The current status of nonlinear interfacial spectroscopy does not allow either of these assumptions to be
conﬁrmed or rejected. Thus, a quantitative knowledge of
interfacial solvation dynamics is still not available, although this
goal does not appear beyond reach.
Valuable information on the local environment of a molecule,
such as viscosity, solute−solvent interactions, or spatial
conﬁnement, can be obtained by investigating its reorientional
dynamics. In bulk solution, such studies are routinely carried

Chart 1. Representative Selection of Molecules Used As
Interfacial Probes

the results obtained at an interface have subsequently been
compared to the corresponding bulk behavior of the molecule,
and the diﬀerences in the observed dynamics were attributed to
the speciﬁc interfacial properties.
Solvent is well-known to play a crucial role in chemistry,
acting as a heat bath that can transfer energy to the reactants or
absorb the energy dissipated by the reaction and inﬂuencing the
relative energies of the reaction educts, intermediates, and
products. Understanding solvent motion at interfaces is thus of
paramount importance for a comprehensive picture of
interfacial chemistry. Studying solvation dynamics in bulk
solution is relatively straightforward. Solvent relaxation around
a photoexcited molecular probe results in a dynamic Stokes
shift of the emission spectrum that can be measured, for
example, by femtosecond time-resolved ﬂuorescence and
analyzed using well-established procedures (Figure 2).20 One
approach to access solvation dynamics by TR-SSHG is to
assume that the second-order nonlinear susceptibility, χ(2), has
only contributions from S1 ← S0 and S1 → S0 resonances and
that, because of solvent relaxation, the latter depends on time
after excitation (cf. Figure 2).21 A series of measurements of χ(2)
as a function of time and wavelength should thus allow
reconstructing the whole TR-SSHG spectrum, and the
solvation dynamics could then be obtained in a similar way
1637
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out by performing polarization-dependent ﬂuorescence or
pump−probe measurements, where polarization components
of the signal parallel and perpendicular to that of the excitation
ﬁeld are measured and combined to calculate the anisotropy. In
principle, a similar approach can be used in TR-SSHG or TRSSFG, but it is complicated by the fact that the signal is due to a
second-order polarization that depends on the interaction of
two electric ﬁelds with the sample and not a single one like in
ﬂuorescence. Moreover, whereas reorientational motion in bulk
solution can in most cases be well described with a single time
constant, in-plane and out-of-plane motion have to be
distinguished at interfaces (Figure 3). This has been

little eﬀect on the reorientational dynamics of C314, although
substantial changes of the orientation of the dye were noticed.
More recently, Fayer and co-workers have derived analytical
expressions of the orientational correlation functions probed in
resonant TR-SSHG and TR-SSFG experiments.29 By applying
the wobble-in-a-cone model to evaluate the correlation
functions, this theoretical investigation revealed that the
measured decay of the TR-SSHG signal does not directly
reﬂect the reorientational relaxation at the interface. In fact, the
observed decay time strongly depends on the angular
distribution of the probe molecules at the interface, and as a
consequence, the interfacial reorientation time can only be
obtained from the measured data provided that this angular
distribution is known. When applying this theory to the
experimental C314 data, it appeared that the reorientational
time constant of C314 at the air/water interface is smaller than
that in the bulk by a factor of about 2.5, as originally concluded,
but that the addition of SDS slows down the reorientation
diﬀusion by a factor of 3, in contrast to the previous
conclusions based on the assumption that the measured
decay directly reﬂects reorientational relaxation. This is an
exemplary illustration of how information that is straightforward to obtain in bulk solution is much more problematic to
obtain at interfaces. An additional problem is that the
contribution of reorientation relaxation to the measured TRSSHG time proﬁle may, in some cases, be diﬃcult to
distinguish from those due to solvation and population changes,
unless their time scales are suﬃciently diﬀerent. This diﬃculty
could be partially alleviated by measuring diﬀerent tensor
elements of χ(2) by varying the polarization of the pump, probe,
and signal ﬁelds. Finally, if the interfacial concentration of
probe molecules is high, the hopping of the excitation energy
between nearby molecules might be wrongly interpreted as
diﬀusional reorientation.30
Although this might not be as evident as solvent and
orientation relaxation, the excited-state dynamics of a wellchosen probe can also yield precious information on its local
environment. For example, the dynamics of nonradiative
deactivation processes involving an intramolecular coordinate
with large-amplitude motion is very sensitive to local friction,
and in bulk solution, the viscosity dependence of the measured
decay time can be expressed as τnr ∝ η∝, where α varies
between 0.1 and 1 depending on the molecule.31 Thus, the
excited-state lifetime of such molecules at liquid interfaces gives
access to the local friction. Measuring population dynamics in
bulk solution is generally carried out using time-resolved
ﬂuorescence or transient absorption, and to avoid contribution
from reorientational motion to the dynamics, the signal is
detected at magic angle. When working on the femto- and
picosecond time scales, solvent and vibrational relaxations also
take place in parallel to population relaxation and lead to
spectral dynamics. To identify these various processes, one
usually performs a global analysis of time proﬁles recorded at
several wavelengths and compares the so-obtained decayassociated spectra. The situation is more complex at interfaces
as TR-SSHG is usually performed at a single wavelength, and
therefore, the interpretation of the signal may, in some cases, be
ambiguous. For example, the SSHG intensity probed in
resonance with the S1 ← S0 transition of a series of oxazines
at the air/water interface upon excitation to the S1 state was
found to decrease at time zero and to increase biexponentially
to almost its original value with time constants around 5 and 25
ps.32 This fast recovery of the SSHG signal was assigned to the

Figure 3. Measurement of out-of-plane (left) and in-plane (left)
orientational motions at a liquid interface. The gray scale reﬂects the
probability of a dye to interact with the pump light.

demonstrated by performing TR-SSHG on C314 at the air/
water interface.26 Out-of-plane motion was selectively measured
using a pump pulse with circular polarization and by probing
the χ(2)
XZX tensor element. This is done by using a probe ﬁeld
polarized at 45° relative to the plane of incidence (Figure 3),
thus having components along X and Z, and detecting the X
component of the signal. On the other hand, the signal
obtained by probing the same tensor element but with a pump
pulse polarized linearly along X or Y is sensitive to both inplane and out-of-plane motions. The in-plane reorientation
time can be disentangled by assuming that the time-dependent
ground- and excited-state distributions are separable in in-plane
and out-of-plane angles and that the out-of-plane component is
identical for both X and Y pumping.
In-plane reorientation was found to be slower than the out-of
plane motion with time constants of about 600 and 350 ps,
respectively. This is substantially slower than the reorientational
time of ∼100 ps measured in bulk water with coumarins of
similar hydrodynamic volume.
The eﬀect of the addition of a negatively charged surfactant,
sodium dodecylsulfate, on the out-of-plane,15,27 and in-plane,28
reorientational dynamics of C314 at the air/water interface has
subsequently been investigated. The out-of-plane motion was
measured by both electronic TR-SSHG27 and vibrational TRSSFG. In the latter case, the carbonyl stretching mode of C314
was monitored.15 The reorientational time constant obtained
from TR-SSFG was found to be smaller by a factor of 1.5
compared to TR-SSHG. This was explained by the fact that
these two experiments do not probe the same resonance, and
thus, rotational motion around diﬀerent molecular axes is
measured. Surprisingly, the presence of SDS was found to have
1638
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repopulation of the ground state of the oxazines in H-aggregate
form, with the fast and slow components ascribed to solvation
and vibrational cooling of the ground state, respectively.
Along the same line, the TR-SSHG proﬁle measured upon S1
← S0 excitation of malachite green (MG) at air/water and
alkane/water interfaces and with the SHG signal at 400 nm in
resonance with the S2 ← S0 transition was also found to
increase biexponentially to its original value.19,33−35 Whereas
the fastest component of 1−2 ps has been generally ascribed to
the nonradiative transition from the S1 state, the origin of the
slower component, around 20 ps, was much less clear. The
increase of the amplitude of this slow component at alkane/
water interfaces with increasing MG concentration was a strong
indication that it is due to the nonradiative deactivation of
aggregates, at least at these interfaces.35 This interpretation was
further conﬁrmed by the observation that the amplitude of this
slow component also increases upon addition of sodium salts to
the aqueous phase by an amount that depends on the anion.
The eﬀect was found to be moderate with the chloride anion
and large with the thiocyanate anion.36 This salt eﬀect, also
observed at the air/water interface,34 was explained in terms of
the Hofmeister series for anions according their salting-in/
salting-out properties.36 SCN− is used as a denaturant of
proteins because of its aﬃnity to oil/water interfaces. This
interface aﬃnity causes a higher interfacial concentration of this
anion relative to the bulk, which results in a globally negatively
charged interface, favoring the adsorption of the cationic MG
molecules and thus aggregation. In this way, TR-SSHG can be
advantageously used to determine the relative aﬃnity of ions
for interfaces.
Whereas the nonradiative decay time of the S1 state of MG
via large-amplitude motion is around 1−2 ps at air/water and
alkane/water interfaces, it amounts to 500 fs in bulk water,
indicating that the speciﬁc structure of interfacial water results
in a larger friction. Increasing the viscosity of the aqueous phase
upon addition of glycerol caused a slow down of the
nonradiative decay. However, it was found that this eﬀect is
more marked in bulk water−glycerol mixtures with τnr ∝ η0.6
than at the interface with dodecane, where τnr ∝ η0.4.35 The
origin of this diﬀerence is still not fully understood but might
arise from diﬀerent compositions of the water−glycerol
mixtures in the bulk and at the interface.
The idea of changing the viscosity of the aqueous and
nonaqueous phases has been exploited to identify the
intramolecular coordinate responsible for the nonradiative
relaxation of the S1 state of two hemicyanines.37 The viscosity
of both phases was systematically varied, and the S1 lifetime
measured at the interface was found to be only inﬂuenced by
the viscosity of the apolar phase but not by that of the polar
phase (Figure 4). This allowed the authors to conclude that the
nonradiative deactivation of the excited state of these
hemicyanines is driven by large-amplitude motion in their
hydrophobic part. This is a promising application of interfaces
for mechanistic studies that is much less costly than the usual
procedure that consists of the synthesis of derivatives with
bulky groups hindering motion along speciﬁc coordinates.
Hydrogen-bonding to solvent molecules is also known to
favor, in some cases, the nonradiative relaxation of excited
molecules. Although the exact mechanism underlying this
process is still not fully understood, it can shorten the excitedstate lifetime of molecules containing, for example, carbonyl or
nitro groups down to a few tens of picoseconds in water. This is
the case of eosin B, whose S1 lifetime in water has been recently

Figure 4. Eﬀect of the variation of viscosity of nonpolar and polar
phases on the excited-state lifetime of a hemicyanine at a liquid
interface. The reported signal, S, corresponds to the intensitynormalized variation of the square root of the SSHG intensity.

measured to be as short as 4 ps.38 The determination of the
excited-state lifetime of eosin B at alkane/water interfaces was
complicated by the formation of aggregates, which leads to a
acceleration of the TR-SSHG decay with increasing dye
concentration.39 Despite this eﬀect, the measured lifetime at
the interfaces was still much longer than that in the bulk,
revealing that hydrogen-bond-assisted nonradiative deactivation
is no longer operative at the interface. However, the exact
reason for this, for example, an unfavorable orientation of the
molecule or a reduced hydrogen-bond-donating ability of
interfacial water, could not be clearly established.
All of the phenomena discussed so far are photophysical
rather than photochemical processes. The investigations of the
dynamics of truly photochemical reactions at the liquid
interface are still extremely scarce. One breakthrough in this
direction was the TR-SSHG study of the electron-transfer (ET)
quenching of C314 by N,N-dimethylaniline (DMA) at the
water/DMA interface.40 As the donor is a molecule of the
solvent constituting the hydrophobic phase, this bimolecular
ET does not require any translational diﬀusion of the reactants
to take place. Probing upon photoexcitation of C314 was ﬁrst
performed in resonance with the S1 ← S0 transition of C314. A
biphasic time proﬁle was observed with time constants around
400 fs and 14 ps and ascribed to solvent relaxation and ET
quenching of C314, respectively. To conﬁrm this, probing was
then carried out in resonance with the D1 ← D0 transition of
the DMA•+ radical cation. In this case, the TR-SSHG signal
intensity was found to ﬁrst rise with a time constant close to the
quenching time of C314 and then to decay with a 160 ps time
constant. The rise was thus ascribed to the build up of the
DMA•+ population by ET, whereas the decay was interpreted as
the geminate recombination of the ion pair population.
Unfortunately, no direct comparison with the same reaction
in the bulk, neither in pure DMA nor in acetonitrile/DMA
mixtures, was performed.
Although this overview of investigations on ultrafast
photoinduced processes at liquid interfaces does not pretend
to be exhaustive, it gives a general idea of the present status in
this ﬁeld. Clearly, only a few trails have been explored so far,
and our general knowledge is still lacunary. There are several
reasons for this. One of them is that the experimental tools
used up to now are still relatively primitive compared to the
level of sophistication of the spectroscopic techniques applied
for studying photoinduced processes in bulk solution. Indeed,
1639
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limiting the accuracy of the measured time constants and the
possibilities of data interpretation, especially if the observed
diﬀerences are small. Averaging over a long acquisition time is
only a partial solution as prolonged excitation of the sample can
lead to photodegradation. Unfortunately, a liquid/liquid
interface cannot be refreshed as easily as a bulk solution.
Some of the current experimental limitations can be
overcome by performing broad-band detection. This approach
has been recently demonstrated with electronic TR-SSFG.18,19
Probing was achieved by SSFG of a 800 nm pulse with a white
light pulse generated by self-phase modulation in water, and the
resulting signal was then dispersed in a spectrograph and
detected by a CCD camera. The quality and information
content of the data obtained with rhodamine 800 and MG at
the air/water interface was comparable to bulk transient
absorption measurements to an extent that even a global
analysis of the data became feasible.18,19
In all of the above-mentioned examples, homodyne detection
of the SSHG or SSFG signal was performed, the signal intensity
being proportional to |χ(2)|2. The response from molecules
probed resonantly has both real and imaginary parts, whereas
the response from the solvents, which is nonresonant, is only
real. If this nonresonant response is negligibly small, the change
of signal intensity in a time-resolved experiment is directly
proportional to the square of the population change. This is,
however, no longer the case if the nonresonant contribution
diﬀers from zero as it interferes with the real part of the
resonant response and distorts the time proﬁle of the signal
intensity. One solution to this is heterodyne detection, where
the SSHG or SSFG signal is mixed with an optical ﬁeld of the
same frequency and in-phase with the ﬁeld generated from the
imaginary part of the susceptibility. The advantages are an
ampliﬁcation of the resonant signal and a linear relationship
between signal intensity and population changes. This
detection has already been demonstrated for stationary
vibrational and electronic SSFG but not for TR-SSFG.41,42
A further development of these techniques could be 2DSSHG, analogous to the setup recently reported for vibrational
SSFG.17 This would be an extremely powerful method for
investigating solvation dynamics and the interaction between
probe molecules at interfaces.
In addition to these spectroscopic developments, further
eﬀort should also be made on the theoretical side. Until now,
the data interpretation has been mostly performed on a
qualitative basis in the limit of a two-level system. At the
moment, our understanding of the exact relationship between a
transient absorption spectrum measured in a bulk experiment
and the expected TR-SSHG or TR-SSFG spectra is very
limited. Such knowledge is needed to avoid misinterpretation.
The recent theoretical treatment of orientational diﬀusion at
the interface performed by Fayer and co-workers clearly
demonstrates the pitfall of too simplistic a data analysis.29
Molecular dynamics simulations represent also a powerful
additional tool to improve our understanding of liquid
interfaces and to help the interpretation of experimental data.
Some eﬀort, which gave new insight into the structure and
dynamics of interfaces, has already been done.43−46 However,
less information is available so far about the dynamic properties
of solute molecules adsorbed at a liquid interface.
Theoretical development requires reliable experimental data,
and clearly important concerted eﬀorts in all of these directions
are still required before our knowledge on the dynamics of
photoinduced processes at liquid interfaces can reach a level

all of the experimental studies presented so far on air/liquid
and liquid/liquid interfaces make use of very similar setups. A
typical TR-SSHG setup is depicted in Figure 5 and will be

Figure 5. Schematic layout of a typical TR-SSHG setup.

described here in some detail to illustrate the current
possibilities and limitations. This setup is based on a
Ti:Sapphire-ampliﬁed system producing ∼100 fs pulses at
800 nm and 1 kHz. Part of the output feeds a noncollinear
parametric ampliﬁer to generate pulses tunable between ∼480
and ∼700 nm used for pumping. A wave plate serves to adjust
the polarization before the pump beam is focused on the
sample. Another fraction of the 800 nm ampliﬁer output is
directly used for probing, and its polarization is controlled via a
half-wave plate. A ﬁlter in front of the sample eliminates
spurious second-harmonic light that could be generated at
metallic mirrors before the probe pulses reach the sample, and
another ﬁlter after the sample suppresses the reﬂected probe
pulses from the second-harmonic signal generated at the
interface. This signal then passes a polarizer and a
monochromator before it eventually reaches the photodetector
and is processed with a computer-controlled gated boxcar
averaging device. Typical energies at the sample are of the order
of 1−2 μJ for the pump and <1 μJ for the probe beam with spot
sizes of around 1 mm in order not to saturate the probed
resonance.

The experimental tools used up
to now are still relatively primitive
compared to the level of sophistication of the spectroscopic
techniques applied for studying
photoinduced processes in bulk
solution.
Other setups additionally allow tuning the probe wavelength,
giving more ﬂexibility in the choice of molecules. Nevertheless,
probing is in most cases only done at a single observation
wavelength, making the interpretation of the experimental data
very diﬃcult, especially when working in a time scale where
processes like solvent and vibrational relaxation lead to spectral
dynamics. In any case, the bulk behavior of the molecule has to
be precisely known in order to be able to draw any conclusion
from such data.
Because the interfacial response of the molecules is often
weak, TR-SSHG and TR-SSFG signals are generally noisy,
1640

dx.doi.org/10.1021/jz300249e | J. Phys. Chem. Lett. 2012, 3, 1635−1642

The Journal of Physical Chemistry Letters

Perspective

(6) Brodard, P.; Vauthey, E. Application of Transient Evanescent
Grating Technique to the Study of Liquid/Liquid Interfaces. J. Phys.
Chem. B 2005, 109, 4668−4678.
(7) Benjamin, I. Static and Dynamic Electronic Spectroscopy at
Liquid Interfaces. Chem. Rev. 2006, 106, 1212−1233.
(8) Echevarria, L.; Nieto, P.; Gutiérrez, H.; Mújica, V.; Caetano, M.
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similar to the one that can nowadays be attained in bulk
solution.

Theoretical development requires
reliable experimental data, and
clearly important concerted efforts in all of these directions are
still required.
Ultrafast spectroscopy at liquid interfaces is still an almost
unexplored area that probably conceals many traps but most
certainly holds several beautiful treasures.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: eric.vauthey@unige.ch.
Notes

The authors declare no competing ﬁnancial interest.
Biographies
Sabine Richert received her B.Sc. (2008) and M.Sc. (2010) from the
Graz University of Technology in Austria working in the area of
photochemistry and spin chemistry. In 2010, she started her Ph.D. at
the University of Geneva, focusing on the investigation of ultrafast
photochemical processes at liquid/liquid interfaces.
Marina Fedoseeva graduated in physics from the Lomonosov
Moscow State University in 2008. After having worked as a project
researcher at the University of Oulu in Finland, she joined the
Department of Physical Chemistry in Geneva in 2009 to start a Ph.D.
thesis devoted to the study of liquid interfaces by ultrafast
spectroscopy.
Eric Vauthey obtained his chemistry diploma (1986) and Ph.D.
(1989) from the University of Fribourg. After two postdocs (Imperial
College London and ETH Zurich), he started independent research in
Fribourg in 1992. He has been professor at the University of Geneva
since 2001. His main research interest is the dynamics of molecular
photoinduced processes in the condensed phase and at interfaces.
http://www.unige.ch/sciences/chiﬁ/Vauthey/index.php

■

ACKNOWLEDGMENTS
This work was supported by the Fonds National Suisse de la
Recherche Scientiﬁque through Project Nr. 200020-124393, the
NCCR MUST, and the University of Geneva.

■

REFERENCES

(1) Volkov, A. G. E., Liquid Interfaces in Chemical, Biological, and
Pharmaceutical Applications; Marcel Dekker: New York, 2001.
(2) Pant, D.; Girault, H. H. Time-Resolved Total Internal Reﬂection
Fluorescence Spectroscopy. Part I. Photophysics of Coumarin 343 at
Liquid/Liquid interface. Phys. Chem. Chem. Phys. 2005, 7, 3457−3463.
(3) Ishizaka, S.; Nakatani, K.; Habuchi, S.; Kitamura, N. Total
Internal Reﬂection Fluorescence Dynamic Anisotropy of Sulforhodamine 101 at a Liquid/Liquid Interface: Rotational Reorientation
Times and Interfacial Structures. Anal. Chem. 1999, 71, 419−426.
(4) Tsukahara, S.; Watarai, H. Transient Attenuated Total Internal
Reﬂection Spectroscopy to Measure the Relaxation Kinetics of Triplet
State of Tetra(N-methylpyridinium-4-yl)porphine at Liquid−Liquid
Interface. Chem. Lett. 1999, 28, 89−90.
(5) Brodard, P.; Vauthey, E. Exploring Liquid/Liquid Interfaces with
Transient Evanescent Grating Techniques. Rev. Sci. Instrum. 2003, 74,
725−728.
1641

dx.doi.org/10.1021/jz300249e | J. Phys. Chem. Lett. 2012, 3, 1635−1642

The Journal of Physical Chemistry Letters

Perspective

(27) Nguyen, K. T.; Shang, X.; Eisenthal, K. B. Molecular Rotation at
Negatively Charged Surfactant/Aqueous Interfaces. J. Phys. Chem. B
2006, 110, 19788−19792.
(28) Shang, X.; Nguyen, K.; Rao, Y.; Eisenthal, K. B. In-Plane
Molecular Rotational Dynamics at a Negatively Charged Surfactant/
Aqueous Interface. J. Phys. Chem. C 2008, 112, 20375−20381.
(29) Gengeliczki, Z.; Rosenfeld, D. E.; Fayer, M. D. Theory of
Interfacial Orientational Relaxation Spectroscopic Observables. J.
Chem. Phys. 2010, 132, 244703/1−244703/19.
(30) Punzi, A.; Brodard, P.; Vauthey, E. Transient Grating
Investigations at Liquid/Liquid Interfaces. Chimia 2005, 59, 116−118.
(31) Velsko, S. P.; Fleming, G. R. Solvent Inﬂuence on Photochemical Isomerisations: Photophysics of DODCI. Chem. Phys. 1982,
65, 59.
(32) Steinhurst, D. A.; Baronavski, A. P.; Owrutsky, J. C. Transient
Second Harmonic Generation from Oxazine Dyes at the Air/Water
Interface. J. Phys. Chem. B 2002, 106, 3160−3165.
(33) Shi, X.; Borguet, E.; Tarnovsky, A. N.; Eisenthal, K. B. Ultrafast
Dynamics and Structure at Aqueous Interfaces by Second Harmonic
Generation. Chem. Phys. 1996, 205, 167−178.
(34) Punzi, A.; Martin-Gassin, G.; Grilj, J.; Vauthey, E. Eﬀect of Salt
on the Excited-State Dynamics of Malachite Green in Bulk Aqueous
Solutions and at Air/Water Interfaces: A Femtosecond Transient
Absorption and Surface Second Harmonic Generation Study. J. Phys.
Chem. C 2009, 113, 11822−11829.
(35) Fita, P.; Punzi, A.; Vauthey, E. Local Viscosity of Binary Water
+Glycerol Mixtures at Liquid/Liquid Interfaces Probed by TimeResolved Surface Second Harmonic Generation. J. Phys. Chem. C
2009, 113, 20705−20712.
(36) Fedoseeva, M.; Fita, P.; Punzi, A.; Vauthey, E. Salt Eﬀect on the
Formation of Dye Aggregates at Liquid/Liquid Interfaces Studied by
Time-Resolved Surface Second Harmonic Generation. J. Phys. Chem. C
2010, 114, 13774−13781.
(37) Martin-Gassin, G.; Villamaina, D.; Vauthey, E. Nonradiative
Deactivation of Excited Hemicyanines Studied with Submolecular
Spatial Resolution by Time-Resolved Surface Second Harmonic
Generation at Liquid−Liquid Interfaces. J. Am. Chem. Soc. 2011,
133, 2358−2361.
(38) Fita, P.; Fedoseeva, M.; Vauthey, E. Ultrafast Excited-State
Dynamics of Eosin B: A Potential Probe of the Hydrogen-Bonding
Properties of the Environment. J. Phys. Chem. A 2011, 115, 2465−
2470.
(39) Fita, P.; Fedoseeva, M.; Vauthey, E. Hydrogen-Bond-Assisted
Excited-State Deactivation at Liquid/Water Interfaces. Langmuir 2011,
27, 4645−4652.
(40) McArthur, E. A.; Eisenthal, K. B. Ultrafast Excited-State Electron
Transfer at an Organic Liquid/Aqueous Interface. J. Am. Chem. Soc.
2006, 128, 1068−1069.
(41) Yamaguchi, S.; Tahara, T. Heterodyne-Detected Electronic Sum
Frequency Generation: “Up” versus “Down” Alignment of Interfacial
Molecules. J. Chem. Phys. 2008, 129, 101102.
(42) Chen, X.; Hua, W.; Huang, Z.; Allen, H. C. Interfacial Water
Structure Associated with Phospholipid Membranes Studied by PhaseSensitive Vibrational Sum Frequency Generation Spectroscopy. J. Am.
Chem. Soc. 2010, 132, 11336−11342.
(43) Benjamin, I. Molecular Structure and Dynamics at Liquid−
Liquid Interfaces. Annu. Rev. Phys. Chem. 1997, 48, 407−451.
(44) Brown, M. G.; Walker, D. S.; Raymond, E. A.; Richmond, G. L.
Vibrational Sum-Frequency Spectroscopy of Alkane/Water Interfaces:
Experiment and Theoretical Simulation. J. Phys. Chem. B 2003, 107,
237−244.
(45) Jungwirth, P.; Tobias, D. J. Speciﬁc Ion Eﬀects at the Air/Water
Interface. Chem. Rev. 2006, 106, 1259−1281.
(46) Moore, F. G.; Richmond, G. L. Integration or Segregation: How
Do Molecules Behave at Oil/Water Interfaces? Acc. Chem. Res. 2008,
41, 739−748.

1642

dx.doi.org/10.1021/jz300249e | J. Phys. Chem. Lett. 2012, 3, 1635−1642

