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ABSTRACT: Liquid/liquid interfaces play a crucial role in
numerous areas of science. However, direct spectroscopic access to
this thin (∼1 nm) region is not possible with conventional optical
methods. After a brief review of the most used techniques to perform
interfacial optical spectroscopy, we will focus on time-resolved
surface second harmonic generation, which allows the measurement
of the excited-state dynamics of probe molecules at interfaces. By
comparing these dynamics with those measured in bulk solutions,
precious information on the properties of the interfacial region can
be obtained. To illustrate this, several studies performed in our group
will be presented.

1. INTRODUCTION
The interface between two immiscible liquids has attracted the
interest of scientists for a long time. This region plays an
important role in many phenomena that are crucial in areas as
diverse as life sciences, environmental sciences, and technol-
ogy.1−3 Although a liquid interface can be viewed as a region
segregating two bulk liquids, it does not prevent the transfer of
mass and energy between them. Therefore, understanding the
properties of interfaces and the dynamics of interfacial
processes is of utmost importance not only for our fundamental
knowledge but also for many applications such as the design of
new drugs1 or developments toward renewable energies.4

One peculiarity of interfaces is that the molecules located in
this region experience an anisotropy of forces. As a
consequence, their orientation is not random as in bulk
solution, and the dynamics of molecular processes that depends
on environmental properties (e.g., friction or local electric field)
can be expected to be different at interfaces and in bulk
solutions. In bulk materials, these properties can be directly
deduced from macroscopic quantities such as the viscosity and
the dielectric constant. However, the interfacial region between
two immiscible liquids is very thin, typically 1 nm;5 therefore,
the viscosity and the dielectric constant cannot be really
defined. Consequently, friction and the local electric field at the
interface have to be measured in situ using local probes.6−9 Our
approach for gaining insight into interfacial properties is the so-
called dynamic probe concept, where the dynamic probe is a
molecule whose photophysics, for example, its excited-state
lifetime, depends on a property of the environment. This
approach first requires a good understanding of the excited-
state dynamics of the probe in bulk solution and the
dependence of these dynamics on the solvent. Once this
knowledge is available, the dynamics of the probe can be
investigated at interfaces and compared to that in the bulk. The
way this strategy can be used to access interfacial properties will
be illustrated here for friction, salt concentration, and hydrogen
bonding at liquid/liquid interfaces.

Liquid interfaces offer more degrees of freedom for fine-
tuning a given environmental parameter than bulk solutions
because the properties of both phases can be varied
independently. This can be advantageously used to obtain
specific information on a probe molecule adsorbed at the
interface, as will be illustrated here.
One prospect is that, once the properties of liquid interfaces

are well understood, this region can be used as a specific
environment for performing chemical reactions that would not
be possible in bulk media such as bimolecular reactions
between reactants located in different phases. Photoinduced
electron transfer through liquid interfaces is one example that
has a key value for a number of chemical and biological
phenomena.4,10

2. SPECTROSCOPIC TECHNIQUES FOR
INVESTIGATING LIQUID INTERFACES

Even though interfaces are of clear fundamental scientific
importance, they are a challenge to study on the molecular
level. Most of the powerful and common spectroscopic
techniques used for investigating molecules in bulk media
cannot be readily applied to interfaces because the signal from
the sample is almost entirely due to the molecules located in
the bulk phases, whose number surpasses that of the interfacial
molecules by many orders of magnitude. The interfacial
response is thus totally buried in that from the bulk.
There are generally two conceptual approaches to studying

interfaces by optical spectroscopy. In the first, the optical beams
are confined close to the interface in order to reduce the
relative contribution from the bulk phases to the signal. One of
the experiments based on this principle was realized by Deckert
and co-workers,11,12 who used the light from a scanning near-
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field optical microscopy tip to perform Raman spectroscopy. By
progressively moving the tip toward the interface, Raman
spectra at different penetration depths relative to the interface
could be measured. This technique was applied to study the
water/carbon tetrachloride interface with a spatial resolution of
200 nm.12 The OH stretching vibrational frequency of water
was found to shift to higher frequencies when approaching the
interface. This was interpreted in terms of weaker hydrogen
bonding in the vicinity of the nonpolar phase. However, no
dynamic studies have been performed with this method.
Time-resolved total internal reflection fluorescence (TR-

TIRF) is another method based on the beam-confining
concept. It was first demonstrated at a sapphire/polymer
interface by Masuhara et al.13 and was later applied to liquid/
liquid interfaces.14−16 In TR-TIRF, the probe molecules are
located in the phase with the lower refractive index, whereas the
phase with the higher refractive index is transparent. The probe
molecules are excited by the evanescent field generated upon
total internal reflection of a laser pulse striking the interface
from the high-refractive-index side. Because the evanescent field
has a penetration depth of typically 100 nm, fluorescence arises
only from molecules located close to the interface. Using time-
correlated single photon counting electronics for detection
allows fluorescence dynamics measurements with a time
resolution of 20−50 ps. This technique has been used
successfully to investigate various excited-state processes (e.g.,
photoisomerization or excitation energy transfer15,17) close to a
liquid/liquid interface. The study of the reorientational
dynamics of fluorophores near an interface is also easily
accessible by measuring the decay of the fluorescence
anisotropy.14

Although this method benefits from its simplicity, it is limited
to the study of emissive probes. Thus, no information on the
dynamics of dark species or on the mechanism of possible
quenching processes can be gained from TR-TIRF measure-
ments. Time-resolved attenuated TIR (TR-ATIR), which was
demonstrated several years ago, is not impaired by this
limitation.18 However, this technique suffers from poor
sensitivity because of the usually very weak photoinduced
changes in absorbance experienced by the evanescent field.
We tried to combine the sensitivity of fluorescence and the

polyvalence of transient absorption spectroscopy by applying
the transient evanescent grating technique19 first demonstrated
at solid/solid and solid/liquid interfaces.20,21 The conventional
transient grating method is based on a four-wave mixing
process where two pump pulses crossed on the sample generate
a spatial modulation of intensity that, upon absorption by the
sample, results in spatial modulations of refractive index and
absorbance (i.e., in phase and amplitude gratings22). Probing is
achieved with a third, time-delayed pulse that strikes the
gratings at the Bragg angle and undergoes partial diffraction.
The intensity of the diffracted pulse, Id, the signal, is given by

= Δ + ΔI a n b Ad
2 2

(1)

where Δn and ΔA are the modulation amplitudes of the
refractive index and absorbance, respectively, and a and b are
constants. Therefore, the temporal changes in refractive index
and absorbance at the probe wavelength can be monitored by
measuring the signal intensity as a function of the time delay.23

Broadband detection, allowing diffracted spectra over the whole
visible range to be recorded, has also been demonstrated.24 In
the transient evanescent grating technique, some of the waves
are evanescent fields generated upon TIR at the liquid/liquid

interface. In the simplest configuration (Figure 1A), the
gratings are generated in the absorbing phase by two pump

pulses and interfacial selectivity is achieved by probing in TIR
geometry. Only the evanescent probe field interacts with the
gratings and is diffracted. In this case, the interfacial selectivity,
which depends on the penetration depth of the probe field, is
the same as in TR-TIRF. A better selectivity can be achieved by
generating true evanescent gratings (i.e., by using two pump
pulses in TIR geometry (Figure 1B)). Because the diffracted
signal intensity is proportional to the square of the photo-
induced changes, a gain in interfacial selectivity by a factor of 2
is realized. By measuring the time evolution of the refractive
index changes, this technique has been used to investigate the
thermo-acoustic properties (i.e., the speed of sound, the
acoustic attenuation, and the thermal conductivity) of the
region close to the interface.25 However, measurements of the
changes in absorbance provide access to population dynam-
ics.19 For example, Figure 1C shows the time profile of the
diffracted intensity measured at 530 nm with a 5 × 10−2 M
solution of rhodamine 6G (Rh6G) in methanol close to the
interface with decalin after excitation at the same wavelength.
This profile reflects the recovery of the Rh6G ground-state
population. Bulk measurements of the same solution show an
exponential ground-state recovery (GSR) with a 500 ps time
constant. This is shorter than the ∼4 ns lifetime measured in
more dilute solutions because of the occurrence of self-
quenching at 5 × 10−2 M.26 The multiphasic GSR measured by
the transient grating was explained in terms of a gradient of
Rh6G concentration probed by the evanescent field, decreasing
when going from the interface toward the bulk. Therefore, the
shorter decay component was assigned to the interfacial region
with a high Rh6G concentration, where self-quenching is very
efficient, whereas the slowest component, similar to that
measured in the bulk, was ascribed to the contribution from the

Figure 1. (A, B) Two possible beam arrangements for the transient
evanescent grating technique (nl and nh refer to low and high refractive
indices, respectively). (C) Time profile of the diffracted signal at 530
nm obtained upon excitation at the same wavelength for a solution of
rhodamine 6G in methanol in contact with decalin using layout A.
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deepest region probed by the evanescent field. Such multiphasic
dynamics is also often encountered in TR-TIRF16 and arises
from the fact that these techniques based on TIR are not
intrinsically interface-selective. Indeed, the probed region is
typically 50 to 100 nm thick, whereas the interfacial region has
a thickness of the order of 1 nm. Although the confinement of
the optical beam realized by TIR seems to be sufficient to
enable the observation of molecules near an interface, it is still
too large to achieve true interfacial selectivity. Therefore,
discriminating the response from the molecules at the interface
from that of molecules located further away can be highly
problematic. Furthermore, the investigated molecules have to
be in the low-refractive-index phase, limiting the choice of
liquid/liquid interfaces that can be studied.
The solution to circumvent the shortcoming of this beam-

confinement approach is to probe a property that is intrinsic to
interfaces, namely, one that vanishes in the bulk phases. This is
the case for second and higher even orders of the optical
nonlinear susceptibility, χ(2n).27 Consequently, second-order
nonlinear processes such as second-harmonic (SHG) and sum-
frequency generation (SFG) are electric-dipole-forbidden in
centrosymmetric media. However, the interface between two
isotropic media such as two liquids is not centrosymmetric and
thus possesses a nonzero χ(2n). This is the principle behind the
surface SHG (SSHG) technique,28,29 where an optical field, E⃗,
at frequency ω1 strikes the interface and creates a second-order
nonlinear polarization oscillating at ω2 = 2ω1

ω ε χ ω ω ω ω ω⃗ = ⃡ ⃗ ⃗P E E( ) ( , , ) ( ) ( )
(2)

2 0
(2)

2 1 1 1 1 (2)

where χ⃡(2) is the second-order nonlinear optical susceptibility
tensor. Neglecting local field effects, this macroscopic quantity
can be related to the second-order polarizability tensor, β⃡, of
the molecules that constitute the interface

χ β⃡ ≈ ⟨ ⃡⟩N(2)
(3)

where N is the interfacial adsorbate density (number per unit
area), with the brackets indicating an average over the
molecular orientations. This polarization oscillating at ω2 is
the source of a new electromagnetic field at the same frequency,
the second-harmonic (SH) signal, whose intensity is

ω χ ω ω ω ω ω∝ | |I I I( ) ( , , ) ( ) ( )i ijk j k2
(2)

2 1 1
2

1 1 (4)

where χijk
(2) is a tensor element of χ⃡(2) and subscripts i, j, and k

represent the polarization direction of the three fields. The
relative magnitude of these tensor elements depends on the
symmetry of the material. A liquid/liquid interface has C∞v
symmetry that can be reduced to C4v. In this case, only 7 out of
the 27 elements of χ⃡(2) are nonzero, but because some of them
are identical and x = y, only three, namely, xzx = xxz, zxx, and
zzz, have to be considered.30

An important feature of χ(2) lies in its wavelength
dependence, which, for a classical anharmonic oscillator, has
the following form

χ ω ω ω

ω ω ω ω ω ω
∝

− − Γ − − Γ

( , , )
1

( 2i )( 2i )ba ba ba ba

(2)
2 1 1

2
2

2
2

2
1

2
1

2

(5)

where ωba is the resonance frequency of the |a⟩ to |b⟩ transition
and Γba is the associated line width. Therefore, χ(2) increases
significantly when the incoming and/or signal fields are in

resonance with a transition of the material. Consequently, the
SH intensity spectrum reflects one- and two-photon resonances
of molecules located at the interfaces.28 By taking advantage of
the electronic resonance enhancement, the SH signal from
relatively dilute (∼10−5 M) probe molecules can surpass the
nonresonant contribution from the solvent molecules by several
orders of magnitude. The same principles underlie surface SFG
(SSFG), where one of the incident fields is at fixed frequency
and the other is tunable or has a broad spectrum.31 In most
SSFG applications to liquid interfaces, the second incident field
is in the IR region and the signal intensity reflects vibrational
resonances.32 To be detectable, a vibrational mode has to be
both IR- and Raman-active, precluding the investigation of
centrosymmetric molecules, in agreement with their lack of
second-order nonlinear susceptibility. It should nevertheless be
noted that SSH(F)G from apparently centrosymmetric
molecules cannot be excluded if these molecules are distorted
at the interface.33 As vibrational transitions generally have much
smaller oscillator strengths than electronic transitions, the
corresponding resonance enhancement of the signal is smaller.
As a consequence, vibrational SSFG is less sensitive than
electronic SSFG and SSHG and needs much more concen-
trated samples. For example, vibrational SSFG has been
intensively used to record the vibrational spectrum of water
at liquid/water and air/water interfaces.34−38 However,
electronic SSFG has recently been demonstrated to be a very
powerful method of recording the electronic spectrum of probe
molecules at the air/water interface using a white light
continuum as one of the incoming fields and broadband
detection.31,39

As a consequence of its higher sensitivity, electronic
SSH(F)G can be relatively easily time-resolved.40−42 In this
case, the probe molecules located in one of the phases are
excited by a pump pulse and the variation of the SH(F) signal is
recorded as a function of the time after excitation. Such probing
ensures the interfacial selectivity of time-resolved (TR)-
SSH(F)G.
The optical layout of the TR-SSHG setup used for the

experiments described below is depicted in Figure 2. It is based
on an amplified Ti:sapphire system producing ∼100 fs pulses
around 800 nm at 1 kHz. A fraction of this output is used to
feed a noncollinear optical parametric amplifier (NOPA)
generating ∼50 fs pulses tunable between 480 and 700 nm.

Figure 2. Schematic layout of the TR-SSHG setup.
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These pulses are directed toward the interface from above
through the transparent organic phase and focused with a
combination of spherical and cylindrical lenses to ensure an
optimal overlap with the probe pulses. The pump pulses
(typically 1 to 2 μJ) excite the dye molecules dissolved in the
aqueous phase with no interfacial selectivity. Circular polar-
ization is used to prevent a photoselection of the molecules
according to the orientation of their transition dipole moment
in the interfacial (x−y) plane.
For SSHG probing, a small fraction of the 800 nm amplifier

output (10−100 nJ) strikes the interface from the transparent
and high-refractive-index phase and undergoes TIR. These
probe pulses and the SH signal are reflected at the interface at
different angles because of the dispersion in the transparent
phase. The signal is collected with a lens, filtered out from the
accompanying scattered fundamental light with a blue filter, and
focused onto a monochromator equipped with a multipixel
photon counter avalanche photodiode detector. The output
signal is further processed with a boxcar gated integrator and
averager module before being digitized and stored on a
computer. The probe pulses are linearly polarized, and in order
to measure specific elements of the χ(2) tensor, a half-wave plate
and a polarizer are located before the sample and the detector,
respectively. For example, when probing with the polarization
oriented 45° relative to the plane of incidence, the intensity of
the s-polarized component of the SH signal is proportional to
|χxzx
(2)|2. Unless specified, the polarization of the probe pulses was

perpendicular to the plane of incidence, whereas the parallel
component of the SH signal was measured. The SH intensity
depends not only on the square modulus of the nonlinear
susceptibility but also on geometrical factors such as the linear
and nonlinear Fresnel factors for reflection. The latter have
been shown to be particularly large near the critical angle for
TIR.43 For this reason, TIR geometry is usually used in TR-
SSHG at liquid interfaces. This is, of course, not possible for
air/liquid interfaces, and for this reason, the SH intensity is
usually much weaker than at liquid/liquid interfaces.
Dynamic information on the photoexcited dye molecules at

the interface is obtained by recording the SH intensity as a
function of the temporal delay between the pump and probe
pulses for given sets of polarization. In general, before doing
any quantitative analysis, the data are transformed by first
taking the square root of the SH intensity and subsequent
normalization so that the intensity is 0 at negative time delays
and 1 at its maximum. The so-processed signal intensity, S, is
now proportional to the photoinduced changes of population.
This procedure requires the SH signal to be purely resonant,
dominated by a single resonance, and to have no nonresonant
background contribution from the solvents that constitute the
two phases of the interface. Figure 3 shows an example of such
a profile measured with Rh6G (5 × 10−4 M) at the dodecane/
water interface. In this case, the probe field is close to two-
photon resonance with the S2 ← S0 transition of the dye, and
the initial drop in signal intensity should mainly reflect the
depletion of the ground-state population upon photoexcitation.
As the excited-state population relaxes to the ground state, the
signal intensity recovers its initial value. If the probe field were
resonant with a transition from the excited state of the
molecule, then the SSHG intensity would exhibit the opposite
behavior (i.e., first an increase upon excitation and then a decay
to the initial value). The decay of the excited-state population at
the interface is much faster than in bulk water at similar
concentrations, where it occurs on the nanosecond time scale.

This shortening is ascribed to the larger interfacial concen-
tration of Rh6G and to self-quenching as already discussed
above for the transient grating results. Because there is no
magic angle in TR-SSHG, the reorientation of molecules at the
interface could also affect the measured profiles, depending on
the time scale considered.8

We will now illustrate how TR-SSHG, when combined with
other time-resolved techniques for bulk dynamics, can deliver
rich information on the dynamics of photoinduced processes at
liquid interfaces.

3. PROBING INTERFACIAL FRICTION
Because of the different local properties of interfaces, solute
molecules adsorbed at an interface could exhibit a reactivity that
differs from that of the same molecules dissolved in the bulk.
For example, the friction exerted by the environment, which in
bulk solutions can be predicted from the viscosity, influences
the dynamics of many chemical reactions. Because viscosity
cannot be defined at a liquid interface, the friction has to be
determined directly, using, for example, the dynamic probe
approach. Triphenylmethane dyes such as malachite green
(MG) and brilliant green (BG) are well-suited probes because
the lifetime of their lowest singlet excited state depends on the
viscosity. MG has been the subject of numerous time-resolved
spectroscopic experiments to understand the origin of the
ultrafast nonradiative relaxation of its S1 state in solution.44,45

Moreover, MG has already been shown to be a very good
interfacial probe for TR-SSHG studies.46,47 It is generally
agreed that the process is intrinsically barrierless and involves
the motion of the aniline and/or phenyl substituents around
the single bond to the central carbon atom. The friction exerted
by the environment on the rotating rings leads to the viscosity

Figure 3. TR-SSHG profile recorded at 400 nm upon excitation of
Rh6G at 530 nm at the dodecane/water interface. To reflect the
population change better, the raw data (black circles) are processed by
taking the square root and by subsequent normalization (blue circles).
Because the SH signal is close to resonance with the S2 ← S0 transition
and the signal decreases upon excitation, the processed profile should
mostly reflect the recovery of the ground-state population.
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dependence of the excited-state lifetime. However, a few
questions regarding the deactivation pathway of MG remained
unanswered. For example, the nature of the state populated
directly upon internal conversion from the S1 state has been
questioned. To clarify this issue and to calibrate the viscosity
dependence of the S1 lifetime of MG and BG precisely, their
excited-state dynamics was investigated by transient absorption
spectroscopy in water−glycerol solutions of various composi-
tions.48 The dynamics could be well reproduced by assuming
an A → B → C → D scheme, where the A → B step occurs on
the subpicosecond time scale, independently of viscosity, and
the time constants of the B→ C and C→ D steps exhibit a τ ∝
ηα viscosity dependence with α ≈ 0.6 and 0.75 for MG and BG,
respectively. From this analysis, the intermediates could be
identified with the Franck−Condon (A) and the vibrationally
relaxed S1 states (B) and the twisted (C) and the relaxed S0
states (D).
After MG was properly calibrated as a dynamic probe for

friction, its excited-state dynamics was measured at the air/
water interface by TR-SSHG.49 For these measurements, MG
was excited to the S1 state at 615 nm and probing was done at
800 nm, with the SH signal at 400 nm being in resonance with
the S2 ← S0 transition. The resulting time profile was
qualitatively similar to that shown in Figure 3, and the
processed intensity, S(t), could be well reproduced using a
biexponential function with 1−2 and ∼10−20 ps time
constants, in good agreement with measurements by other
groups.46,47 Whereas the shorter time constant could be
ascribed to the decay of the excited state (i.e., to the B → C
step), the assignment of the 20 ps component was more
ambiguous and will be discussed in more detail below. The 1−2
ps S1 lifetime of MG at the air/water interface should be
compared to the 570 fs found in bulk water. The friction
exerted by interfacial water is clearly larger than that exerted by
bulk water, pointing to an arrangement of water molecules at
the interface that results in a more rigid structure. According to
polarization-dependent SSHG measurements, the polar aniline
groups of MG are located in the aqueous phase whereas the
phenyl group points toward the nonpolar phase.46 The motion
of the aniline groups is thus unambiguously involved in the
nonradiative relaxation of the S1 state of MG. To find out
whether the S1-state lifetime of MG also follows an ηα

dependence at the interface and to be able to vary the viscosity
of both phases, the measurements were performed at liquid/
liquid interfaces.48 First, the bulk viscosity of the nonpolar
phase was kept constant, whereas that of the aqueous phase was
changed by adding various amounts of glycerol. The interfacial
GSR dynamics of MG and BG was found to follow an ηα

dependence as well (Figure 4B). However, α was around 0.4
for both MG and BG, substantially smaller than the bulk values
of 0.6 and 0.75. This implies that although the excited-state
lifetime is always longer at the interface than in the bulk, this
difference decreases with increasing glycerol concentration.
There might be several reasons for this effect. The most evident
one is that the addition of glycerol affects interfacial friction less
than bulk friction. This could be due to different compositions
of the water−glycerol mixtures or to different hydrogen bond
networks. However, other factors such as an orientation of the
dyes depending on the glycerol fraction cannot be excluded.
Another question concerning the excited-state dynamics of

MG and BG was whether a large-amplitude motion of the
phenyl group is also involved in the nonradiative deactivation of
the S1 state. Previous TR-SSHG measurements of MG at

octane/water and pentane/water interfaces pointed to the same
excited-state decay time, indicating a negligible role of the
phenyl group.46 Measurements from our group confirmed this
result with seven alkanes up to tetradecane with an S1 lifetime
of around 2 ps.48 However, a 5.7 ps lifetime was measured
when going to the much more viscous paraffin, showing that
the hindrance of the phenyl group twist also slows down the
excited-state decay of MG (Figure 4A). Higher friction is
required to slow down the reorientation of the smaller,
nonpolar phenyl group relative to the larger, polar aniline
groups. It is probable that the interfacial friction of alkane with
a bulk viscosity of <2.1 cP is too weak to slow down the motion
of the phenyl group below that of the anilines in water.
This investigation shows that TR-SSHG measurements can

yield information not only on the interfacial properties (friction
in this case) but also on the probe itself (i.e., the involvement of
the phenyl group). This latter idea has been further exploited to
gain new insight into the mechanism of the nonradiative
deactivation of hemicyanines (Figure 5)50 whose fluorescence
quantum yield and lifetime have been shown to increase
substantially with the viscosity of the environment because of
the efficient nonradiative deactivation channel of the S1 state
involving intramolecular coordinates with large-amplitude
motion.51 The studied hemicyanines differed by the length of
the alkyl chain (C2H9 or C15H33) on the dialkylamino group. In
principle, torsion around four different bonds, ϕ1−ϕ4, could be
responsible for the nonradiative deactivation, and several
studies have been devoted to the identification of the relevant
one.51,52 It was concluded that the trans−cis isomerization
around the central bond, ϕ3, is not involved because of a
negligible photoisomerization yield and that the twist of the
dialkylamino group, ϕ1, is associated with too high a barrier.52

Thus, the two remaining coordinates are the twists of the
dialkylaniline, ϕ2, and the pyridinium group, ϕ4. One way to
determine the relevant coordinate could be comparing the

Figure 4. Viscosity dependence of the excited-state lifetime of MG at
alkane/water−glycerol interfaces. Variation of the viscosity of (A) the
alkane phase (the numbers indicate the number of carbon atoms of the
alkane; the decay in pentadecane is biphasic and both time constants
and the average are given) and (B) the aqueous phase and a
comparison with the lifetime in bulk solutions.
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excited-state dynamics of analogues with bond torsion blocked
upon substitution with bulky groups or upon selective bridging.
However, this strategy is not only costly in terms of synthetic
effort but may also lead to erroneous conclusions if the
electronic structure of the molecule is changed. Both
hemicyanines are amphiphilic, and their orientation at the
liquid/liquid interface is almost perpendicular to the charged
pyridinium head in the polar phase and the dialkylaniline end in
the nonpolar phase. Therefore, the possible occurrence of large-
amplitude motion in these two different parts of the molecules
can be investigated by measuring their excited-state lifetime by
TR-SSHG while independently varying the viscosity of the
polar and nonpolar phases.50 TR-SSHG measurements were
first performed upon S1 ← S0 excitation of the hemicyanines at
alkane/water interfaces while keeping the viscosity of the
aqueous phase constant and varying that of the nonpolar phase
from 0.3 to 3 cP by going from pentane to pentadecane. The
TR-SSHG profiles were dominated by a component increasing
from 120 to 330 ps in this viscosity range. Because probing was
done in two-photon resonance with the S1 ← S0 transition, the
TR-SSHG profiles reflect mainly the GSR dynamics of the
hemicyanines. These time constants followed an ηα depend-
ence, with α amounting to 0.3 and 0.5 for the hemicyanine with
short and long alkyl chains, respectively. In a second series of
measurements, the upper nonpolar phase was kept unchanged
whereas the viscosity of the polar phase was varied from 1 to 4
cP using water−glycerol mixtures of different compositions. An
analysis of the viscosity dependence of the TR-SSHG profiles
gave α values of around 0.1 for both molecules (Figure 5).
These interfacial measurements revealed that the non-

radiative decay of the S1 state of these molecules is due to
large-amplitude motion of the part of the molecules located in
the nonpolar phase. Considering the amphiphilic nature of
these molecules, it is reasonable to assume that only the N,N-
dialkylaniline tail is in the nonpolar phase. Consequently, our
observation of a viscosity dependence arising exclusively from
the nonpolar phase points to the rotation of this group (i.e., ϕ2)
as the mode associated with the nonradiative deactivation of
these molecules. Even if it occurs, the large-amplitude motion
of the pyridinium group around ϕ4 should not play any
significant role in this deactivation.

4. EFFECT OF SALTS ON AGGREGATION AT LIQUID
INTERFACES

When studying the concentration dependence of the TR-SSHG
profiles of MG at alkane/water interfaces, it was found that the
dynamics was only biphasic above ∼5 × 10−6 M and that the
relative amplitude of the slow component increased up to about
0.2 at 5 × 10−5 M and then remained mostly constant.48 This
slow component was ascribed to interfacial MG aggregates, for
which large-amplitude motion is hindered and nonradiative
transition to the ground state is slower. The aggregation of MG
in bulk solution occurs only at very high concentrations.
However, aggregation in a 10−5 M aqueous solution of MG can
be provoked by the addition of a salt such as NaCl.
The effect of ions on the property of water and the solubility

of molecules, including proteins, in aqueous solutions has been
a subject of intense research and discussion for many
decades.53,54 Ions are generally sorted into series, so-called
Hofmeister or lyotropic series, according to their salting-in or
salting-out properties.55 For example, the thiocyanate anion,
SCN−, favors the solubility of proteins and is thus considered to
be a good salting-in ion. These Hofmeister series are also
correlated with other properties of solutions such as surface
tension and protein stability.53,55 Whereas these series of
cations and anions are well established for bulk solutions, our
knowledge about the effect of ions on aqueous interfaces is
poorer.56,57 One could intuitively think that the concentration
of ions at an aqueous interface is much smaller than in the bulk
because of the reduced solvation. If this were the case, the
addition of salt to an aqueous solution should have little direct
effect on the interfacial properties. However, indirect effects
could be expected for the increased adsorption of a solute at the
interface upon addition of a salting-out ion. To test this, we
have investigated the effect of salt on the excited-state dynamics
of MG oxalate at liquid interfaces.58 The addition of sodium
salts was found to lead to two effects: (1) an increase in the
stationary SSHG intensity and (2) an increase in the amplitude
of the slow TR-SSHG component (Figure 6).49,58 Both effects
were attributed to the augmentation of MG concentration and
aggregation at the interface. The magnitudes of these effects
were found to depend strongly on the nature of the anion.
Indeed, the increase in aggregation upon addition of salt is
much larger and faster with SCN− than with Cl− (Figure 6B,C).
This seems to disagree with predictions based on the
Hofmeister series, according to which SCN− is a much better
salting-in agent than Cl−. Therefore, a decrease in the interfacial
concentration of MG and thus of the aggregation would have
been expected with SCN−, contrary to observation.
However, this result can be explained if we consider that

SCN− has a stronger affinity for the interface than does
Cl−.59,60 In this case, the addition of NaSCN leads to an
accumulation of SCN− at the interface and to a globally
negatively charged interface (Figure 7). Because MG is a cation,
electrostatic interactions favor the adsorption of MG at the
interface and thus its aggregation. This affinity of SCN− for oil/
water interfaces is in full agreement with its ability to denature
proteins. As a consequence, the amplitude of the aggregation
enhancement measured by TR-SSHG upon addition of salt
reflects the anion population at the interface relative to the
bulk. Aggregation does not increase much with NaCl, indicating
that the interfacial concentration of Cl− is not much larger than
the bulk concentration. Therefore, it appears that the affinity of
the anion for the interface correlates with the Hofmeister series

Figure 5. Viscosity dependence of the excited-state lifetime of a
hemicyanine at alkane/water−glycerol interfaces measured by TR-
SSHG.
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as well. This can be understood by considering that the anions
at the salting-in end of the series are relatively large and singly
charged and thus tend to accumulate at the interface, whereas
those at the other end are small and/or doubly charged and are
strongly stabilized by solvation.
The observed increase in aggregation could be quantitatively

well accounted for using a modified Frumkin−Fowler−
Guggenheim model,57 where the adsorption of salt anions at
the interface leads to a shift of the equilibrium constant
between interfacial and bulk MG in favor of the former.
There is also a Hofmeister series for cations, even though the

differences are not as marked as for the anions.55,61 One
particularly interesting cation is guanidium (GuH+), which is
also a strong protein denaturant. According to recent molecular
dynamics simulations,62 the population of GuH+ cations
oriented parallel to the interface is larger at the interface than
in the bulk, although the overall interfacial concentration is
smaller. The addition of GuHCl was found to have no effect on
the TR-SSHG profiles of MG at alkane/water interfaces,
indicating that the aggregation of MG is not enhanced. This

suggests that the interface is overall neutral and that GuH+ and
Cl− have similar affinities for the interface. TR-SSHG
measurements using an anionic dye probe instead of cationic
MG are in process to investigate the Hofmeister series of
cations further.
Although this approach, based on the aggregation of a

charged dye probe, is not as direct as the detection of ions by
vibrational SSFG or electronic SSHG,57,60,63,64 it allows the
investigation of a large number of different salts with a single
probe molecule.

5. INTERMOLECULAR HYDROGEN BONDING AT
LIQUID INTERFACES

When searching for dye probes to investigate the Hofmeister
series of cations, we found eosin B (EB) to be an interesting
candidate because it is doubly anionic and it has already been
investigated by SSHG.65 However, when looking for photo-
physical data in the literature, we were confronted with
somehow contradictory information. For instance, the fluo-
rescence lifetimes of EB in alcohols ranging from 90 ps in
methanol to 4.5 and 5.3 ns in ethanol can be found. However,
the fluorescence lifetime of the closely related eosin Y (EY),
where bromine atoms replace the nitro groups of EB, varies
from 1.1 ns in water to 3−4.5 ns in organic solvents. Therefore,
before performing TR-SSHG experiments with EB, we first
reinvestigated its excited-state properties in bulk solutions using
transient absorption and time-resolved fluorescence (Figure
8).66 Rather surprisingly, we found that the excited-state

dynamics of EB, contrary to that of EY, exhibits a strong solvent
dependence. Indeed, whereas for EB the S1-state lifetime varies
from 4.3 ps in water to about 300 ps in decanol, for EY it is
larger than 1 ns in all solvents investigated. In the case of EB, a
good correlation between the fluorescence lifetime and the
Kamlet−Taft parameter that accounts for the H-bond-donating

Figure 6. (A) TR-SSHG profiles recorded with MG at the dodecane/
water interface with various concentrations of NaSCN and best fits
from the global biexponential analysis with τ1 = 2.1 ps and τ2 = 13 ps.
(B,C) Salt concentration dependence of the relative amplitudes of the
fast (red) and slow (green) components of the TR-SSHG decay.

Figure 7. Schematic representation of the affinity of thiocyanate for
the interface (top) and of its effect on the adsorption of MG at the
interface (bottom).

Figure 8. Transient absorption spectra recorded with (A) EB and (B)
EY in water at several time delays after 520 nm excitation. The positive
band is due to S1 state absorption whereas the negative band is due to
both the bleach of the ground-state absorption and the stimulated
emission.
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ability of the solvent can be found, pointing to the H-bond-
assisted deactivation of the S1 state. The fact that this effect is
observed with EB and not with EY can be understood by
considering that the S1 ← S0 excitation of EB is associated with
substantial charge transfer toward the nitro groups and thus
with an increased H-bonding interaction with the solvent at the
nitro groups. This situation is known to favor H-bond-assisted
nonradiative deactivation, whose exact mechanism still needs to
be fully established.67,68 In conclusion, the nanosecond lifetime
reported for EB in ethanol is probably due to confusion with
EY. More interestingly, this study revealed that EB is an
excellent dynamic probe for H bonding to the solvent, and the
measurement of its excited-state lifetime by TR-SSHG could
give valuable information about intermolecular H bonding at
liquid/water interfaces. Because aggregation is a rather universal
property of organic dyes at liquid/water interfaces, the effect of
bulk EB concentration on the TR-SSHG profile recorded at
400 nm upon excitation at 515 nm was first investigated.69 A
substantial acceleration of the GSR dynamics of EB with
increasing bulk concentration was observed at the dodecane/
water interface. Additionally, the dependence of the SH
intensity on the polarization was also found to depend on
concentration. These effects pointed to interfacial aggregation,
with xanthene dye aggregates being known to have a much
shorter excited-state lifetime than the monomers because of
very efficient nonradiative deactivation.70 Interestingly, the
same measurements at the decanol/water interface did not
reveal any concentration dependence, indicating a marked
influence of the nature of the organic phase on the properties of
interfacial water.
Figure 9 depicts a comparison of TR-SSHG profiles at 400

nm measured at dodecane/water and decanol/water interfaces
with transient absorption profiles recorded in bulk water and
decanol at a wavelength reflecting the GSR of EB.69 It is clear
that, even with the significant contribution of aggregates at
higher EB concentrations, the decays measured at the

dodecane/water interface are all much slower than in bulk
water. At the lowest EB concentration investigated, the TR-
SSHG signal at the dodecane/water interface is dominated by a
slow, >1 ns decay component, whereas the S1 lifetime of EB in
bulk water is on the order of a few picoseconds. This huge
difference indicates that most EB molecules at the dodecane/
water interface are not H bonded to water molecules or at least
do not undergo H-bond-assisted nonradiative deactivation. The
excited-state lifetime of EB at the decanol/water interface is
also much slower than in bulk water but is faster than in bulk
decanol. This clearly points to the different nature of the
decanol/water interface, where H bonding between the
hydroxyl groups of decanol and water can be expected. Most
probably, the very dissimilar H-bond motifs at these two
interfaces are responsible for the different excited-state
properties of EB. Clearly, further investigation is needed before
a comprehensive picture of these two interfaces can be
obtained.
The above findings may also be summarized in a different

way: the S1 state of EB that is nonfluorescent in aqueous
solutions becomes long-lived and thus fluorescent once EB is
adsorbed at a liquid/water interface. This opens the possibility
to study interfaces by fluorescence techniques if the ratio of
adsorbed to bulk EB molecules is sufficiently large to make the
bulk background fluorescence negligible.

6. TOWARD PHOTOINDUCED ELECTRON TRANSFER
AT LIQUID INTERFACES

All of the above-mentioned investigations concern intra-
molecular processes that cannot really be considered to be
chemical reactions. Electron transfer (ET) can be regarded as
the simplest chemical reaction, where the smallest chemically
relevant particle is displaced from one molecule, the donor, to
another, the acceptor.71 There are several reasons for
investigating ET at liquid/liquid interfaces. For example, a
dynamic probe could be based on photoinduced ET because
the rate constant of an ET process depends strongly on
environmental parameters such as the polarity, dielectric
relaxation, and viscosity.72 For more practical applications,
bimolecular photoinduced ET at liquid interfaces between two
reactants confined in different phases offers an interesting
perspective for efficient charge separation, which is a crucial
factor in solar energy conversion.4 Eisenthal and co-workers
have already demonstrated TR-SSHG measurements of
photoinduced ET at a liquid interface.73 In this case, ET took
place from an aniline derivative that constituted the organic
phase to excited coumarin located in the aqueous phase. We are
also investigating bimolecular photoinduced ET, but in our
case, the donor is not a pure solvent but is dissolved in one of
the phases. One system currently under study is the EB/1,4-
diazabicyclo(2.2.2)octane (DABCO) pair, where DABCO acts
as an electron donor. Transient absorption measurements in
acetonitrile revealed that the ET quenching of EB in the S1
state by DABCO is diffusion-controlled and that the charge
recombination (CR) of the ensuing radical pair is even faster.
Such measurements were not performed in bulk water because
of the very short S1 lifetime of EB because of H-bond-assisted
nonradiative deactivation.
Figure 10B shows TR-SSHG profiles recorded upon the

excitation of EB with different concentrations of DABCO at the
dodecane/water interface. In this case, both reactants are in the
aqueous phase. The fast recovery dynamics of the signal
without DABCO is due to the presence of aggregates at the

Figure 9. Comparison of the ground-state recovery dynamics of EB
measured in bulk solutions by transient absorption (red) and at
interfaces by TR-SSHG (blue) for (A) water and dodecane/water at
two EB concentrations and (B) decanol and decanol−water.
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relatively high EB concentration (10−4 M) used to ensure a
sufficient signal-to-noise ratio. Interestingly, this recovery slows
down with increasing DABCO concentration. At the moment,
no definitive explanation can be singled out to account for this
slowing down of the GSR dynamics of EB in the presence of
DABCO. However, if ET between EB and DABCO occurs at
the interface, as expected from bulk measurements, a second
pathway for the recovery of the EB ground state is open (Figure
10A). This additional channel depends on the dynamics of both
the ET quenching itself and the CR of the resulting radical pair.
These are two consecutive processes, and the slowest
determines the GSR dynamics. In the present case, the rate-
determining process cannot be the ET quenching because its
dynamics becomes faster with increasing quencher concen-
tration. Consequently, the rate-determining step should be the
recombination of the radical pair. The contribution of this
slower GSR pathway depends only on the quenching efficiency
of EB and should thus increase upon addition of DABCO, as
observed here. However, a decrease in the aggregation upon
addition of DABCO as the origin of the slowing down of the
GSR cannot be totally excluded, and additional measurements
are still required to substantiate the ET hypothesis.

7. CONCLUDING REMARKS AND OUTLOOK
We hope that, with this nonexhaustive overview, we could
convince the reader that liquid/liquid interfaces represent a
challenging and exciting playground for both spectroscopists
and photochemists. At the moment, our knowledge concerning
the dynamics of photoinduced processes at these interfaces is
still poor, and efforts in several directions are required. For
example, the current choice of molecules for sensing specific
properties of liquid interfaces is not sufficient, and clearly more
interfacial probes are needed. Although very powerful, TR-
SSHG spectroscopy in its present state suffers from several
limitations. Some of them, such as the uncertainty concerning
the thickness of the interfacial region that contributes to the
signal, cannot be readily eliminated. However, there is much
room for improvement. For example, TR-SSHG is mostly
performed at a single probe wavelength, making an

unambiguous interpretation of the resulting time profile often
problematic. Clearly, probing at many different wavelengths
would greatly facilitate the interpretation and allow more
complicated processes to be investigated. With the availability
of parametric amplifiers allowing easy tuning of the probe
wavelength, this is within reach. Broadband probing and
detection as recently demonstrated for electronic TR-SSFG at
the air/water interface should also be considered.39 Access to
transient SH spectra similar to those obtained in transient
absorption spectroscopy would give a strong boost to our
understanding of interfacial dynamics. However, such exper-
imental advances would be fully exploitable only if theoretical
methods able to calculate the shape and intensity of transient
SH spectra are available.74 This is obviously quite a challenge,
but recent results on the calculation of electronic spectra at
vapor/liquid interfaces show that this is not an unrealistic
task.75

However, we should not be discouraged by these difficult
tasks but should rather be stimulated by the foreseen rewards
(i.e., an increased understanding of the properties of this
infinitesimal but pivotal region).
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