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ABSTRACT: We present for the first time experimental measurements on the ultrafast
population dynamics of the model surface-active dye methyl orange (MO) during its ion
transfer across the water|1,2-dichloroethane interface by using time-resolved surface
second harmonic generation (TR-SSHG). The interfacial dynamics reveals that the
population of MO relaxes to the ground state within 160 fs without any significant
contribution of the molecular reorientation. It is concluded that the MO transfer across
the interface considerably affects the population of MO at the interface but has no effect
on the dynamics of the molecule itself.

1. INTRODUCTION
Liquid−liquid interfaces are ubiquitous in nature and the siege
of vital processes for living organisms. Ion transfer across
cellular channels or solvent extraction processes are fields of
research where the study of the kinetics and thermodynamics of
charge transfer processes at the interface between two
immiscible electrolyte solutions (ITIES) is mandatory. ITIES
indeed provide the possibility to study various transfer
processes such as ion transfer, assisted ion transfer, or
heterogeneous electron transfer. They are generally considered
as bioinspired systems and catalytic platforms suitable for the
study of key reactions involving charge transfer processes in
biocatalysis, respiration, ion pumping, photosynthesis, or self-
assembly, to name just a few.1−10 The efficiency at which
interfacial processes and reactions are carried out across ITIES
strongly depends on the structure and the dynamics of the
interfacial region, including electrostatic and intermolecular
forces. Therefore, the implementation of interfacial character-
ization techniques selective to the interface is extremely
important in order to get reliable insights into the interfacial
structure and the reaction mechanisms.11−16 In this regard,
fluorescence and Raman microspectroscopy have been used to
analyze ion association and interfacial complexation. However,
the spatial resolution of these techniques still depends on the
light diffraction limit unless cumbersome near-field optical
methods are introduced. Thus, over the recent years, inherently
surface specific nonlinear quadratic nonlinear optical techniques
like surface second-harmonic generation (SSHG) and sum
frequency generation (SSFG) have been introduced. The
surface specificity of these nonlinear optical methods stems
from the vanishing of the second-order nonlinear susceptibility
in centrosymmetric media within the electric dipole approx-

imation. In particular, SSHG has been successfully imple-
mented to study adsorption of anionic surfactants and dyes like
methyl orange (MO) and porphyrins at liquid interfaces.
Furthermore, the ion transfer properties of MO and porphyrin
self-assemblies have been also addressed by SSHG as a function
of external electrical polarization.11−16

To unravel a more complete picture of the ion transfer
process, the dynamic behavior of the adsorbed species during
ion transfer remains to be investigated. To this purpose, namely
to follow the dynamics of photoactive molecules on short time
scales, time-resolved (TR) techniques must be implemented.
For instance, TR total internal reflection fluorescence (TR-
TIRF) has provided valuable information on the aggregation
and the reorientational dynamics of Coumarin 343 for instance.
However, this technique still suffers from a limited time
resolution (about 20 ps) and the lack of true sensitivity to the
interface, intrinsically limited by its evanescent wave
penetration depth. Therefore, second-order nonlinear optical
techniques like TR-SSHG and vibrational or electronic TR-
SSFG have been successfully implemented to study dynamic
processes at interfaces.10,17,18 In particular, TR-SSHG at a
single wavelength has been used to study the solvent dynamics
of Coumarin 314 at the water|air interface.19,20 Also, the study
of the reorientional dynamics of adsorbed dyes gives important
information on the local environment of a molecule. However,
such studies are rather complicated at interfaces because the
generation of the optical signals also depends on the intrinsic
quadratic nonlinearity of the molecules, their surface coverage,
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and potentially to their interactions. Nevertheless, by using TR-
SSHG, it has been found that unlike bulk solutions, the
reorentational dynamics at interfaces is developed through two
different motions, namely the in-plane and the out-of-plane
motions.19,21−23 TR-SSHG studies on malachite green (MG) at
air|water and alkane|water interfaces also showed how this
technique could be successfully implemented to study the
relative affinity of ions for interfaces.10,18,24,25

Many important photochemical reactions occurring in nature
take place across polarized interfaces, like the oxidation of water
in the photosynthetic apparatus for example. The study of the
effect of charge transfer on the population dynamics of surface
active molecules is thus of interest. We report such a study here
where the ultrafast dynamics of a model surface-active organic
dye is monitored during its ion transfer across the water|1,2-
dichloreoethane interface under controlled electrical polar-
ization.

2. EXPERIMENTAL SECTION
Chemicals. All solvents and chemicals were used as received

without further purification. Sodium Methyl Orange (NaMO,
9 5 % ) w a s p u r c h a s e d f r o m A l d r i c h . B i s -
(triphenylphosphoranylidine)ammonium chloride (BACl,
98%), tetrakis(pentafluorophenyl)borate ethyl etherate (LiTB
purum), and lithium chloride (LiCl >99%) were purchased
from Fluka. 1,2-Dicholoroethane (DCE, 99+% for spectrosco-
py, laser grade) was purchased from ACROS. Bis-
( t r ipheny lphosphorany l id ine)ammonium tet rak i s -
(pentafluorophenyl)borate (BATB) was synthesized by meta-
thesis of a 1:1 mixture of BACl and LiTB, respectively,
dissolved in methanol−water mixtures (v:v = 2:1), followed by
recrystallization in acetone. All the solutions were prepared in
Milli-Q grade water.
Optical Measurements. Scheme 1 illustrates the collinear

TR-SSHG setup. The fundamental beam delivered by a

Ti:sapphire amplified femtosecond laser (LIBRA USP HE,
Coherent) providing pulses with a central wavelength of 800
nm and energy of 4.5 mJ was used as the pump beam. Part of
this fundamental beam was used to pump an OPA (OPerA
SOLO system, Light Conversion) in order to obtain wave-
length tunable pulses. The OPA was pumped with 1.2 mJ
pulses of the fundamental beam. The length of the pump arm
was computer controlled for time synchronization with the
probe beam, and a power control system (a half-wave plate
coupled to a polarizer) was used to adjust the energy of the
pump down to 4.1 μJ and below. A motorized rotating half-

have plate was used to linearly set the angle of polarization. The
path length of the probe arm was kept fixed because of the
sensitivity of SSHG to misalignment, and the energy of the
probe arm was also controlled, typically below 30 μJ. Unlike
classical TR-SSHG setups, the present configuration was
collinear, thereby facilitating the alignment and synchronization
procedure. In order to remove any SHG radiation prior to the
cell, three low-pass filters (Melles-Griot, model RG715) were
placed on the collinear beam path. Then, a converging lens with
a focal length of +100 mm was focusing the beams onto the
water|DCE interface from the organic phase. Total internal
reflection (TIR) was achieved with an angle of incidence of
about 70° for both beams. The reflected SHG radiation was
then separated from the fundamental beam with a high pass
filter (Melles-Griot, model BG38), and the collected SHG
signals were collimated with a converging lens with focal length
of +100 mm and filtered with successive filters (Melles-Griot,
model BG38) before entering the monochromator (Jobin-
Yvon, model HR320). Finally, the SHG photons were detected
with a photomultiplier tube (Hamamatsu, model R928). A
power meter (Ophir, model PE-10) was used to continuously
monitor the fundamental beam energy, and the SHG signal was
averaged over many laser shots. The resulting SHG spectra
were all corrected for background noise. In order to find the
origin of time at t = 0, the pump beam was delayed with respect
to the probe until the generation of sum frequency was
observed between the pump and the probe beams. Posteriorly,
the power of the pump was increased in order to promote
excitation of the interfacial molecules reflected by a substantial
decrease of the SSH intensity, and the pump was further
delayed in order to construct the TR-SSHG profiles. In order to
avoid problems related to any physical perturbation of the
interface other than the optical effects (white light generation,
degradation of the interface, evaporation of the organic phase,
or liquid bubbles formation), the power of the pump and the
probe beams was attenuated below 4.1 and 0.5 μJ, respectively.
SSFG from the pump and probe beams from the interface was
used for the determination of the time resolution of the
experimental setup. The instrument time resolution was found
to be 115 ± 0.8 fs.

Ion-Transfer Voltammetry Coupled to TRSSHG. Ion-
transfer voltammetry measurements at the water|DCE interface
were performed in a four-electrode cell following the
configuration described previously by Nagatani et al.26 (see
Scheme 1). A commercial potentiostat (IVIUM) was used. In
the four-electrode cell, two reference electrodes polarize the
interface and two platinum counter electrodes provide the
current. The external potential was applied by means of two
silver/silver chloride (Ag/AgCl) reference electrodes connected
to the aqueous and DCE phases, respectively, by means of
Luggin capillaries.3 The Galvani potential difference Δo

wϕ was
estimated by taking the formal ion transfer potential of TMA+

as 0.18 V.9 The schematic representation of the initial
composition of the four-electrode cell is illustrated in Scheme 2.
In order to analyze the static SSHG response of MO at the

interface, the SSH intensity was recorded as a function of the
applied potential. Subsequently, the potential was fixed to three
different values while recording the TR-SSHG profiles of MO
as described before in order to study the effect of charge
transfer on the dynamics of MO. These experiments were
performed with the probe p-polarized and the pump s-
polarized.

Scheme 1. Electrochemical TR-SSHG Setup Schematicsa

aCE = counter electrode, RE = reference electrode, Aq = aqueous
phase, and Org = organic phase.
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3. RESULTS AND DISCUSSION
In a previous work it was determined that the SSHG spectrum
of MO is made by two bands centered at 430 and 470 nm and
respectively attributed to the π−π* transitions of the
nonhydrated [MO−] and the hydrated [MO−/H2O] forms of
MO27 (see Figure 1). In this work we focused on the hydrated

[MO−/H2O] form since it provided the most intense SSHG
response. However, considering that the 470 nm SSHG band is
rather broad, we recorded the time profiles at 460 nm instead,
in order to get a better compromise between optics
transmission and OPA power.
Considering the pH of 6.5 of the MO solutions used in these

experiments and the pKa of 3.4 of MO, both the nonhydrated
and hydrated MO forms must be in their anionic form27 (see
Figure 1). It has been also established that the interfacial
equilibrium between the two known forms of MO in water is
identical to the equilibrium occurring in the bulk of the
aqueous phase and that both forms sit principally on the
aqueous side of the interface.27

TR-SSHG relaxation profiles of [MO−/H2O] were recorded
upon two-photon excitation at 800 nm by using the setup
illustrated in Scheme 1 and fully described in the Experimental
Section. Interfacial molecules were selectively excited at 70°
incidence (coming from the bottom phase) with respect to the
liquid → liquid interface with linearly polarized pump and
probe pulses, generating an SSHG signal from both beams
simultaneously and therefore, as a result, a surface sum
frequency generation (SSFG) signal. The SSFG response was
in turn used to determine the time resolution of the instrument
(115 ± 0.8 fs); see inset in Figure 2. The depletion of the
SSHG signal displayed in the relaxation profiles shown in
Figure 2 is attributed to the partial bleaching of the ground
state population of the MO species. Large contrasts were
obtained due to the use of high pump powers and the large MO

absorption cross section. Nevertheless, care was taken to
prevent the appearance of any spurious nonlinear effects.
Subsequently, the repopulation of the ground state accounts for
the recovery of the SSHG signal. The relaxation profiles were
adjusted by using an asymmetric Gaussian-like function to
account for the different rising and decaying times. The
asymmetry of the profiles indicates that the population
relaxation of the MO species is longer than the instrument
time resolution of 115 ± 5 fs. A time constant of 160 ± 10 fs
corresponding to the ground state population recovery time
was determined regardless of the polarization of the pump and
probe beams. Differences were observed only in the depletion
ratio with respect to the SSHG intensity for the ground state.
The absence of dependence with the polarization of the probe
beam indicates that no orientational motion occur, as expected
for such a fast relaxation time. Also, when the pump was s-
polarized, the contrast was about 83% (see Figure 2), whereas it
was only about 65% for the pump p-polarized irrespective of
the polarization of the probe. In order to explain such small
difference between the two configurations, the orientation of
MO at the interface must be taken into account.
In 2005, Del Nero et al.28 estimated the optimized

geometries of the azonium and alkaline forms of MO in
solution by a combination of semiempirical and ab initio
methods in order to calculate their second hyperpolarizabilities.
In both alkaline and acidic media, the trans conformation was
found to be dominant and essentially planar. When comparing
both the trans and the cis conformations, the trans was found to
have a larger dipolar moment and to be more stable than the cis
one. Therefore, the trans conformation was assumed to
dominate the nonlinear response due to a larger first
hyperpolarizability. Considering that the transition dipole
moment of the trans configuration is essentially oriented
along the main molecular axis, we also assumed that in the
absence ofthe pump beam the angle of orientation of the
transition moment of MO with respect to the interface is
similar to that estimated by Rinuy et al.,27 namely 43 ± 2° for
[MO−/H2O] and 34 ± 2° for [MO−]. Considering such an
intermediate angle, it is not surprising that the difference in

Scheme 2. Initial Electrochemical Cell Composition of the
Four-Electrode Cell Used To Study the Transfer of MO

Figure 1. Chemical structures of the stable MO moieties in bulk
solutions.

Figure 2. TR-SSHG profiles recorded under two-photon excitation
(800 nm) with different pump−probe polarization configurations. The
time resolution of the experiment was estimated by SFG setting the
wavelengths of pump and probe at 800 and 920 nm, respectively
(inset). The curves are normalized with respect to the maximum
SSHG intensity observed for the ground species.
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depletion of the SSHG signal with the polarization of the pump
beam did not exceed 20%.
In order to study the dynamics of MO during the ion transfer

across the interface, an external electrical field was applied
across the interface by using a four-electrode cell described in
the Experimental Section with the chemical composition
illustrated in Scheme 2.
Figure 3 displays the voltammetric response associated with

the transfer of MO from the aqueous to the organic phase. By

convention, positive currents are attributed to the transfer of a
positive charge from the aqueous to the organic phase or to the
transfer of a negative charge from the organic to the aqueous
phase. Taking into account the standard transfer potential of
the ions constituting the supporting electrolytes in both phases,
the potential window is limited by the transfer of Cl− at
negative potentials and by Li+ at positive potentials. The
standard transfer potential, Δo

wϕ1/2, of MO was found to be
−0.082 V at 20 mV s−1, in agreement with previous results.29

The MO system was analyzed first in the ground state by
recording the SSHG response under electrical polarization and
in the absence of pump beam (Figure 3b), scanning the applied
potential from −0.2 to 0.2 V forward and backward as it is
normally done when recording a cyclic voltammogram. The
plot of the SSHG intensity versus the electrical potential shows
that the SSHG signal gradually increases as the applied
potential approaches Δo

wϕ1/2. In line with a previous static
study, this SSHG intensity increase is attributed to the
accumulation of the MO molecules to the interface and the
decrease to the depletion of the molecules away from the
interface owing to the transfer as the potential is swept toward
negative values.29 The maximum of the SSHG intensity for the
forward peak is higher than that obtained for the backward peak

owing to the light absorption in the organic phase after
irreversible ion-transfer of part of the MO molecules.
In order to study the effect of charge transfer on the

dynamics of MO, relaxation profiles were recorded upon
electrical polarization by fixing the potential to three different
values while recording the TR-SSHG signal. These experiments
were performed with the probe p-polarized and the pump s-
polarized. Figure 4 shows the dynamics of the molecules

adsorbed at the interface, with and without polarization. The
curves are normalized with respect to the maximum SSHG
intensity recorded in the absence of electric polarization. This
analysis shows that the dynamics of MO is independent of the
applied potential, effectively unaffected by the electrical
polarization of the interface. Hence, in the case of the MO
ion transfer, it is suggested that the population relaxation is far
too fast to be affected by the applied potential. The overall
population however follows the applied potential dependence
observed during the static experiment. Besides, the depletion
ratio is similar to the one reported in the absence of pump
excitation, indicating that the ion transfer does not alter the
population equilibrium between the excited and ground state
MO molecules. These results suggest that the transfer
properties of the two excited and ground state MO species
are similar. The fast dynamics observed here likely occurs on a
time scale too fast for any transfer to take place.

■ CONCLUSION
In this experimental study, the dynamics of the surface-active
dye MO is monitored during its ion transfer process across the
water|DCE interface. The dynamics reveals that the MO species
relax to the ground state within 160 ± 10 fs after two-photon
excitation with a pump beam set at 800 nm and that the
relaxation time remains unaffected by the electrical polarization
of the interface. From the light polarization analysis, it appears
that there is no time for any orientational processes to occur.
The ion transfer of MO across the water|DCE interface is

thus investigated for both the excited and ground state
molecules. The fast population relaxation prevents the

Figure 3. (a) Ion-transfer voltammogram of 100 μM MO (20 mV
s−1); the inset arrows indicate the direction of the ion transfer. (b)
SSHG intensity of 100 μM MO versus electrical potential recorded
under electrical polarization of the interface by using a four-electrode
system. In order to compare with Figure 2, the curves are normalized
with respect to the maximum SSHG intensity obtained for the ground
species in the absence of electrical polarization of the interface.

Figure 4. TR-SSHG profiles recorded under two-photon excitation
(800 nm) for the resonance at 460 nm with and without electrical
polarization of the interface. The probe and the pump being pP and s
polarized, respectively. In order to compare with Figure 2, the curves
are normalized with respect to the maximum SSH intensity obtained
for the ground species in the absence of electrical polarization of the
interface.
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observation of a difference between the excited and ground
state MO ion transfer properties and therefore to discuss in
light of experimental results the transfer properties difference
between the ground and excited species.
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