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ABSTRACT: The excited-state dynamics of rhodamine 6G (R6G) has been investigated
in aqueous solution using ultrafast transient absorption spectroscopy and at the dodecane/
water interface using the femtosecond time-resolved surface second harmonic generation
(SSHG) technique. As the R6G concentration exceeds ca. 1 mM in bulk water, both R6G
monomers and aggregates are excited to a different extent when using pump pulses at 500
and 530 nm. The excited-state lifetime of the monomers is shortened compared to dilute
solutions because of the occurrence of excitation energy transfer to the aggregates, which
themselves decay nonradiatively to the ground state with a ca. 70 ps time constant. At the dodecane/water interface, both
monomers and aggregates contribute to the SSHG signal to an extent that depends on the bulk concentration, the pump and
probe wavelengths, and the polarization of probe and signal beams. The excited-state lifetime of the monomers at the interface is
of the order of a few picoseconds even at bulk concentrations where it is as large as several nanoseconds. This is explained by the
relatively high interfacial affinity of R6G that leads to a large interfacial concentration, favoring aggregation and thus rapid
excitation energy transfer from monomers to aggregates.

■ INTRODUCTION

The omnipresence and definite importance of liquid interfaces
in many areas of science and technology1−3 have attracted
considerable interest from spectroscopists over the past
decades.4−24 Whereas many established techniques exist for
characterizing solid surfaces with atomic resolution, the
situation is different for liquid interfaces, which are typically
a few nanometers thick.25,26 Primarily due to surface disorder,
capillary waves, and volatility of liquids, our knowledge on the
detailed molecular structure of these interfaces has been
primitive until the development of nonlinear optical
spectroscopic techniques combined with molecular dynamics
simulations.27−30 Additionally, the extremely small number of
molecules occupying the interfaces relatively to those making
up the bulk phases constitutes a major challenge for their
quantitative characterization even when using spectroscopic
probes.
Second-order nonlinear spectroscopic techniques, such as

surface sum frequency generation and surface second
harmonic generation (SSHG), are powerful methods to
address these challenges.6,21,31 Besides being nonzero at the
interface between two isotropic media, the second-order
nonlinear optical susceptibility is also frequency dependent,
allowing a spectroscopic identification of the interfacial
molecules.
Our main interest is to understand how the photophysical

and photochemical properties of molecules adsorbed at an
interface differ from those of the same molecules dissolved in
the bulk phases. Indeed, because of the anisotropy of forces at
the interface, the adsorbed molecules have a non-random
orientation and experience a different environment than those
in the bulk phases. Investigating the excited-state dynamics of

these molecules yields precious information on the properties
of the interfacial region and is important for the development
of interfacial photochemistry.32 Furthermore, understanding
properties of dye molecules in aqueous solutions at
hydrophobic surfaces, such as orientation or aggregation, is
particularly relevant for many practical applications in areas
like e.g. the textile and fiber industry.33,34

We present here a comparative investigation of the excited-
state dynamics of rhodamine 6G in aqueous solution and at
the dodecane/water interface. Although R6G is being
extensively used in areas as diverse as laser technology and
life sciences,35,36 there still is no fully conclusive study, to our
knowledge, on its ultrafast excited-state dynamics, neither in
bulk nor at liquid interfaces.
The fluorescence quantum yield of R6G is known to

decrease with increasing concentration because of self-
quenching.37 This has been shown to be due to the formation
of nonemissive aggregates that quench the excited state of the
monomers by excitation energy transfer.38−40 Whereas in
methanol the decrease of the monomer fluorescence quantum
yield takes place above ca. 10−2 M,38 in water, it is observed
when exceeding concentrations as low as 10−5 M.40 According
to Penzkofer and co-workers, the aggregates are dimers with
an electronic absorption spectrum largely overlapping that of
the monomer but with a maximum at ca. 500 nm vs 530 nm
for the monomer.38,40,41 On the basis of the absorption cross
section of the dimer and its fluorescence quantum yield, the
same authors estimated the excited-state lifetime of the dimers
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to amount to a few picoseconds. Subsequent investigations
also pointed out the formation of trimers and tetramers in
highly concentrated aqueous solutions.39,42

Although several studies on R6G adsorbed at liquid
interfaces have been reported,43−47 those dedicated to its
excited-state dynamics are still very scarce. Time-resolved
(TR) SSHG measurements on R6G adsorbed at the silica/
water interface point to a ground-state recovery taking place
on the ca. 100 ps time scale.48 Several hypotheses were
proposed to explain this effect, e.g., dimer dissociation to the
ground state or energy transfer from excited monomers, but
no definitive conclusion could be drawn.48 Using the same
technique, Eisenthal and co-workers could show that the
reorientational dynamics of R6G at the air/water interface is
significantly slower than that in bulk water.49 Finally, the
excited-state lifetime of R6G at the decaline/methanol
interface measured using the evanescent transient grating
technique was found to be twice as small as that in bulk
methanol at the same concentration.50,51 However, this
technique, like total internal reflection fluorescence,52 is not
intrinsically selective to the interface as it probes a layer close
to the interface that is several hundreds of nanometers thick,
and thus dye populations in both the interfacial and the bulk
regions contribute to the signal.
We report here on the ultrafast excited-state dynamics of

R6G in bulk water and at the dodecane/water interface using
a combination of femtosecond transient absorption (TA) and
TR-SSHG. By using various R6G concentrations, different
excitation wavelengths, and broadband or tunable probing,
R6G monomers and aggregates could be spectroscopically
distinguished in both transient absorption and TR-SSHG
measurements.

■ EXPERIMENTAL SECTION
Samples. The aqueous solutions of R6G chloride (Acros

Organics) were prepared at bulk concentrations of 0.1, 1, and
10 mM for both TA and TR-SSHG experiments by dissolving
the dye in deionized water. In all TR-SSHG experiments, the
upper organic phase was dodecane (Acros Organics, >99%).
The pH of the samples was between 4 and 8 depending on
the R6G concentration. The steady-state absorption, fluo-
rescence spectra, and lifetime of R6G were found to be
insensitive to the change of pH in this range. The pH was
ensured to remain unchanged before and after the measure-
ments.
For the stationary and transient absorption as well as for

the time-resolved fluorescence experiments, the 0.1, 1, and 10
mM R6G solutions were placed in 1 mm, 10 μm, and 1 μm
thick quartz cells, respectively. For the steady-state fluo-
rescence measurements, the sample was located in a 10 mm
quartz cell. For the TR-SSHG experiments an 4 × 4 × 4 cm3

optical glass cell was used.
Steady-State Spectroscopy. Electronic absorption and

emission spectra were recorded on a Cary 50 spectropho-
tometer and a Cary Eclipse spectrofluorometer, respectively.
Time-Resolved Fluorescence. Fluorescence lifetime

measurements were performed using the time-correlated
single photon counting (TCSPC) technique with a setup
similar to that described in detail in refs 53 and 54. Excitation
was carried out at 470 nm and 10 MHz repetition rate using a
laser diode (Picoquant, LHD-D-C-470). The laser pulse
duration was 60 ps, and the full width at half-maximum
(fwhm) of the instrument response function (IRF) was about

200 ps. The fluorescence was collected at magic angle after
passing through a 570 nm interference filter.

Transient Absorption Spectroscopy. The TA setup has
been described in detail elsewhere.55,56 Excitation was
performed at 500 or 530 nm with a home-built two-stage
noncollinear optical parametric amplifier. The irradiance on
the sample was about 1 mJ/cm2. The polarization of the
probe pulses was at magic angle relative to that of the pump
pulses. All spectra were corrected for the chirp of the white-
light probe pulses. The IRF was ca. 150 fs fwhm. In order to
avoid photodegradation, the R6G solutions were either
continuously stirred by N2 bubbling (for 1 mm cell) or
continuously moved in the plane perpendicular to the probe
beam (for 10 and 1 μm cells). The sample absorbance at the
excitation wavelength was between 0.8 and 1. Because of the
motion of the cell during the measurements, scattering of the
pump beam could not be avoided, and thus the TA spectra
were in many cases contaminated in the 480−550 nm region,
which coincides with the spectral signature of the ground-state
bleach. Apart from distorting the spectra, this scattering
introduces substantial high-frequency noise in the time
profiles measured in this region. In order to eliminate this
noise, the TA data recorded at each R6G concentration and
excitation wavelength were analyzed globally using a routine
based on the matrix reconstruction algorithm written in
MATLAB (The MathWorks Inc.).57 The experimental TA
spectra could, in all cases, be well reproduced with a
biexponential function. To illustrate the robustness of the
procedure, Figure 1 shows a comparison of the original

experimental data and of the corresponding simulated data,
together with the associated residuals map. Careful inspection
of the latter reveals only high-frequency noise caused by the
scattering in the pump pulse region. The fact that the
residuals maps do not exhibit any structured features in both
time and spectral domains ensures a good recovery of the
spectrotemporal dynamics over the whole data set. Qual-

Figure 1. Transient absorption data recorded after 500 nm excitation
of a 1 mM R6G aqueous solution (top), simulated data (middle, see
text for details), and difference between experimental and simulated
data (bottom).
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itatively similar residuals maps as shown in Figure 1 were
obtained for all TA spectra. Only these simulated TA spectra
will be presented here, whereas the original ones are shown in
Figure S1 (Supporting Information).
Surface Second Harmonic Generation. Two different

TR-SSHG setups, whose detailed description can be found
elsewhere,58−60 have been used. In the first one,58,59 the pump
pulses (∼50 fs, 1 μJ at the interface) were generated by a
noncollinear optical parametric amplifier (NOPA, Clark-
MXR), had circular polarization, and were focused onto the
interface from the top using a combination of spherical and
cylindrical lenses (Figure 2). Probing was achieved at total

internal reflection geometry with 800 nm pulses (∼200 fs, 1
kHz, ∼100 nJ at the interface). The SSHG signal at 400 nm
was collected with a lens, filtered out from unwanted
scattering with a Schott BG23 color filter, and detected
with a multipixel photon counter avalanche photodiode (S-
10362-11-050U, Hamamatsu), located at the exit of a
monochromator. The output signal was processed with a
boxcar gated integrator and averager module before being
digitized and stored on a computer. In the second setup,60 the
pump pulses (∼80 fs, 1−2 μJ at the interface) were generated
with a noncollinear optical parametric amplifier (TOPAS
White, Light Conversion), whereas the probe pulses (∼100 fs,
200 nJ at the interface) were produced with a collinear optical
parametric amplifier (TOPAS C, Light Conversion). The
beam geometry and SSHG signal collection were similar to
the above-described setup (Figure 2). The signal was focused
onto the entrance slit of a Czerny-Turner spectrograph
(Shamrock 163, Andor) equipped with a multipixel cooled
CCD camera (Newton 920, Andor). The illuminated pixels
were vertically binned, summed over the wavelength range of
interest, and the resulting value stored on a computer.
The nonresonant contribution to the SSHG signal

measured without R6G in the aqueous phase was found to
be negligibly small. As a consequence, the SSHG signal
measured with R6G has a purely electronic resonant character,
and its intensity is proportional to the square modulus of the
relevant tensor element of the second-order nonlinear
susceptibility tensor, χ⃡(2). Two different sets of polarizations
of the probe and signal fields were used in order to examine
two of the three independent nonvanishing elements of χ⃡(2):61

(1) In the zxx configuration, the probe field polarization is
perpendicular (s) to the plane of incidence, whereas the
parallel (p) polarization component of the SH signal field is
measured (Figure 2). The signal intensity is proportional to
|χzxx

(2)|2. (2) In the xxz configuration, the probe field
polarization is at 45°and the perpendicular polarization
component of the SH signal field is recorded. The signal
intensity is proportional to |χxxz

(2)|2 = |χxzx
(2)|2.

On the other hand, with the beam geometry used here,
there is no set of polarizations allowing the third nonzero
tensor element, χzzz

(2), to be measured independently.
The TR-SSHG profiles were processed by first taking the

square root of the measured SSHG intensity and then
normalizing, so that the signal is zero at negative pump−
probe delays and is equal to −1 at the strongest photoinduced
signal depletion. The resulting signal intensity, S(t), is then
proportional to the photoinduced population changes.
Analysis of these time profiles was performed by nonlinear
least-squares fitting using the Levenberg−Marquardt algo-
rithm, as implemented in Igor Pro (v. 6.3, Wavemetrics
Inc.).60

Stationary SSHG spectra were recorded using the second
setup described above. This was done by scanning the probe
wavelength from 790 to 1070 nm by steps of 10 nm. At each
probe wavelength, the SSHG intensity was detected within a
spectral window of the CCD camera corresponding to half
the probe wavelength. The probe pulse energy at the sample
position was kept constant at 1 μJ.

■ RESULTS AND DISCUSSION
Steady-State Measurements. Figure 3 shows electronic

absorption spectra of R6G in water measured at different

concentrations. At low concentration, the spectrum is
dominated by the S1 ← S0 band culminating at 530 nm
with a shoulder around 500 nm originating from a vibronic
transition. A weaker band arising from the S3 ← S0 transition
can be observed at ca. 350 nm. The S2 ← S0 transition is
symmetry forbidden and predicted to be around 425 nm.62

However, it is two photon allowed and clearly visible in the
two-photon excitation fluorescence spectrum of R6G.63 Upon
increasing concentration, the relative absorbance at 530 and
500 nm changes, and above ca. 0.5 mM, the maximum of the
low-energy band is at 500 nm and the original 530 nm
maximum evolves into a shoulder. This change is well
documented and arises from the formation of aggregates,
mostly H dimers, although larger aggregates, trimers and
tetramers, are also present above ca. 1 mM.40,42,64 The 350
nm band is less affected by the increased R6G concentration
and exhibits mostly a slight red-shift and broadening of its
low-energy side.
Figure 3 also shows stationary SSHG spectra measured with

R6G at the dodecane/water interface at 0.1 and 10 mM upon
probing between 790 and 1070 nm using the zxx
configuration. At the lowest concentration, the SSHG
spectrum is dominated by a band centered at ca. 430 nm.

Figure 2. Beam geometry and polarization (for the zxx
configuration) used in the TR-SSHG experiment and structure of
R6G.

Figure 3. Stationary SSHG spectra measured with R6G at the
dodecane/water interface (full circles), electronic absorption (color
solid lines), and emission spectra (red dotted line) measured with
aqueous solutions of R6G at different concentrations.
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This band coincides well with the two-photon absorption
spectrum of R6G,63 pointing to a possible enhancement of the
SSHG intensity via a two-photon resonance with the S2 ← S0
transition of R6G.
At the highest concentration, the most intense band peaks

at ca. 485 nm and most probably arises from aggregates.
Whereas the absorption maximum of R6G dimers peaks at ca.
500 nm, that of trimers and tetramers was shown to be at 485
and 475 nm, respectively.42 The high-energy band is relatively
less intense than at 0.1 mM and is shifted to 445 nm. This
difference might again originate from aggregation. Finally, at
all concentrations, the weakest SSHG band is at 530 nm and
could be due to both monomers and aggregates, the latter
exhibiting a vibronic transition at this wavelength. At 10 mM,
the SSHG signal is apparently dominated by the contribution
of aggregates. However, the 485 nm SSHG band indicates
that, unlike in the bulk solution, aggregates are present at the
interface already at concentrations as low as 0.1 mM. This
points to a significantly higher dye population at the interface
than in the bulk.
The signal intensity in the xxz configuration was too small

compared to the background signal to record significant
SSHG spectra.
Excited-State Dynamics of R6G in Aqueous Solution.

The fluorescence dynamics of R6G in water was investigated
on the subnanosecond time scale using the TCSPC technique.
Up to 1 mM, the fluorescence decay is exponential and the
lifetime shortens from 4.5 ns at 0.1 mM to 3.7 ns at 1 mM
(Figure S2). On the other hand, the fluorescence decay at 10
mM is more complex and requires the sum of at least three
exponential functions to be properly reproduced (Figure S2),
the amplitude-weighted average lifetime amounting to 730 ps.
This shortening is consistent with the decrease of the
fluorescence quantum yield reported by Penzkofer et al. and
can be accounted for by the quenching of R6G fluorescence
by excitation energy transfer to aggregates,40 which, being of
H-type, are nonfluorescent. The decay at high concentration
can be accounted for by the intrinsic nonexponential character
of the quenching dynamics, which, as the distance and
orientation between the energy donors and acceptors are

neither unique nor constant in time, requires a model
including non-Markovian effects to be properly described.65

The excited-state dynamics on a shorter time scale was then
investigated by TA spectroscopy. These measurements were
performed using both 530 and 500 nm pump pulses, in order
to excite predominantly monomers and aggregates, respec-
tively. The original TA spectra recorded at different R6G
concentrations in water are presented in the Supporting
Information (Figure S1), whereas the simulated spectra
obtained with the method described above are shown in
Figure 4.
These TA spectra are dominated by an intense and

structured negative band above 470 nm, which can be
ascribed to the bleach of the absorption, due to the depletion
of the ground-state monomer and aggregate populations, as
well as to the S1 → S0 stimulated emission of the monomers.
A positive band that can be assigned to an excited-state
absorption is also observed below 470 nm. The shape of all
these TA bands depends on both the R6G concentration and
pump wavelength. At the lowest concentration investigated,
i.e. 0.1 mM, the relative contribution of the stimulated
emission is slightly higher upon 530 than 500 nm excitation
(Figure 4A,D). Similarly, the negative band due to the
depletion of the ground-state population coincides well with
the steady-state absorption spectrum only when using 500 nm
excitation (Figure 4A). Indeed, upon 530 nm excitation,
substantial discrepancy is observed around 500 nm (Figure
4D). These two differences unambiguously confirm that the
TA spectra obtained upon 530 nm pumping are dominated by
the contribution of R6G monomers, whereas those measured
upon 500 nm excitation contain a substantial contribution of
the aggregates, which do not fluoresce and absorb
predominantly at 500 nm. This pump wavelength dependence
of the TA spectra is even more pronounced at 1 mM R6G
(Figure 4B,E), with the negative band measured at early time
delays centered at 500 or 530 nm. Similarly, the positive TA
band measured at short time delays is significantly broader
upon 500 nm than upon 530 nm excitation and peaks at
shorter wavelength, i.e., 423 vs 430 nm. Figure 4B also shows
that the shape of the TA spectra with 500 nm excitation

Figure 4. Simulated transient spectra obtained from a global analysis of the transient absorption spectra measured at different time delays after
500 (A−C) or 530 nm excitation (D−F) of aqueous R6G solutions, and intensity-scaled absorption and stimulated emission spectra, calculated
by multiplying the stationary fluorescence intensity by λ4 66 (black and gray dashed lines).
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evolves substantially with time and, after about 300 ps,
becomes very similar to that of the spectra recorded upon 530
nm excitation. This reveals that the spectral features of the
aggregates, more visible upon 500 nm pumping, are shorter
lived than those arising from the monomers. At the highest
R6G concentration used here, i.e., 10 mM, the TA spectra
almost no longer depend on the pump wavelength and are
dominated by the contribution of the aggregates (Figure
4C,F). Only small differences can be observed, like the
contribution of the stimulated emission that is only visible,
although weakly, in the TA spectra measured with 530 nm
excitation (Figure 4F).
Figure 5 shows the decay-associated difference spectra

(DADS) and the time constants obtained from the global
biexponential analysis of the TA data. The longer time
constant, τ2, is of the order of a few nanoseconds at 0.1 and 1
mM and cannot be determined accurately with the limited

time window, 0−1.8 ns, of the TA experiment. It is markedly
shorter, a few hundred picoseconds, at the highest R6G
concentration. The relative amplitude of its DADS decreases
with increasing R6G concentration as well as by going from
530 to 500 nm excitation. This DADS is characterized by a
positive band at 430 nm and a negative band that, at the
lower R6G concentrations, is a composite of the monomer
absorption and stimulated emission spectra (Figure 5A,D). As
a consequence, this longer time constant, τ2, can be assigned
to the decay of the monomer S1 state population. The shorter
time constant, τ1, amounts to ca. 70 ps, independently of the
concentration and excitation wavelength. Its DADS consists of
a positive band at ca. 415 nm and of a negative band that
matches well the absorption spectrum of the aggregates, with
a maximum at 500 nm. Therefore, this time constant can be
interpreted as the excited-state decay of the aggregates to the
ground state. This lifetime is substantially larger than that of

Figure 5. Decay-associated difference spectra obtained from the global analysis of the TA spectra measured with R6G in water at various
concentrations upon 530 and 500 nm excitation and intensity-scaled absorption and stimulated emission spectra (black and gray dashed lines).

Figure 6. TR-SSHG profiles measured with R6G at the dodecane/water interface upon 530 nm excitation at different wavelengths, bulk
concentrations, and polarization configurations and best multiexponential fits (solid lines). The color code is the same for all panels.
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2.2 ps reported earlier.40 However, considering that the latter
value was obtained very indirectly, i.e., from the fluorescence
quantum yield and radiative rate constant of the aggregates,
themselves obtained from the deconvolution of the absorption
and emission spectra of R6G measured at various
concentrations, this difference should not be surprising. On
the other hand, this 70 ps lifetime agrees well with that of 100
ps reported for the rhodamine B dimer in water.67

The temporal evolution of the TA spectra can now be
explained as follows: at the lowest R6G concentrations, pump
light at 530 nm mostly results in the population of the
monomer excited state that decays on the nanosecond time
scale. Excitation of the aggregates occurs almost exclusively via
excitation energy transfer (EET) quenching of the monomers
and, given the low concentration and the short excited-state
lifetime of the aggregates, the latter do not contribute
significantly to the TA spectra. Upon 500 nm excitation, both
monomers and aggregates excited states are directly populated
and decay in parallel. Because of the different decay times of
these two populations, the shape of the TA spectra changes
with time. Typically the same behavior is observed at the
medium R6G concentration at both excitation wavelengths.
Finally, at the highest concentration, the two excitation
channels of the aggregates, i.e., direct and via EET quenching
of the monomers, are operative at both excitation wave-
lengths. Whereas the directly excited aggregate population
decays with a ca. 70 ps time constant, the kinetics of the EET-
excited aggregate population should be biexponential. As the
decay of the excited aggregates is faster than the EET
quenching, the kinetics should be inverted,68 with a rise time
corresponding to the decay time of the excited aggregates, i.e.,
70 ps, and a decay time equal to that of the EET quenching,
i.e., about 400 ps. For this reason, the τ2 DADS obtained
from the biexponential global analysis contains spectral
features of both monomers and aggregates.
Excited-State Dynamics of R6G at the Dodecane/

Water Interface. The interfacial excited-state dynamics of
R6G was first investigated upon 530 nm excitation. Probing
was performed at several wavelengths between 800 and 1000
nm and different polarization configurations to measure either
the χxxz

(2) or the χzxx
(2) tensor elements. Figure 6 shows substantial

dependence on the probe wavelength, concentration, and
polarization. Starting with the two lower R6G concentrations,
Figures 6A and 6B show that the TR-SSHG signals between
400 and 440 nm for the xxz configuration exhibit first a
prompt rise at time zero, indicating an increase of the SSHG
intensity upon excitation, followed by a fast decay to a
negative value and by a subsequent slower recovery to zero.
The relative intensity of the positive signal increases by going
from 400 to 440 nm. On the other hand, the profile at 500
nm shows only a prompt depletion of the signal intensity and
a biphasic recovery. The time profiles measured in the 400−
440 nm region with the zxx configuration differ substantially
from those recorded with the xxz polarization and show only
an initial depletion of the signal intensity and a biphasic
recovery. On the other hand, the time profiles recorded at
500 nm are very similar for both xxz and zxx configurations.
Figure 6E shows that the signal recovery at this wavelength is
faster than in the 400−440 nm region.
At the highest R6G concentration, the initial positive signal

observed between 400 and 440 nm for the xxz configuration
is hardly visible (Figure 6C), and apart from this weak feature,

the overall aspects of the TR-SSHG profiles at both
polarization configurations are similar (Figure 6C,F).
In most TR-SSHG experiments reported so far in the

literature, photoexcitation of the sample causes a decrease of
the SSHG intensity. This is generally due to the fact that
probing is performed at a wavelength corresponding to a one-
or two-photon resonance with an electronic transition from
the ground state. In such case, the SSHG intensity reflects the
ground-state population. As the pump pulse induces a
depletion of the ground-state population, the TR-SSHG
signal decreases, and its return to the initial value reflects the
ground-state recovery dynamics. The increase of the SSHG
intensity found here upon photoexcitation points to a
resonance with a transition from an electronic excited state
of R6G. The TA spectra measured with R6G in aqueous
solutions (Figure 4) reveal the presence of a transient band in
the 400−450 nm region ascribed to an excited-state
absorption of both monomers and aggregates. According to
the DADS obtained from the global analysis (Figure 5), the
relative magnitude of this transition compared to that from
the ground state to the first excited state is larger for the
monomer than for the aggregate. As a consequence, the initial
positive TR-SSHG signal is ascribed to a two-photon
resonance with a Sn ← S1 transition of the R6G monomer,
and thus the signal intensity reflects the population of the
monomer S1 state. The diminution of this positive feature at
the highest R6G concentration can be ascribed to the
increased contribution of the aggregates to the SSHG signal.
On the other hand, the negative component of the TR-SSHG
signal that evolves on a longer time scale is assigned to the
ground-state recovery of the aggregate population. The signal
is most probably enhanced via a two-photon resonance with a
transition from the ground state. The positive feature, ascribed
to the excited-state monomers, is absent in the TR-SSHG
profiles measured with the zxx configuration at all wave-
lengths investigated. This indicates that the Sn ← S1 resonance
enhancement discussed above is comparatively less or not
operative. This can be explained by the relative orientation of
the Sn ← S1 transition dipole moments relative to the
interface and by a poor interaction with the probe field which
is parallel to the interfacial plane. With this configuration, the
signal enhancement originates mostly from resonances with
transitions from the monomer and aggregate ground state.
This is consistent with the stationary SSHG spectra (Figure
3) that could only be properly measured using the zxx
configuration. As a consequence, the fast and slow recovery
components correspond to the repopulation of the monomer
and aggregate ground state, respectively. This tentative
assignment of the resonance enhancement of SSHG signal
for the monomers is illustrated in Figure 7.
In principle, the observed increase of the SSHG intensity in

the xxz configuration could arise from a perturbation of the
orientational distribution of the R6G molecules upon
excitation with circularly polarized light. In such case, the
decay of the SSHG intensity would be due to the out-of-plane
reorientational relaxation. However, such motion has been
shown to occur on a much longer time scale.49,69 Moreover, if
this effect was at the origin of the increasing SSHG intensity,
the TR-SSHG profiles should be independent of the probe
wavelength, contrary to the observation.
To obtain more quantitative information, the TR-SSHG

profiles were analyzed using a multiexponential fit. The
profiles measured at a given polarization configuration and

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp502058e | J. Phys. Chem. B 2014, 118, 5184−51935189



concentration but different wavelengths were analyzed
globally. The sum of two to three exponential functions was
required to properly reproduce the data (solid lines in Figure
6). The resulting time constants and the sign of the associated
amplitudes are listed in Table 1, whereas the relative values of
the amplitudes are depicted in Figure S3. At all wavelengths,
polarizations, and concentrations, the largest time constant lies
between 75 and 160 ps and is associated with a negative
amplitude, i.e., corresponds to a recovery of the TR-SSHG
intensity. This time constant is assigned to the ground-state
recovery of the R6G aggregates adsorbed at the interface. The
depletion of the aggregate ground-state population is due to
two processes: direct and indirect excitation via EET
quenching of R6G monomers. As discussed below, the latter
process occurs within a few picoseconds at the interface.
Given the relatively small amplitude of this component in the
TR-SSHG profiles, especially with the xxz configuration, and
the limited time window of the measurement (0−100 ps), the
error on this larger time constant is considerable, i.e., ±20%.
Moreover, whereas the aggregates exist mostly as dimers in
the bulk phase at the concentrations investigated, the situation
might be different at the interface, where a higher local
concentration favors the formation of larger aggregates with
probably different excited-state lifetimes. The relative con-
tribution of these larger aggregates to the SSHG signal may
depend on the polarization configuration, explaining why the
longer time constant is larger in the xxz than in the zxx
polarization.
All these effects could account for the difference between

this largest time constant and the excited-state lifetime of the
aggregates in aqueous solutions obtained from the TA
measurements.

The decay of the positive TR-SSHG feature ascribed to the
monomer excited-state absorption and the increase of the
negative component assigned to the aggregate ground-state
bleach require one or two exponential functions with time
constants around 1 and 3 ps to be properly reproduced
(Table 1). This process is assigned to the EET quenching of
the R6G excited monomers by the aggregates. The fact that
two exponential functions are needed reflects the intrinsic
nonexponential character of the quenching dynamics as
discussed above. Moreover, this dynamics at the interface
should differ from that in the bulk because of a different
dimensionality.70,71 A quantitative discussion of the EET
process is not really possible with the data available. However,
the very short excited-state lifetime of the monomers at the
interface points to a very efficient quenching that can be
explained by a high interfacial population of R6G aggregates.
The decrease of the two short time constants and, more
importantly, the quasi-disappearance of the contribution of
excited monomers to the TR-SSHG profiles upon increasing
the bulk concentration further support this assignment. To
confirm this interpretation, a TR-SSHG measurement was
performed at 400 nm with even lower bulk R6G
concentration, 0.05 mM. The TR-SSHG profile exhibits a
relatively more pronounced positive component than at 0.1
mM with a markedly slower decay, i.e., 17 ps vs 3.5 ps
(Figure S4).
The negligible contribution of excited monomers to the

signal at the highest R6G concentration can be explained by
the large interfacial population of aggregates that probably
dominates that of the monomers. This leads not only to an
important reduction of the excited monomers lifetime due to
very efficient EET quenching but also to the direct excitation
of aggregates at 530 nm. Such ultrafast EET quenching is not
unrealistic, as Penzkofer and co-workers reported that the
fluorescence lifetime of R6G in methanol, concentrated up to
600 mM, was as short as 1.5 ps.38

The short time constant obtained from the analysis the zxx
time profiles is somewhat larger than those found with the
xxz profiles. However, it also shortens with increasing R6G
concentration, indicating that it should be related to the
ground-state recovery of the monomer upon EET quenching.
The origin of this difference between the zxx and xxz profiles
is not clear but could be due to several factors, such as a
different orientation of the probed molecules and thus
different EET dynamics and the contribution from other
processes, such as vibrational/solvent relaxation or excitation
energy hopping between R6G monomers. Despite this, the
time constants obtained for both configurations are
qualitatively consistent.

Figure 7. Energy level scheme illustrating the transitions involved in
the resonance enhancement of the TR-SSHG signal from R6G
monomers.

Table 1. Time Constants, τ, Obtained from a Multiexponential Analysis of the TR-SSHG Profiles and Sign (in Parentheses)
of the Associated Amplitude (+: Decay; −: Rise)

τ/ps

polarization λSSHG/nm 0.1 mM 1 mM 10 mM

xxz 400−450 1.0 ± 0.1 (+) 0.9 ± 0.1 (+) 1.0 ± 0.1 (+)
3.5 ± 0.4 (+) 2.5 ± 0.4 (+) 160 ± 35 (−)
160 ± 35 (−) 150 ± 30 (−)

xxz 500 5.1 ± 0.6 (−) 3.8 ± 0.8 (−)
95 ± 20 (−) 140 ± 35 (−)

zxx 400−500 14 ± 1.5 (−) 8 ± 1 (−) 4 ± 0.5 (−)
75 ± 15 (−) 100 ± 20 (−) 90 ± 20 (−)

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp502058e | J. Phys. Chem. B 2014, 118, 5184−51935190



In order to further ascertain the above interpretation of the
TR-SSHG profiles, similar measurements were repeated using
500 nm excitation instead of 530 nm. According to the
steady-state absorption spectra and the TA measurements at
different R6G concentrations (Figures 3 and 4), direct
excitation of the aggregates should be much more important
at 500 than 530 nm. Figure 8 shows TR-SSHG profiles at 400

nm probed with the xxz configuration at different R6G
concentrations upon 500 nm excitation. Although these
profiles are qualitatively similar to those measured with 530
pump pulses (Figure 6), it is evident that the relative
amplitude of the positive component is substantially smaller.
This component is hardly visible from 0.5 mM, whereas upon
530 nm excitation its amplitude is larger than or equal to that
of the negative component up to 1 mM. This observation
clearly confirms that this positive feature originates from the
excitation of R6G monomers and reflects the excited-state
population decay upon EET quenching by the aggregates.

■ CONCLUSIONS
The investigation presented here reveals that the photophysics
of the widely used dye R6G at a liquid/liquid interface does
not intrinsically differ from that in bulk solutions, although
the dynamics observed in both environments are apparently
very dissimilar. R6G exists in both monomeric and aggregated
forms depending on the concentration. Both species can be
distinguished using stationary and transient electronic
absorption spectroscopy. Our measurements showed that
the excited-state lifetime of the aggregates, mostly dimers,
amounts to ca. 70 ps, whereas that of the monomers is
strongly concentration dependent because of the occurrence
of efficient excitation energy transfer to aggregates as already
reported previously. The population dynamics observed at the
dodecane/water interface is much faster, not because of the
occurrence of new deactivation channels but because of the
high interfacial R6G concentration. The latter can be
explained by the structure of this dye with a charged oxazine
unit and a rather lipophilic phenyl substituent. This high
interfacial concentration leads to a very efficient quenching of
the monomers excited state. Similarly fast quenching in
aqueous solution would require concentrations that are
beyond the solubility of R6G in water.
This investigation also illustrates an interesting application

of liquid interfaces as “microreactors” for investigating
intermolecular processes, such as aggregation, that would be
highly improbable in bulk solutions unless using unrealistically
large reactant concentrations. Better understanding of the
excited-state properties of aggregates is important for a large

variety of applications, like e.g. in the ink and textile
industries72,73 or the solar cell technology.74−76
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