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e-mail: jpeon@servidor.unam.mx

Recibido el de julio de 2008; aceptado el de octubre de 2008

The evolution of electronically excited states in aromatic compounds can be studied by resolving the spontaneous molecular emission through
sum-frequency mixing techniques with femtosecond time resolution. In this communication, a brief review of the experimental technique is
presented, together with two examples of its use to investigate photochemical and photophysical pathways in organic compounds. In the study
of the ultrafast photophysics of nitrated polycyclic aromatic hydrocarbons, the up-conversion technique allowed the first direct observation of
the singlet excited states of these substances. The measurements revealed that the intersystem crossing channel in nitroaromatics determines
an S1 lifetime which can be as short as a few tens of femtoseconds due to the existence of upper states which act as receiver states in the
triplet manifold. In a second example, we show a study of the mechanism of the transfer of a proton from a hydroxylic oxygen atom to a
nitrogen atom in fluorescent Schiff bases. These experiments were able to detect the locally excited enol state as the system transits towards
the cis-keto conformation through a barrierless reaction coordinate.

Keywords:Time-resolved fluorescence; up-conversion; excited state dynamics.

La evolucíon de estados electrónicamente excitados en compuestos aromáticos puede ser estudiada mediante la resolución de la emisíon
espont́anea con t́ecnicas de suma de frecuencias con resolución de femtosegundos. En esta comunicación se presenta una breve revisión
de la t́ecnica experimental junto con dos ejemplos de su uso para dilucidar los canales fotoquı́micos y fotof́ısicos de compuestos orgánicos
en disolucíon liquida. En los estudios sobre la fotofı́sica ultrarŕapida de compuestos nitroaromáticos, la t́ecnica de suma de frecuencias
permitió la primera observación directa de los estados singuletes excitados de estos compuestos. Las mediciones revelaron que el canal de
entrecruzamiento de sistemas en los nitroaromáticos define un tiempo de vida de los estados S1 de tan solo algunas decenas de femtosegundos.
En un segundo ejemplo, presentamos un estudio sobre el mecanismo de la transferencia de protón desde eĺatomo de ox́ıgeno hidrox́ılico
hacia elátomo de nitŕogeno en bases de Schiff fluorescentes. Estos experimentos permitieron el seguimiento del estado enólico localmente
excitado conforme este evoluciona hacia la geometrı́a cis-ceto a trav́es de una coordenada de reacción sin barrera energética.

Descriptores:Fluorescencia; femtoquı́mica; dińamica de estados excitados.

PACS: 32.50.td; 33.50.-j

1. Introduction

When a molecule in a liquid solution sample undergoes elec-
tronic excitation, the early steps of the consequent relaxation
occur in the femtosecond to picosecond time scale. Such dy-
namics in a singlet excited state correspond to the evolution
of the solvent and solute nuclear coordinates towards a mini-
mum in the potential energy surface, together with the trans-
fer of vibrational energy to the solvent environment. Addi-
tionally, the system may undergo the transfer of population to
other electronically excited states of the same (internal con-
version) or different multiplicity (intersystem crossing). The
rates of the different channels define a kinetic competition
which determines the overall photophysics and photochem-
istry of the molecule.

A particularly valuable technique to observe these pro-
cesses is the direct time resolution of the spontaneous emis-
sion from the molecular ensemble in fluorescent states within
the timescale of the earliest relaxation steps. Monitoring the
emission intensity gives a direct measurement of the rate of
population lose through the different channels, and the evo-
lution of the fluorescence band (central frequency and band-
width) can speak about the solute nuclear relaxation as well

as the relaxation of the solvation sphere [1]. In addition, fem-
tosecond resolution of the emission anisotropy gives direct
information of the molecular rotational diffusion (picosecond
time scale) [2], the evolution between states with different
transition dipole moment directions, and the formation and
progress of molecular excitonic states [3].

Diverse chemical systems have been studied through the
resolution of the fluorescence signals in the femtosecond time
scale. For example, in the study of the intrinsic photophysics
of the bases of DNA, the direct observation of the rapid emis-
sion decay gave further experimental evidence of the ultrafast
depletion of the S1 states of these compounds through highly
efficient internal conversion channels mediated by conical in-
tersections between the singlet excited states and other singlet
states, including the ground state [4,5]. These studies have
been of great value in determining the intrinsic excited state
pathways and how they differ for the different bases [6], DNA
components (nucleotides vs. nucleosides) [7], tautomers of
the same base, and other similar heterocycles [8]. In addition,
fluorescence studies on full DNA double helices have shown
that the base pairing and the stacking have strong influences
on the excited state dynamics [9].
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Another example from the field of biology comes from
the resolution of the emission from the aminoacid tryphto-
phan for the study of proteins. This chromophore is valuable
to understand some aspects of the local rigidity of the protein
environment since its emission wavelength is highly sensitive
to the interactions with the solvation shells and other nearby
polar and charged groups. Here, time-resolving the dynamic
Stokes shift of the fluorescence from the highly dipolar1La

state of indole provides a direct measurement of the time
scale of the relaxation at the protein hydration layer. This
idea follows from the abundant studies on “solvation” in the
bulk for the liquid solution phase which made use of ultra-
fast techniques with highly fluorescent molecular probes like
coumarins to measure the solvent response to the formation
of excited states with a large dipole moment [10]. For the
studies of proteins, following the1La fluorescence frequency
shift as a function of time allowed the identification of the
timescales of the fluctuations of the water layer at the protein
surface around a single tryptophan residue [11-14], reveal-
ing different time scales and different behaviors when pro-
teins are placed in varying conditions (for example, solutions
at different pHs) [11], and also indicating differences when
probing different regions of the same protein [15].

In this contribution we describe the use of the femtosec-
ond fluorescence up-conversion technique to monitor ex-
tremely fast chemical processes in excited states. In par-
ticular, we include two systems in which resolving the S1

state emission allowed the clarification of the sequence of
excited states involved in the photochemical pathways. In
the first place, we include the study of the evolution of the
electronic excitation of nitrated polycyclic aromatic hydro-
carbons [16,17]. In the second place, we review the study
of the photoinduced intamolecular proton transfer in Schiff
bases [18]. Both these studies made use of the fact that this
technique does not suffer from the spectral crowding com-
mon in other ultrafast techniques like transient absorption,
with which, the lifetime and dynamics of the S1 fluorescent
states were isolated.

2. Fluorescence up-conversion, the technique

The resolution of the spontaneous emission corresponds to a
pump-probe type technique, where the liquid sample is ex-
cited by a focused short laser pulse. The resulting emission
is collected and refocused with the aid of lenses, an elliptical
mirror or a pair of parabolic mirrors, into a non-linear optical
crystal [19-21]. The up-conversion term refers to the non-
linear sum-frequency mixing of the fluorescence with a tem-
porally delayed gate pulse at the non-linear medium. As the
sum-frequency signal is generated only when the gate and flu-
orescence waves are coexisting in the crystal, the non-linear
medium acts as a sampling shutter only for the brief duration
of the gate pulse. The excitation pulse usually lies in the vis-
ible or the near UV region of the spectrum and is most com-
monly obtained by harmonic generation or optical parametric
amplification of the fundamental pulses from a femtosecond

Ti:Sapphire laser [22], and where the remaining fundamental
pulses are used for the gating. Either the direct output from
a femtosecond oscillator or from a kHz amplified system can
be used for the experiment. The sum-frequency mixing me-
dia usually corresponds to a thin (0.1 to 1 mm)β-barium
borate (BBO) crystal with its extraordinary axis in the hor-
izontal plane and cut at an angle of about 44◦, where a type I
(o + o→ e) mixing is being considered. In this setup, the po-
larization of the gate pulse is adjusted to be vertical with the
aid of a half wave plate. The polarization plane of the excita-
tion pulse also needs to be adjusted, for example, at the magic
angle in the case where rotational diffusion effects need to be
compensated. For the studies of fluorescence anisotropy, the
crystal orientation can be used as a polarization analyzer so
that the detection of the parallel or perpendicular fluorescence
component (with respect to the excitation axis) is made. For
this, the polarization plane of the excitation can be set respec-
tively parallel or perpendicular to the crystal’s ordinary axis.

With this scheme, fluorescence wavelengths from the
near-UV and across the visible can be phase matched with
the fundamental (800 nm) pulses through small adjustments
of the crystal orientation around the vertical axis. The result-
ing signal (ωsum = ωfluor + ωgate) is then isolated and de-
tected. Isolation of this signal often requires the use of double
monochromators or a sequence of a prism and a monochro-
mator, as the signal needs to be separated from the much
more intense fluorescence and gate fields. The observed sig-
nal as a function of the delay between the excitation and the
gate pulses corresponds to the convolution of the cross cor-
relation function between the gate pulse and the excitation
pulse, with the fluorescence decay function [21].

3. Ultrafast singlet excited state decay in ni-
troaromatics

The intrinsic photophysics of nitrated polycyclic aromatic
hydrocarbons is of interest to environmental chemists since
these substances are toxic pollutants, and their elimination
from the atmosphere depends on photo-induced chemical re-
actions. The dynamics of the excited states of these sub-
stances is completely altered in comparison with the re-
spective aromatics due to the nitro substituent, particularly,
due to the existence of non-bonding orbitals at the oxygen
atoms. From previous studies it is known that compounds
like 9-nitroanthracene, 1-nitronaphthalene and 1-nitropyrene
have as their main photoinduced pathway, the formation of
highly phosphorescent triplet states, with yields larger than
60% [23,24]. In several nitroaromatics like 9-nitro-
anthracene, not only the T1 state but also the products of
the dissociation of nitric oxide (NO·) are formed in the pri-
mary photochemistry. Previous studies have also concluded
that for 9-nitroanthracene, both T1 and the anthryloxy radical
(together with NO·) are formed from a common intermedi-
ary, and that the NO· release does not occur from the relaxed
tripled state. These observations indicate that both channels
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(T1 formation and NO· dissociation) share a common precur-
sor, and that both should be occurring in similar time scales.

The up-conversion technique was employed on these sys-
tems to directly measure the depletion of the S1 state. Ni-
troaromatics are termed non-fluorescent since it is impossible
to detect any singlet emission in standard steady-state exper-
iments. However, a low emission yield is not a direct fore-
caster of the magnitude of the up-conversion signals. This is
due to the fact that when the emission is time-resolved in the
femtosecond time-scale, the observation is focused in times
when the population of the emissive state is high. These sig-
nals are also independent from the fact that the S1 depletion
routes might be dominated by reactive or non-radiative chan-
nels [6].

In Fig. 1, we show the time-resolved fluo-
rescence measurements from 1-nitronaphthalene and
1-nitropyrene [16,17]. These up-conversion traces corre-
spond to the first detection of the S1 states in this type of
compounds. As can be seen, the signal decays in time scales

FIGURE 1. Time resolved fluorescence experiments of 1-
nitronaphthalene and 1-nitropyrene in methanol solutions. For
the 1-nitronaphthalene experiment, the detection wavelength was
470 nm. For the 1-nitropyrene experiment, the detection wave-
length was 505 nm. In both cases the excitation wavelength was
set at 385 nm. The solid lines indicate fits to exponential decays
convoluted with the instrument response function.

FIGURE 2. Diagram of the photoinduced processes in Schiff
bases. 1: Light absorption by the enol form. 2: Proton transfer
from the electronically excited state of the enol form. 3. Decay
of the cis-keto excited state. 4: Proton transfer in the electronic
ground state from the cis-keto form. 5: Relaxation of the elec-
tronically excited cis-keto isomer towards the trans-keto tautomer
(photochromic tautomer).

that can be as short as 60± 20 fs (single exponential de-
cay time constant for 1-nitronaphthalene), or a bit longer
lived like in the case of 1-nitropyrene where the decay is
bi-exponential with time constants of 550± 80 fs for the
fast component and about 3.0± 0.4 ps for the slower one at
505 nm. The fluorescence decay for 9-nitroanthracene also
shows a bi-exponential behavior, with a short decay time of
60± 20 fs and a slower one of 730± 50 fs. The details of
the mechanistic interpretation of these biexponential decays
can be found in reference [16]. As mentioned previously, the
loss of population from the emissive S1 state is dominated
by intersystem crossing to the triplet manifold. In order to
understand the causes behind the extremely short lifetimes of
the S1 states in nitroaromatics, we have made a series of cal-
culations of the excited states of 1-nitronaphthalene which is
considered a model compound to study these effects. Our cal-
culations used the Time-Dependent Density Functional The-
ory to estimate the relative energies of the excited states in
both the singlet and triplet manifolds (see reference [17]) for
details). These calculations revealed the existence of an up-
per triplet state (T3) which is nearly isoenergetic with the S1

state and which also has some contributions from a n-π* type
of electronic configuration. According to El-Sayed’s rules
for intersystem crossing rates [26], these qualities probably
make the T3 state a highly efficient “receiver state” though
which the population in the first singlet excited state could be
transferred towards the triplet manifold. Our measurements
have shown that the intersystem crossing rates in these sys-
tems is so high that it is possible that there is an effective
kinetic competition between the multiplicity change channel,
and the photochemical channel (NO· dissociation) [16,17].

4. Intramolecular proton transfer in Schiff
bases

Schiff bases are amongst the most important model com-
pounds in photochemistry. This is due to the rich sequence
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of events triggered by the electronic excitation of these
molecules. Frequently, these substances are stable in their
electronic ground state as their enol tautomer (see Fig. 2).
Upon electronic excitation, the enol form undergoes an ultra-
fast photo-tautomerization or proton transfer reaction to form
a cis-keto structure which remains electronically excited in a
state withπ−π* character. This fluorescent cis-keto state can
evolve in its potential energy surface towards a new molec-
ular geometry which corresponds to the trans-keto isomer,
and/or relax to the electronic ground state. These steps are
summarized in Fig. 2.

While the secondary photochemical steps from the cis-
keto state occur in the picosecond time-scale and are well
known from previous studies [27-30], the proton transfer re-
action involved in the enol(π − π∗) → cis-keto(π − π∗)
transformation is still subject of study since it occurs within
a few tens of femtoseconds after light absorption. Some of
the fundamental questions in this regard and which have been
addressed by our group through the up-conversion technique,

FIGURE 3. Absorption spectra, emission spectra and molecular
structures of salicylideneaniline (SA, left) and 2-((naphthalene-1-
ylimino)methyl)phenol (SN, right). For the emission spectra, the
excitation wavelength was set at 360 nm. In both cases, the solvent
is acetonitrile.

FIGURE 4. Time-resolved emission spectrum of (a) salicylide-
neaniline (SA), and (b) 2-((naphthalene-1-ylimino)methyl)phenol
(SN). The samples correspond to acetonitrile solutions.

include the time-scale of the process, whether there is a
potential energy barrier for the proton transfer reaction,
and in such case, whether the mechanism may be domi-
nated by the tunneling of the proton [18]. In our time-
resolved fluorescence studies, we have focused on two
Schiff bases: salicylideneaniline (SA) and 2-((naphthalene-
1-ylimino)methyl)phenol (SN), which’s structures are shown
in Fig. 3 for the enol form.

Most of the detailed information about the photochem-
istry on Schiff bases like SA and SN has come from tran-
sient absorption experiments, thanks to which all the later
(t > 1 ps) photoinduced steps are well known. However, with
this technique it was not possible to make clean direct ob-
servations of the decay of the locally excited enol state, due
to the spectral overlap of different absorption and stimulated
emission signals in the visible region of the spectrum [30].
In this regard, the femtosecond fluorescence up-conversion
technique was able to overcome the spectral crowding issue
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since as we show below, the spontaneous emission from the
enol form is well separated from the fluorescence from the
cis-keto tautomer (proton transfer product).

Since the cis-keto tautomer is formed fast and it has a life-
time of between five and twenty picoseconds, the steady state
fluorescence spectrum from SA and SN only showed a single
band with a Stokes shift of more than 10,000 cm−1 from the
respective enol absorption bands. In acetonitrile solution, the
cis-keto fluorescence is centered at 537 nm for SA, and at
547 nm for SN as shown in Fig. 3. Together with this main
band, both SA an SN show some very weak, short wavelength
fluorescence in the region between 400 nm and 520 nm which
can be ascribed to the small amount of spontaneous emission
which is emitted from the enol form as it transits towards
the cis-keto geometry. The time resolution of the emission
in this spectral region allowed the direct study of the excited
state proton transfer reactions in SA and SN.

Time resolved fluorescence data for both compounds are
shown in Fig. 4 where the full spectral evolution is included.
The time decay of the emission at each wavelength was de-
scribed in terms of three exponentially decaying terms with
different weights across the spectrum depending on whether
the enol or the cis-keto emission is dominant at the particular
wavelength. Details of the signal analysis can be found in ref-
erence [18]. The time constants of the emission decays were:
τ1= 50 fs,τ2= 430 fs, andτ3= 5.2 ps for SA, andτ1 ≤ 40 fs,
τ2= 270 fs, andτ3= 20 ps for SN (standard errors in the time
constants are of 20 % for the sub-100 time constants, and
less than 10 % otherwise). Since the fastest exponentially de-
caying term dominates the signal in the 400 to 52 nm region
for both compounds, with more than 80 % of the total sig-
nal decay amplitude,τ1 corresponds to the lifetime of the lo-
cally excited enol form. The longest time constant (5.2 ps and
20 ps for SA and SN respectively) corresponds to the lifetime
of the cis-keto tautomer as it agrees with the previous exper-
iments which resolve this state through transient absorption
measurements. The intermediate time,τ2, is due to the spec-
tral shifting and reshaping which occurs upon the release of
vibrational energy into the solvent environment. This takes
place right after the proton transfer and as the system reaches
the potential energy surface local minimum (cis-keto geome-
try) [31].

While the up-conversion experiments were successful at
detecting the locally excited enol state and measuring its life-
time, the issue of whether the mechanism of proton transfer
involves tunneling though the barrier required other experi-
ments. In particular, we explored the effect of replacing the
hydrogen atom in the –OH group of the Schiff bases with
a deuterium atom to test for a kinetic isotope effect on the
proton transfer rates. Semiclassical theories predict impor-
tant reductions in the enol→ cis-keto transformation upon
deuteration if the process involves quantum tunneling or if
the process is thermally activated due to the presence of an
energy barrier along the reaction coordinate [32]. In Fig. 5
we show the results of back to back experiments on the pro-
tonated and deuterated forms of SA and SN. In the figure we

FIGURE 5. Femtosecond fluorescence up-conversion measure-
ments of salicylideneaniline (SA, left) and 2-((naphthalene-1-
ylimino)methyl)phenol (SN, right) in acetonitrile solution. The
traces with the cross symbols correspond to the –OD (deuterated)
form of the respective molecule and the circles to the regular proto-
nated form. The solid lines indicate fits to multi-exponential decays
convoluted with the instrument response function. The traces have
been offset vertically for clarity.

show the decay of the fluorescence at 490 nm, where the
dominant contribution (about 98 % for SN) corresponds to
the lose of the enol population as it transits towards the cis-
keto geometry. As can be seen, for both molecules, the ef-
fect of deuteration is absent and the multiexponential decay is
described by the same amplitudes and time constants within
experimental error. Together with experiments where the ex-
citation energy was varied for the SN compound, these ex-
periments determined that in the reaction coordinate which
connects the enol to the cis-keto geometry, no potential en-
ergy barrier limits the progress of the reaction [18].

In conclusion, time resolving the spontaneous emission
from the locally excited enol form of Schiff bases allowed
the direct measurement of the lifetime of this state although
its decay occurs in the sub-100 fs time scale. This short life-
time is due to a highly efficient photo-tautomerization chan-
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nel where the system progresses along the (proton transfer)
reaction coordinate directly towards the geometry of the cis-
keto isomer without the involvement of an energy barrier or
a tunneling mechanism. Similarly to other systems, such di-
rect motion of a proton from the oxygen atom to the nitro-
gen atom is aided by low-frequency in-plane normal modes
which modulate the donor to acceptor distance.
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