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Two-photon laser flash photolysis was used to investigate the wavelength dependence of upper excited state
chemistry of Rose Bengal (RB) in order to rationalize differences in RB-sensitized inhibition of acetylcho-
linesterase (ACE) in red blood cell ghosts, observed using different irradiation modes. The absorption of the
RB triplet state, generated using 532-nm irradiation, was monitored as a function of wavelength used for
subsequent excitation to upper triplet levels. Triplet state bleaching, due to formation of radical species, was
observed using wavelengths greater than∼580 nm to excite into an upper state, Tn. However, no bleaching
was observed at lower wavelengths, corresponding to higher photon energies, but an increase in emission
intensity from the sample, consistent with S1 - S0 fluorescence, was observed following the second pulse. A
mechanism for this wavelength-dependent photochemistry is provided, which considers the relative positions
of upper singlet and triplet states. Reverse intersystem crossing, and hence repopulation of the triplet state,
are only observed when the energy of the second photon is sufficient to access a triplet state (Tn+1) of similar
energy to the S2 state. At lower photon energies (higher wavelengths), a lower energy state (Tn) state is
accessed, from which radical formation and bleaching of the triplet state ensues.

Introduction

There has been increasing interest in photobiology in the use
of pulsed lasers to facilitate photochemical reactions that would
not be observed under continuous wave (CW) irradiation, the
high peak intensity of the pulsed irradiation being sufficient to
initiate sequential two-photon absorption events and the popula-
tion of upper excited states from which different chemical
reactions might occur.1-8 Under continuous-wave visible ir-
radiation, reactions are generally confined to those mediated
by the lowest excited states of the photosensitizer, in particular
the generation of singlet oxygen (O2(1∆g)) by energy transfer
from the lowest excited triplet state (T1) to oxygen. Previous
experiments from our laboratory have investigated the effects
of upper state excitation in the xanthene-type photosensitizer,
Rose Bengal (RB).5,9,10A study of the wavelength dependence
of RB-sensitized inhibition of acetylcholinesterase (ACE) in red
blood cell ghosts revealed that, while excitation of the S0fS1

transition by visible light gave rise to only singlet oxygen
mediated type II photosensitization, the use of UVA light to
excite an S0fSn transition gave enhanced inhibition, attributed
to the observed reactive radical formation from a Sn state.9

An alternate route to excitation into upper states is via
sequential absorption of two lower energy (visible) photons,
with the second photon being absorbed by a transient intermedi-
ate species. This can be achieved using a single high-intensity
pulse, but upper state processes will only be observed when
the S1 or T1 state absorbs competitively with the ground state
precursor at the excitation wavelength.11 Alternatively, and much

more selectively, a two-color, two-photon strategy can be used
where advantage is taken of the spectral differences between
ground state and intermediate to ensure selective excitation takes
place in each case. The sequential absorption of two photons
to populate higher excited states of organic molecules and
facilitate reaction mechanisms that are not normally observed
(reluctant) from the lowest excited states is well established.12

In a subsequent publication the sequential two-color, two-
photon approach was used to excite into an upper triplet state
using a 640-nm dye laser pulse to excite T1, following its
formation by 532-nm excitation of the S0 ground state and
intersystem crossing. Comparison of one- and two-photon
excitation showed an enhanced inhibition of ACE and enhanced
phototoxicity to mouse macrophage monocyte P388D1 cells on
upper triplet state formation by this route.5 Additionally, these
effects did not require the presence of oxygen, ruling out the
type II photooxidation mechanism. Concomitant time-resolved
spectroscopic studies showed a bleaching of the triplet state
accompanying the absorption of the second pulse and confirmed
formation of radical species of RB that were responsible for
the oxygen-independent phototoxicity.

With the sequential two-photon photosensitization route
established, a subsequent investigation focused on sequential
two-photon absorption and population of upper excited states
of RB using asingle, high-intensity532-nm pulse.10 These
studies gave somewhat puzzling results, as it was shown that
even at the highest pulse energies used, where sequential two-
photon absorption was indeed occurring, no oxygen-independent
inhibition of ACE was observed, in contrast to the two-photon
two-color studies, and the phototoxicity could be modeled purely
on the basis of singlet oxygen formation.10

In the latter two studies, excitation of the T1 state to upper
triplet states occurs on absorption of a second photon, and thus,
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similar results might have been expected for photosensitized
inhibition of ACE. It was not clear why a type I photooxidation
mechanism was not observed for the high-intensity, single pulse
work, and the results suggested a difference in the photochem-
istry of RB when excited by these two methods. In the
sequential, two-color, two-photon work a sequence of 532+
640-nm pulses was used whereas the two-photon absorption in
the high-intensity single pulse work was obviously 532+ 532
nm, the second pulse in each case being absorbed by the T1

state. This work describes a series of experiments designed to
investigate the photophysics of RB when excited by sequential
absorption of two photons as a function of the wavelength of
the second photon in an attempt to rationalize the observed
differences in photobiological response.

Materials and Methods

Rose Bengal was obtained from Aldrich (Milwaukee, WI)
with a stated purity of 97% and was used as received. Phosphate
buffer (5 mM phosphate, pH) 7.4) was prepared using the
appropriate mixtures of 5 mM KH2PO4 and 5 mM K2HPO4,
from Sigma (St. Louis, MO). The two-photon laser flash
photolysis apparatus has been described previously.13 Briefly,
the first excitation pulse was obtained from a frequency-doubled
Quantel YG660A Nd:YAG laser (8 ns duration, 532 nm,
Continuum, Santa Clara, CA). The second laser pulse was
derived from a tunable optical parametric oscillator (MOPO 710,
Spectra-Physics, Mountain View, CA) pumped by a Nd:YAG
laser (Quanta Ray GCR 230, Spectra-Physics Mountain View,
CA). Temporal synchronization of both sources was achieved
using a Stanford Research Systems (Sunnyvale, CA) DG535
digital delay generator. Care was taken to ensure good spatial
overlap of the two beams at the sample. The 10-mm path length
quartz cuvette was sealed with a rubber septum, and nitrogen-
saturated solutions were introduced into the cuvette via capillary
tubing and a hypodermic needle. Continuously flowing samples
were used in all experiments. The cuvette was masked such
that the monitoring beam only passed through the front 1 mm
× 1 mm × 3-mm volume of the cuvette.13 To ensure beam
homogeneity a 3-mm cuvette was also used in some experiments
with expanded laser beams. The detection system has been
described in detail.14 In some experiments emission was detected
from the sample using a gated, intensified, dual diode array,
optical multichannel analyzer (OMA, Princeton Instruments
DIDA 512G detector, ST120 controller and PG-10 pulse
generator).13 To filter out scattered light from the lasers (532
and 640 nm) as much as possible, a combination of long-pass
(10% transmittance at 550 nm) and short-pass (10% transmit-
tance at 610 nm) filters was inserted between the sample and
detector.

Results

Figure 1 shows the absorption spectra of the ground state
(S0), the triplet-singlet difference, and the corrected triplet
spectrum (T1) of RB in phosphate buffer at pH 7.4, as measured
by absorption spectroscopy and laser flash photolysis.10 For two-
color excitation using 532+ 640-nm pulses, the second photon
is selectively absorbed by the T1 state, as there is no ground
state absorption for RB at this wavelength (Figure 1 inset). Two-
photon laser flash photolysis of a 5µM RB solution (A532 ∼
0.2) was carried out as a function of the wavelength of the
second photon. Figure 2 shows the transient absorption observed
at 620 nm following laser flash photolysis using 532+ 640-
nm excitation. The absorption of the 640-nm light pulse results
in an instantaneous loss of T1 absorbance (bleaching), similar

to that reported previously.5 In the previous work a flashlamp-
pumped dye laser (pulse duration,τd ) 400 ns) was used to
supply the second pulse, and although the wavelength was the
same, the pulse duration is very different from that of the OPO
(τd ) 8 ns) laser used in this study. The similarity in observed
triplet bleaching in both studies indicates that theduration of
the second pulse is not an important factor in determining the
photochemical mechanism. The mechanism by which bleaching
occurs was attributed to upper excited state photochemistry5 and
indeed formation of long-lived radical species of Rose Bengal
are detected by laser flash photolysis, absorbing at∼490 nm.

To carry out an experiment to mimic high-intensity single
photon excitation, a two pulse 532+ 532-nm excitation protocol
was used. As the absorption of the second pulse is now no longer
spectrally selective (both S0 and T1 absorb at this wavelength),
it was necessary to use sufficient energy in the first pulse to
induce complete conversion of ground state to triplet state. This
is possible as the quantum yield of triplet formation in RB is
close to unity15 and as the S1 lifetime of RB (τ ) 95 ps16) is
much shorter than the pulse duration; cycling can occur to ensure
all molecules are quickly converted to the long-lived T1 state.17

Decay of the triplet state formed by the first pulse is minimal
prior to the arrival of the second pulse; thus, virtually all
molecules are in the T1 state and absorption of the second 532-
nm pulse is essentially selective by the T1 state.

Figure 3 shows that the second 532-nm laser pulse causes
an increasein the triplet absorption at 620 nm, rather than the
decreaseseen on 532+ 640-nm excitation. It is notable that

Figure 1. Ground state spectrum (__), triplet-ground state difference
spectrum (O), and corrected triplet spectrum (2) of RB in 5 mM
phosphate buffer, pH 7.4. Inset: expanded region showing that the
triplet state is selectively excited at 640 nm.

Figure 2. Time-dependent transient absorption monitored at 620 nm
following sequential 532+ 640-nm excitation of 5µM RB in deaerated
phosphate buffer, pH 7.4.
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the∆A values immediately after both the first and second pulse
is essentially identical, and the increase following the second
pulse can therefore be rationalized by re-excitation of the small
amount of RB molecules, which had relaxed from the triplet
state back to the ground state prior to the second pulse. Thus,
under conditions where complete conversion is achieved with
the first laser pulse (using laser energies of up to 50 mJ/pulse),
bleaching is not observed with a second 532-nm pulse. This
experiment has also been carried out as a function of the delay
time of the second pulse. It was not possible to observe
bleaching of the T1 state at 620 nm under any of the conditions
used where 532 nm was used for the second pulse.

The results of a more detailed study of the wavelength
dependence of the second pulse on photobleaching of the triplet
state are shown in Figure 4. These experiments were also carried
out under similar conditions except that the detection wavelength
chosen for this experiment was 560 nm, in the bleaching region
of the triplet difference spectrum, where signals are inverted
but greater in magnitude. A 3-mm path length cuvette was used
in these experiments to aid in ensuring complete overlap of laser
beams on the probed volume of the sample. The wavelength of
the second pulse from the OPO was varied, but the pulse energy
remained constant at∼50 mJ/pulse. At wavelengths above 580
nm (e.g., 620 nm, Figure 4) the amount of bleaching of the T1

state produced by the second pulse is constant and wavelength-
independent. At wavelengths lower than 580 nm (e.g., 570 nm,
Figure 4) the extent of bleaching decreases until anincreasein
transient absorption is seen with the arrival of the second pulse,
consistent with re-excitation of the small fraction of molecules
that had relaxed from the T1 to S0 state after the first pulse.
Figure 5 shows the transient absorption change at 560 nm as a

function of the wavelength of the second pulse. Identical effects
were seen using 620 nm as the detection wavelength.

Figure 6 shows the fluorescence emission at the time of the
second pulse. Using a gated intensified diode array detector, it
was possible to obtain the emission spectrum of this fluorescence
that was found to be indistinguishable from the normal
fluorescence spectrum of RB obtained on excitation of the
ground state. Results from experiments using both 640- and 532-
nm wavelengths for the second pulse are shown in Figure 6.
The integrated area of fluorescence observed on 532-nm
excitation of the T1 state is a factor of 13 greater than that
observed using 640 nm. The fluorescence emission spectrum
has been somewhat altered from that normally seen in a
fluorometer by the characteristics of the transmission spectrum
of the filter combination used, shown in Figure 6.

Discussion

The observed photobleaching of the T1 state of RB on 640-
nm excitation confirms our earlier report that used a flashlamp-
pumped dye laser to provide the 640-nm pulse. Thus, the
differences between results on ACE photosensitization using
the two-color and single pulse experiments were not due to a
pulse duration effect.

Possible fates of a molecule excited into Tn are (i) rapid
radiationless decay back to T1, (ii) upper excited state chemical
reaction, as postulated by Smith et al.,5 and (iii) reverse
intersystem crossing to the singlet manifold. The bleaching
observed upon excitation with the second pulse provides
evidence for pathway ii. This pathway does not appear to take

Figure 3. Time-dependent transient absorption monitored at 620 nm
following sequential 532+ 532-nm excitation of 5µM RB in deaerated
phosphate buffer, pH 7.4.

Figure 4. Time-dependent transient absorption monitored at 560 nm
following (b) 532 + 620-nm and (O) 532 + 570-nm excitation of 5
µM RB in deaerated phosphate buffer, pH 7.4.

Figure 5. Dependence of fraction of bleached triplet absorption at
620 nm on the wavelength used for excitation of the T1 state. Errors
associated with these measurements are estimated at 15%.

Figure 6. Fluorescence emission spectra recorded after the second
pulse on 532+ 640-nm and 532+ 532-nm excitation of RB in
deaerated phosphate buffer, pH 7.4. Also shown is the transmission
profile (- - - -) of the filter combination used to keep 532 and 640-nm
laser light from reaching the detector.
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place at shorter wavelengths (λ < 575 nm) including 532 nm.
Detection of fluorescence emission concomitant with the second
pulse provides evidence for the occurrence of pathway iii. This
fluorescence emission is spectrally identical to normal fluores-
cence emission of RB, indicating that the S1 state is accessed
by reverse intersystem crossing from upper Tn states to the
singlet manifold and subsequent internal conversion. In the 532
+ 640-nm case, the emission is only seen when both laser pulses
are used; irradiation of the sample with a single 640-nm pulse
produces no emission, as expected.

The observation that the photobleaching of the T1 state was
reduced as the wavelength of the second pulse approached the
ground state absorption of RB (Figure 5) was of initial concern.
Thus, steps were taken to ensure that the apparent lack of
photobleaching was not simply due to a secondary ground state
excitation and triplet formation that had the effect of compensat-
ing for the bleaching of the T1 state. A number of different
excitation geometries were used to ensure maximum overlap
of the laser beams and homogeneity of the two lasers. In
addition, complete conversion of RB to the T1 state in the first
532-nm pulse was routinely employed. The absorption coef-
ficient of the S0 state is only a factor of 2 greater than that of
T1 at this wavelength,10 and under complete conversion condi-
tions it can be seen that<10% of the triplet state has decayed
prior to the second pulse, indicating that the absorption of the
second pulse is almost exclusively by the T1 state. Under these
conditions, the magnitude of the transient absorption was exactly
the same following both pulses, showing that no bleaching of
the T1 state took place on 532+ 532-nm excitation. This is to
be contrasted with the analogous 532+ 640-nm experiment
where∼30% bleaching was typical.

Thus, it appears that the photochemistry of the T1 state is
indeed wavelength-dependent. Possible excited state processes
for sequential two-photon excitation of RB are summarized in
Figure 7. For wavelength-dependent photochemistry to occur,
at least two electronic excited states with different properties
must be accessed. Excitation of T1 with 640 nm is depicted as
accessing an upper state Tn whereas 532-nm excitation of T1

gives a higher state Tn+1. The lack of photobleaching of Tn+1

requires that a nonradiative relaxation pathway should exist from
this level but not from Tn. Internal conversion is therefore ruled
out and the observed reverse intersystem crossing (as seen from
fluorescence emission) is a probable candidate. Indeed, a
theoretical and experimental study of 532-nm pulsed excitation
of RB in solution led to the estimate of a quantum yield of 0.8
for this reverse intersystem crossing process.18 Our observed

lack of photobleaching in the 532+ 532-nm experiment is
consistent with this interpretation; S1-T1 intersystem crossing
is so efficient that even if as much as 80% of the T1 state is
converted to S1 via reverse intersystem crossing from Tn+1,
quantitative repopulation of the T1 state in a time scale shorter
than the laser pulse occurs and no bleaching is observed
following the pulse. This mechanism also accounts for the much
greater fluorescence emission observed using 532 nm compared
to 640 nm as the second pulse. A similar, highly efficient reverse
intersystem crossing from upper triplet states was reported by
us for merocyanine dye derivatives (Φisc′ ) ∼0.7513), where
the mechanism was more readily apparent on two-photon, two-
color laser flash photolysis, due to the lower quantum yields of
S1-T1 intersystem crossing in these compounds that produced
observable bleaching of the T1 state by the second pulse.

Figure 7 shows an energy level scheme that accounts for the
observed photochemistry. Absorption of a 640-nm photon (44.5
kcal/mol) by the lowest triplet state (ET ∼ 41 kcal/mol15,19-21)
raises the molecule to a level of 85.5 kcal/mol above the ground
state (S0). Similarly, absorption of a 532-nm photon (53.5 kcal/
mol) by T1 accesses a level of 94.5 kcal/mol above S0. Rose
Bengal has a UV absorption band at 315 nm, equivalent to an
energy of 90.4 kcal/mol. Thus, the Tn state populated by the
640-nm photon must be lower in energy than this (presumably)
S2 state, whereas enough energy is coupled in via a 532-nm
photon to reach a Tn+1 state at an energy similar to the S2 state
and from which reverse intersystem crossing may occur. Such
a route is not open to the Tn state that can either relax by internal
conversion or undergo bleaching and radical formation. The fact
that bleaching is not observed on 532-nm excitation suggests
that the rate constant for reverse intersystem crossing (kisc′)
dominates the relaxation from the Tn+1 state, in agreement with
the reported quantum yield of reverse intersystem crossing of
0.8 on absorption of a 532-nm photon by the T1 state.18

Presumably, a small energy gap between Tn+1 and S2 is
responsible for the dominance of this pathway over internal
conversion in the triplet manifold and to repopulate T1.

These results indicate that differences in RB-photosensitized
inhibition of ACE by sequential two-photon absorption in a
single, high-intensity 532-nm pulse compared to two-color
excitation with 532+ 640-nm pulses result from different upper
triplet states reached by 532 or 640-nm excitation of the T1

state in these experimental systems. The radicals produced via
640-nm excitation of T1 to Tn give rise to oxygen-independent
photosensitization,5 but in the high-intensity, single pulse
experiment, the Tn+1 state decays by reverse intersystem crossing
to S2 and ultimately returns to T1 via intersystem crossing from
S1, with the result that no additional reactive intermediates are
formed and only the T1-mediated formation of singlet oxygen
is responsible for photosensitized inhibition of ACE.10

These results reaffirm the fact that two-photon chemistry is
just as selective as one-photon chemistry and is not just a matter
of the amount of excess energy that is absorbed by the T1 state.
The result here is anti-intuitive, as we expect bond cleavage to
arise from a dissociative state and that excess energy would
enhance the effect. However, in the case of RB the photochem-
istry of the triplet state is dependent on the relative positions of
upper singlet and triplet states.
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Figure 7. Proposed energy level diagram for RB.
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