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Triplet–triplet absorption of some organic molecules determined by picosecond
laser excitation and time-delayed picosecond light continuum probingq

H. Gratz, A. Penzkofer∗
Institut II — Experimentelle und Angewandte Physik, Universität Regensburg, D-93 040 Regensburg, Germany

Accepted 14 May 1999

Abstract

The triplet–triplet absorption cross-section spectra of eosin Y, erythrosin B, rose bengal and C70 are determined in the wavelength range
from 390 to 1600 nm. The T1 triplet state is populated by S1→T1 intersystem crossing after singlet state excitation with intense picosecond
pump pulses (wavelength 527 nm, duration 6 ps). The triplet–triplet absorption is probed with picosecond spectral light continua passing the
samples after excited singlet state relaxation (time delay 20 ns). Absolute triplet–triplet absorption cross-sections are obtained by numerical
simulation of the absorption dynamics. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The xanthene dyes eosin Y, erythrosin B, and rose bengal
[1–3] as well as the fullerene molecule C70 [4] have large
quantum yields of triplet formation. Laser excitation trans-
fers part of the molecules to the triplet system and changes
the absorption behavior of the molecules.

Triplet absorption data (peak extinction coefficients,εmax,
and peak wavelength positions,λmax) of various molecules
are collected in [5–7]. Methods of absolute triplet–triplet
absorption cross-section determination are reviewed in
[5]. A technique of spatial separation of triplet formation
and triplet–triplet absorption detection in a flowing jet
stream is reported in [8]. Absolute triplet–triplet absorption
cross-section spectra,σT(λ) over wide wavelength regions
are scarcely found [8–14].

For eosin Y in methanol an absolute triplet–triplet ab-
sorption cross-section spectrum in the wavelength region
from λ = 400 nm to λ = 1000 nm and atλ = 308 nm and
λ = 1054 nm is reported in [15]. For erythrosin B in wa-
ter at pH 9 a triplet–triplet absorption cross-section of
σT = (1± 0.3)× 10−16 cm2 atλ = 526 nm is reported in [16].
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In the wavelength region from 420 to 670 nm a triplet–triplet
absorption cross-section spectrum for erythrosin in gelatin
is displayed in [17]. Atλ = 525 nm the triplet–triplet ab-
sorption cross-section isσT = 4.6× 10−17 cm2. For rose
bengal in 5× l0−3 molar phosphate-buffered saline a
triplet–triplet absorption cross-section spectrum in the re-
gion from 480 to 590 nm is given in [18]. Atλ = 530 nm
a value ofσT = 7.3× 10−17 cm2 was determined. For C70
triplet–triplet absorption cross-section spectra are pre-
sented in [19,20] (solvent benzene, wavelength region
300–1620 nm), [21] (benzene, 435–700 nm), [22] (benzene
and hexane, 300–700 nm), and [23] (benzene, 340–800 nm).
Time resolved excited-state transmission spectra of C70 in
toluene are given in [24] (wavelength range 550–1060 nm).

Here the triplet–triplet absorption cross-section spectra of
eosin Y (disodium salt of 2′,4′,5′,7′-tetrabromofluorescein),
erythrosin B (disodium salt of 2′,4′,5′,7′-tetraiodofluorescein),
rose bengal (disodium salt of 3′,4′,5′,6′-tetrachloro-2,4,5,6-
tetraiodofluorescein), and C70 are determined in the wave-
length region from 390 to 1600 nm. The T1-triplet state
is populated by picosecond pump pulse singlet–singlet
state absorption and subsequent intersystem crossing. The
triplet–triplet absorption is probed after excited singlet
population relaxation by time delayed picosecond light
continuum transmission measurement. The absorption and
relaxation dynamics is described theoretically and analyzed
numerically to extract absolute triplet–triplet absorption
cross-section spectra,σT(λ). The sensitive dependence of
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Fig. 1. Structural formulae of investigated xanthene dyes.

σT(λ) on the quantum yield of triplet formation,φT in the
region of strong ground-state singlet absorption is used to
determineφT. The applied technique of single picosecond
pulse excitation avoids the complications of triplet–singlet
back intersystem crossing by pump pulse triplet–triplet ex-
citation when the excitation pulse becomes comparable to
or longer than the fluorescence lifetime [25–27].

2. Experimental

The structural formulae of the xanthene dyes eosin Y,
erythrosin B, and rose bengal are displayed in Fig. 1. They
were dissolved in methanol. In the long-wavelength re-
gion (λ > 1430 nm) methanol was replaced by deuterated
methanol (CD4O) because methanol becomes absorbing.
The fullerene C70 was dissolved in toluene. All dyes and
solvents were purchased from Aldrich. They are used with-
out further purification.

The experiments are carried out with a mode-locked
Nd : phosphate glass laser system [28] using a picosec-
ond pump and probe technique. The experimental setup
is shown in Fig. 2. A mode-locked laser oscillator gen-
erates a train of picosecond pulses. A single pulse is
selected with a laser-triggered Kerr shutter and ampli-
fied in a Nd : phosphate glass laser amplifier (wavelength
λL = 1054 nm, energyWL ≈ 3 mJ, duration1tL = 6 ps). In
a CDA crystal [29] part of the fundamental laser energy is
frequency doubled (λP = 527 nm,WP ≈ 1 mJ). The second

harmonic light is separated from the fundamental light by a
harmonic beam splitter, HBS. The second harmonic pulses
are used as pump pulses to excite the sample, S, to the
triplet state, T1, via ground-state singlet–singlet absorption
and subsequent intersystem-crossing. The pump pulses are
focused to the sample by lens L1. The input pump pulse
peak energy density,w0P, at the sample is determined by
energy transmission measurement through a cell filled with
rhodamine 6G in ethanol (slow saturable absorber) [30]
with the photodetectors PD1 and PD2. The pump pulse
energy transmission through the samples is measured with
the photodetectors PD1 and PD3.

The fundamental laser pulse (λL = 1054 nm) passes
through an optical delay line, DL (temporal delaytd ≈ 20 ns)
and is then focused (lens L2) into a heavy water sample
(length 5 cm) to generate a picosecond light continuum
[31,32]. The light continuum is collimated with lens L3
and focused to the sample, S, with lens L4. The remaining
fundamental light is blocked with a mirror, M. The beam
diameters of the pump and probe pulses are measured
and the spatial overlap of the pump and probe pulses is
controlled with a camera. The spectral distributions of the
incident and transmitted light continua are registered with
two spectrometer–diodearray systems SP1, DAl and SP2,
DA2. The transmission spectra are obtained by dividing the
output spectra through the input spectra and calibrating the
detection systems by using the solvents as samples. Silicon
diode arrays are used in the wavelength region from 390
to 1100 nm, while in the wavelength region from 1100 to
1600 nm two InGaAs photodiode arrays were used (model
XMCD-256-IR-SU arrays from Polytec, Waldbronn, Ger-
many).

The pump pulse excited-state absorption cross-section,
σ ex,L, is determined by pump pulse transmission measure-
ment (photodetectors PD1 and PD3) and numerical simula-
tion of the intensity dependent pump pulse absorption.

The pump-pulse photodegradation of the dyes is measured
by repeated single-shot excitation of small-volume samples
(number of shots,mP). The inner diameter of the cell was
dA = 2rA = 1 mm and the 1/e-beam diameter,dP = 2rP, was
made equal to the inner cell diameter. The pump pulse peak
intensity, I0P,i (i = 1 to mP), of the single shots was mea-
sured and the mean value,Ī0P = ∑mP

i=1 I0P,i/mP was deter-
mined. The initial small-signal transmission,Ti (λ) and the
final small-signal transmission,Tf (λ), after mP laser shots
(mP of the order of 30) was determined by measuring the
transmission of picosecond light continua before and after
repeated pump pulse excitation. The fraction of photode-
graded molecules,ND/N0, per laser shot of average spatial
peak intensity,ĪP = ∫ TA

0 rĪ0P(r)dr/r2
A, is given by

ND

N0
= 1

mP

(
1 − ln (Tf )

ln (Ti)

)
. (1)

The quantum yield of photodegradation,φD, is extracted
from ND(ĪP)/N0 by numerical simulation (see below).
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Fig. 2. Experimental setup. M.L.Laser, mode-locked Nd : phosphate glass laser. SW, Kerr shutter [60]. Amplifier, Nd : phosphate glass laser amplifier.
SHG, CDA crystal for second harmonic generation. HBS, harmonic beam splitter. DL, optical delay line. L1–L7, lenses. S, sample, C, D2O sample for
light continuum generation. F, mirror for fundamental laser blocking. A, aperture. PD1–PD3, photodiodes. SP1, SP2, grating spectrometers. DA1–DA3,
diode-array detectors. Ob, camera objective.

Fig. 3. Absorption cross-section spectra of eosin Y in methanol, erythrosin
B in methanol, rose bengal in methanol, and C70 in toluene at room
temperature.

3. Results

The ground state absorption cross-section spectra of the
investigated xanthene dye and C70 fullerene solutions are
displayed in Fig. 3. The spectra were obtained by trans-
mission measurements with a spectrophotometer (Beckman
ACTA M IV).

The nonlinear pump pulse transmission results for
excited-state absorption determination are shown in Fig. 4
(circles). A saturable absorption [33] (decrease of absorp-
tion with rising pump pulse intensity) is observed for eosin
Y, erythrosin B, and rose bengal, while a reverse saturable
absorption [34] (increase of absorption with pump pulse
intensity) occurs for C70 [35,36]. Below, excited-state ab-
sorption cross-sections,σ ex,P, are extracted by comparing

Fig. 4. Intensity dependent energy transmission of pump pulses through
samples. Circles are measured and curves are calculated using parame-
ters listed in Table 1. (a) Eosin Y in methanol. Small-signal transmission
T0 = 0.0082. The curves belong to (l)σ ex,P = 0, (2) 3× 10−17 cm2, (3)
5× 10−17 cm2. (b) Erythrosin B in methanol.T0 = 0.0035. (1)σ ex,P = 0.
(2) 3× 10−17 cm2, (3) 5× 10−17 cm2. (c) Rose bengal in methanol,
T0 = 0.0094. (1) σ ex,P = 0, (2) 2× 10−17 cm2, (3) 3× 10−17 cm2, (4)
4× 10−17 cm2. (d) C70 in Toluene.T0 = 0.0747. (1)σ ex,P = 4× 10−17 cm2,
(2) 5× 10−17 cm2, (3) 6× 10−17 cm2, (4) 8× 10−17 cm2.

the experimental energy transmissions with numerical sim-
ulations. The fractions of degraded molecules,ND/N0, at
fixed, spatially averaged pump pulse peak intensities,ĪP are
displayed by circles in Fig. 5 for eosin Y (a), erythrosin
B (b), and rose bengal (c). Eq. (1) was used to calculate
ND/N0 from measured transmission changes. Typically 1%
of the molecules was degraded per laser shot (input pump
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Fig. 5. Fraction of degraded molecules,ND/N0, vs. spatially averaged
input pump pulse peak intensity,̄IP = 0.7 Ī0P Circles are determined
from measurements using Eq. (1). Curves are calculated for various
quantum yields of photodegradation,φD. Sample thickness̀= 1 mm. (a)
Eosin Y. Initial small signal transmissionTi (521 nm) = 0.023. Final small-
signal transmissionTf (521 nm) = 0.054. Number of laser shotsmP = 40.
Average pump pulse peak intensityĪ0P = 9.6×109 W cm−2. (b) Erythrosin
B. Ti (527 nm) = 0.024. Tf (527 nm) = 0.05. mP = 20. Ī0P= 8.3× 109 W
cm−2. (c) Rose bengal.Ti (556 nm) = 0.14.Tf (556 nm) = 0.42.mP = 50.
Ī0P= 1.1× 1010 W cm−2.

energy densitywP ≈ 50 mJ cm−2). For C70 in toluene no
change in transmission was observed after 50 laser shots of
peak intensityĪ0P= 1.4× 1010 W cm−2. The photodegra-
dation of C70 is negligibly small under our experimental
conditions. The quantum yield of photodegradation,φD, is
derived from the fraction of degraded molecules,ND/N0,
by numerical simulation (see below).

The results of the triplet–triplet absorption measure-
ments are shown in Figs. 6–9. The transmission ratio,Tpr
(λ,I0P)/Tpr(λ,0), of picosecond light continuum transmis-
sion in the case of pump pulse excitation,Tpr(l,I0P), to the
case without pump pulse excitation,Tpr(λ,0), is displayed.
The probe pulse continuum is delayed in time relative to the
pump pulse excitation bytd = 20 ns in order to allow com-
plete S1-state depopulation by relaxation to the T1-triplet
state (intersystem crossing) and the S0-singlet state (inter-
nal conversion and fluorescence emission). The wavelength
range from 390 to 1600 nm is covered by six different
spectrometer and filter settings. The curve segments with
the corresponding small signal transmissions,T0, and the
mean pump pulse peak intensities,Ī0P are shown in the fig-
ures. Each curve segment was obtained by averaging over
approximately 10 laser shots.

In the ground-state-absorption-free long wavelength re-
gion the transmission ratioTpr(l,I0P)/Tpr(λ,0) is equal to the
triplet–triplet transmissionTT1(λ,I0P). In the ground-state
absorption regionTpr(l,I0P) is composed of T1-triplet–triplet
absorption and residual ground-state absorption, while
Tpr(l,0) is the initial small signal ground-state absorption

Fig. 6. Probe pulse transmission ratio,Tpr(λ, I0P)/Tpr(λ, 0) for eosin Y in
methanol. Sample length̀= 1 mm. The small-signal transmissions,T0P,
at the laser wavelength,λP, and the pump pulse peak intensities,I0P, are
indicated. Pump beam diameter at sample1dP = 2[ln (2)]1/2 rp ≈ 0.85 mm.
Probe beam diameter1dpr ≈ 0.25 mm.

Fig. 7. Probe pulse transmission ratio,Tpr(λ, I0P)/Tpr(λ,0), for erythrosin
B in methanol,̀ = 1 mm.T0P and I0P of the curve segments are given by
the legend.1dP ≈ 0.85 mm.1dpr ≈ 0.25 mm.

(Tpr(λ, 0) = exp[−N0σa(λ)`]). A transmission ratio of
Tpr(λ,I0P)/Tpr(λ,0) > 1 indicates that the T1 triplet–triplet
absorption cross-section,σT(λ), is less than the S0
singlet–singlet absorption cross-sectionσ a (λ). A numerical
procedure to determineσT(λ) from the transmission ratio,
Tpr(λ,I0P)/Tpr(λ,0), is given below.

4. Theoretical description

The pump-pulse absorption, probe-pulse absorption,
molecular relaxation, and photo-degradation are analyzed
using the energy level system of Fig. 10.
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Fig. 8. Probe pulse transmission ratio,Tpr(λ,I0P)/Tpr(λ,0), for rose bengal
in methanol,` = 1 mm. T0P and I0P of the curve segments are given by
the legend.1dP ≈ 0.85 mm.1dpr ≈ 0.25 mm.

Fig. 9. Probe pulse transmission ratio,Tpr(l,I0P)/Tpr(λ,0) for C70 in
toluene,` = 1 mm. T0P and I0P of the curve segments are given by the
legend.1dP ≈ 0.7 mm.1dpr ≈ 0.25 mm.

The pump pulses excite molecules from the ground-state
S0 (level 1) to a vibronic Franck-Condon state 2′ in the
S1-band. From there the molecules relax to a temporal ther-
mal equilibrium state 2 in the S1-band with a relaxation time
τFC. Starting from the S1-band there occurs pump pulse
excited-state absorption (cross-section,σ ex,P) to a higher ly-
ing singlet-state Sn. Higher excited molecules in the sin-
glet system relax back to the S1-band with a time constant
τex. The molecules in the S1 band relax to the ground-state
(radiative relaxation with fluorescence quantum yieldφF,
and internal conversion), to the T1-triplet state (intersystem
crossing, quantum efficiencyφT) and photo-degrade (quan-
tum yield of degradationφD).

Fig. 10. Energy level diagram applied to numerical analysis of absorption
dynamics.

At a delay time,td, long compared to the S1-state life-
time, τS1 , (fluorescence lifetimeτF) and short compared to
the triplet T1-state life time,τT1, (phosphorescence lifetime
τph), a probe pulse is absorbed by residual ground state ab-
sorption (cross-sectionσ a(ν)) and T1-triplet–triplet absorp-
tion (cross-sectionσT(ν)). The probe pulse energy density
should be small compared to the S0 and T1saturation en-
ergy densities [33] in order to avoid population changes by
the transmission probing. The slow saturable absorber (pulse
duration,1tp (FWHM), short compared to absorption re-
covery timeτA = τF) saturation energy at the pump laser
frequency,νP, is given by [37]

Isat,S = hνP

σP1tP
, (2)

where h is the Planck constant, andσP =σ a(νP) is the
ground-state absorption cross-section at the pump laser
frequencyνP.

The dynamics of the level population number densities,
Ni (r,z′,t′,θ ), i = 1–5, by pump pulse,IP(r,z′,t′), absorption is
described by the following equation system [38]

∂N1

∂t ′
= −3σPcos2 (θ)

hνP
(N1 − N2′)IP

+(1 − φT − φD)
N2 + N2′

τS1

+ N4

τph
− N1 − N̄1

τor
, (3)

∂N2′

∂t ′
= 3σPcos2 (θ)

hνP
(N1 − N2′)IP − N2′ − N2′,th

τFC

−N2′

τS1

− 3σex,Pcos2 (θ)

hνP

(
N2′ − N2′

N2 + N2′
N3

)
IP

−N2′ − N̄2′

τor
, (4)

∂N2

∂t ′
= N2′

τFC
− 3σex,Pcos2 (θ)

hνP

(
N2 − N2

N2 + N2′
N3

)
IP

−N2

τS1

+ N3

τex
− N2 − N̄2

τor
, (5)
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∂N3

∂t ′
= 3σex,Pcos2 (θ)

hνP
(N2 + N2′ − N3)IP

−N3

τex
− N3 − N̄3

τor
, (6)

∂N4

∂t ′
= φT

τS1

(N2 + N2′) − N4

τph
− N4 − N̄4

τor
, (7)

∂N5

∂t ′
= φD

τS1

(N2 + N2′), (8)

∂IP

∂z′ = −3σPIP

∫ π/2

0
(N2 − N2′)cos2 (θ)sin(θ)dθ

−3σexIP

∫ π/2

0
(N2 + N2′ − N3)cos2 (θ)sin(θ)dθ

−α(2)I2
P, (9)

N̄i =
∫ π/2

0
Ni(θ)sin(θ)dθ i = 1, 2, 2′, 3, 4, 5. (10)

N2′,th = (N2 + N2′)exp

(
−hν22′

kBϑ

)
. (11)

The moving frame transformationt′ = t−nz/c0 and z′ = z
is used, wheret is the time,z the propagation coordinate,n
the refractive index, andc0 the vacuum light velocity.θ is
the angle between the molecular transition dipole moment
and the polarization direction of the pump laser [39].τor
is the reorientation time of the transition dipole moment.
N̄i is the orientation averaged population of leveli. N2′,th
is the thermal population of level 2′. hν22′ = hc0ν̃22′ is the
energy difference between level 2′ and 2.kB is the Boltzmann
constant, andϑ the temperature. The term−α(2)I2

P in Eq. (9)
takes care of two-photon absorption of the solvent.α(2) is the
two-photon absorption coefficient (α(2) = 2× 10−10 cm W−1

for toluene [36],α(2) ≈ 0 for methanol atλP = 527 nm).
The initial conditions areN1(r,t′=−∞,z′,θ ) = N0, N2(r,t′ =

−∞ ,z′,θ ) = N2′ , (r,t′ =−∞,z′,θ ) = N3(r,t′ =−∞,z′,θ ) = N4(r,
t′ =−∞,z′,θ ) = N5(r,t′ =−∞,z′,θ ) = 0, and IP(r,t′,z′ = 0) =
I0Pexp(−r2/r2

P) exp(−t′2/t2
P). r is the radial coordinate,rP

the 1/e-intensity pump beam radius.
The pump pulse energy transmission is

TP =
∫ ∞

0 rdr
∫ ∞

−∞dt ′IP(r, `, t ′)∫ ∞
0 rdr

∫ ∞
−∞dt ′IP(r, 0, t ′)

, (12)

where` is the sample length.
At the time, td, of probing, the level populations have

relaxed to

N1(r, z
′, td, θ) = N̄1(r, z, td) = N̄1(r, z, te)

+[N̄2(r, z, te) + N̄2′(r, z, te)

+N̄3(r, z, te)](1 − φT − φD), (13)

N4(r, z
′, td, θ) = N̄4(r, z, td) = N̄4(r, z, te) + φT[N̄2(r, z, te)

+N̄2′(r, z, te) + N̄3(r, z, te)], (14)

N5(r, z
′, td, θ) = N̄5(r, z, td) = N̄5(r, z, te) + φD[N̄2(r, z, te)

+N̄2′(r, z, te) + N̄3(r, z, te)], (15)

and N2(r,z′,td,θ ) = N2′ (r,z′,td,θ ) = N3(r,z′,td,θ ) = 0. te is the
time position at the end of the pump pulse (te = 5 tP is used
in calculations).

The length averaged population number densities are

Ni (r, td) = 1

`

∫ `

0
N̄i(r, z, td)dz i = 1, 4, 5 (16)

The probe pulse transmission,Tpr(λ,I0P), at wavelengthλ
after pump pulse absorption (delay timetd) is given by

Tpr(λ, I0P)

=
∫ ∞

0 exp(−r2/r2
pr)exp{−[σa(λ)N1(r, td) + σT(λ)N4(r, td)]`} dr∫ ∞

0 rexp(−r2/r2
pr)dr

,

(17)

whererpr is the l/e-intensity probe beam radius. The probe
pulse transmission without pump pulse excitation is

Tpr(λ, 0) = exp[−σa(λ)N0`] (18)

5. Data analysis

The parameters of the investigated xanthene dyes and
of C70 which are used in the numerical data analysis are
listed in Table 1 and in the figure captions. The excited-state
absorption cross-sections,sex,P, at the pump pulse wave-
length are determined by fitting Eq. (12) to the experimental
pump-pulse energy transmission measurements (Fig. 4). The
quantum yields of photodegradation,φD, are found by fitting
ND/N0 = N5(r = 0, td, I0P = ĪP)/N0 to the experimentally de-
termined fractions of degraded molecules per laser shot (Fig.
5). The triplet–triplet absorption cross-section spectra,σ T(λ)
are obtained by fitting the calculated probe pulse transmis-
sion ratios (Eqs. (17) and (18)) to the experimental probe
pulse transmission ratios (Figs. 6–9).

In Fig. 4(a–d) the calculated pump pulse energy transmis-
sions,TP, versus input peak intensity,I0P, are shown for sev-
eral excited state absorption cross-sections,σ ex,P. The best
fit to the experimentalTP-values determines theσ ex,P-values
of the samples. The obtainedσ ex,P-data are listed in Table 1.

In Fig. 5(a–c) calculated fractions of degraded molecules,
ND/N0 = N5(r = 0, td, I0P = ĪP)/N0 versus input peak inten-
sity, ĪP are plotted for several quantum yields of photodegra-
dation,φD. The best fittingφD-values to the experimentally
determinedND/N0-fractions are listed in Table 1.

The extractedσ T(λ)-spectra from the measured probe
pulse transmission ratios,Tpr(λ, I0P)/Tpr(λ, 0) (Figs. 6–9) are
drawn in Figs. 11–14.

In the region of the strong S0–S1 ground-state absorp-
tion theσ T-values are quite sensitive toN1(r, td) andN4(r, td)

which depend onI0P, φT, andσ ex,P. High pump pulse peak in-
tensities,I0P � Isat,S (Eq. (2)), and small probe beam to pump
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Table 1
Spectroscopic parameters of investigated samples at room temperature

Parameter Eosin Y in methanol Erythrosin B in methanol Rose bengal in methanol C70 in toluene Comments

σP (cm2) 3.2× 10−16 3.6× 10−16 1.16× 10−16 3.6× 10−17 Fig. 3
σ ex,P (cm2) (2.9± 0.3)× 10−17 (3.0± 0.3)× 10−17 (2.9± 0.4)× 10−17 (5.3± 0.5)× 10−17 Fig. 4
λS1

a (nm) 533.8 545.5 568.5 638
ν̃2,2′ (cm−1) 242 643 1385 3300 ν̃22′ = λ−1

P − λ−1
S1

τS1 (ns) 2.0 [38] 0.53 [51] 0.59 [51] 0.65 [36]
τFC (ps) 0.5 0.5 0.5 0.5 assumed [61]
τSn (fs) 60b 60b 60b 240 [36]
τor (ps) 330 [62] 200 [54] 150 [54] 23c

φT 0.56 [15] 0.90± 0.03d 0.90± 0.04d 1.0 [36]
φD 0.0077± 0.001 0.0108± 0.002 0.0125± 0.002 0± 0.003 Fig. 5
φsat,S (W cm−2) 2× 108 1.7× 108 5.4× 108 1.7× 109 Eq. (2)

a λS1 is wavelength of pure electronic S0–S1 transition.
b Assumed [63].
c Calculated by using the relationτor =ηVm/kBϑ [54], whereη = 5.9× 10−3 Pas [64] is the viscosity of toluene,Vm = 1.56× 10−22 cm3 is the volume

of C70 ([4] p. 67), kB the Boltzman constant andϑ = 293 K is the room temperature.
d This work.

Fig. 11. Triplet–triplet absorption cross-section spectra of eosin Y in
methanol forλ < 1430 nm and in deuterated methanol forλ > 1430 nm.
Solid curve, calculatedσT(λ) by use of transmission data (Fig. 6). Dotted
curve and diamond, redrawn from [15].

beam ratios,rpr /rP are favorable, since then the triplet system
population approachesNT/N0 ≈ φT and becomes insensitive
to I0P andσ ex,P. Using a smallerφT value than the true quan-
tum yield of triplet formation would result in a dip in the
σ T-spectra at the region of maximum ground-state absorp-
tion. A smooth continuation of the triplet–triplet absorption
spectra through the peak absorption region allows an accu-
rate φT-determination. The best-fittingφT-values are listed
in Table 1.

6. Discussion

The T1-state triplet–triplet absorption cross-section spec-
tra of eosin Y, erythrosin B, rose bengal, and C70 presented in
Figs. 11–14 were determined by picosecond pulse excitation

Fig. 12. Triplet–triplet absorption cross-section spectra of erythrosin B.
Solid curve, calculatedσT(λ) by use of transmission data (Fig. 7). Solvent
is methanol forλ < 1430 nm and deuterated methanol forλ > 1430 nm.
Dotted curve, redrawn from [17]. It belongs to erythrosin in gelatin.
Diamond, value is taken from [16]. It belongs to erythrosin B in water
at pH 9.

and 20 ns delayed picosecond light continuum probing. The
picosecond pulse excitation and triplet absorption probing
shortly after singlet excited-state relaxation makes it very
likely that the spectra are due to true T1–Tn triplet–triplet
absorption and are not modified by transient photo-product
formation like semi-oxidized and semi-reduced radical pro-
duction in the triplet state within the phosphorescence life
time [40–43].

The triplet–triplet absorption spectra extend over the
whole investigated wavelength region from 1600 to 390 nm.
The triplet–triplet absorption may extend to even longer
wavelengths. This longer wavelength region was not acces-
sible with the present picosecond continuum probing and
InGaAs diode-array detection. The ground state absorp-
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Fig. 13. Triplet–triplet absorption cross-section spectra of rose bengal.
Solid curve, calculated form transmission data (Fig. 8). Solvent is methanol
for λ < 1430 nm and deuterated methanol forλ > 1430 nm. Dotted curve,
presents absorption cross-section spectrum of rose bengal in 5× 10−3

molar phosphate-buffered saline. It is redrawn from [18].

Fig. 14. Triplet–triplet absorption cross-section spectra of C70. Solid curve,
calculated form transmission data (Fig. 9). Solvent is toluene. The other
curves present triplet–triplet absorption cross-section spectra of C70 in
benzene. These curves are taken from the literature. Dotted curve 1, taken
from [19]. Dashed curve 2, taken from [23]. Dash-triple-dotted curve 3,
taken from [21]. Dashed-dotted curve 4, taken from [22].

tion cross-section spectra of Fig. 3 indicate S2–S1 energy
spacings of ν̃S2S1(eosin Y)≈ 4800 cm−1, ν̃S2S1(erythrosin
B) ≈ 5700 cm−1, ν̃S2S1(rose bengal)≈ 5600 cm−1 (energy
spacings would be smaller if the S2-state would be hidden
within the S1-absorption band), and̃νS2S1(C70) ≈ 750 cm−1.
Similar energy spacings are expected between the T2 and
T1 states. These T2–T1 energy separations are small com-
pared to the T1–S0 energy separations which are deter-
mined by the wavelength positions of phosphorescence
onset:ν̃T1S0(eosin Y)≈ 15,900 cm−1 [44,45], ν̃T1S0(erythrosin

B) = 15,800 cm−1 [46], ν̃T1S0(rose bengal)≈ 14,700 cm−1

[47], andν̃T1S0(C70) ≈ 12,400–12,900 cm−1 [48–50].
In the ground-state absorption region where the sin-

glet absorption cross-section,σ a, is larger than the triplet
absorption cross-section,σ T, the triplet–triplet absorption
cross-sections depend critically on the quantum yield of
triplet formation, σ T. If a φT-value is used in the calcu-
lations which is smaller than the realφT-value, then the
calculated probe pulse ground-state transmission may be-
come as small or smaller than the measured probe pulse
transmission resulting in apparent zero or negative triplet
absorption cross-section. Assuming a smooth continua-
tion of the triplet-absorption cross-section spectra through
the strong S0–S1 absorption cross-section region allows
an accurate determination ofφT. For the samples stud-
ied here we got best results usingφT ≈ 1−φF (see Table
1). For eosin Y in methanol a value ofφT = 0.56 was
reported previously [38] in agreement with the relation
φT ≈ 1−φF (φF ≈ 0.44) [38]). For erythrosin B the fluo-
rescence quantum yield isφF = τF/τ rad ≈ 0.1 (τF ≈ 530 ps
[51], τ rad ≈ 5 ns,τ rad is given by the relation [52,53]τ−1

rad =
8πc0

[∫
S1−S0

EF(λ)dλ/
∫

S1−S0
EF(λ)λ3n−3(λ)dλ

] ∫
S1−S0

σa(λ)λ−1

n−1(λ)dλ whereEF(λ) is the fluorescence quantum distribu-
tion andn(λ) the refractive index). A value ofφT (erythrosin
B/methanol) = 0.94 was reported in [54]. For rose bengal the
fluorescence quantum yield isφF = τF/τ rad ≈ 0.1 (τF ≈ 590 ps
[51], τ rad = 5.8 ns [55]). A value ofφT = 0.86 was reported in
[56] and a value ofφT = 0.96 was reported in [57]. For C70 in
toluene it isφF ≈ 8.5× 10−4 [23,36] andφT ≈ 1 [22,36,58].
The quantum yields of triplet formation determined in [51]
by a picosecond laser double-pulse fluorescence excita-
tion technique seem to be too small, probably because of
incorrect overlap of the pump and probe pulses.

In the Figs. 11–14 previously reported triplet–triplet ab-
sorption cross-section spectra are included. For eosin Y in
methanol (Fig. 11) the triplet–triplet absorption cross-section
spectrum determined in [15] agrees reasonably well with
the present spectrum forλ > 600 nm. Around the S0–S1

absorption maximum a somewhat larger triplet–triplet ab-
sorption cross-section spectrum is calculated in the present
work. In the short wavelength region (<470 nm) larger
absorption cross-sections were obtained previously. In the
previous experiment, the sample was excited with XeCl
excimer laser pump pulses (λP = 308 nm,1tP ≈ 10 ns) and
probed with picosecond light continua at a temporal delay
of td = (750± 150) ns. Within the delay time some transient
photoproducts may have been formed causing a modified
absorption [41,59]. The applied UV excimer laser excita-
tion probably caused a stronger photodegradation than the
present picosecond visible laser excitation.

For erythrosin B in gelatin a triplet–triplet absorption
cross-section spectrum was determined by microsecond
flash photolysis in the wavelength region from 420 to
670 nm [17] (dotted curve in Fig. 12). Outside the S0–S1 ab-
sorption peak region the agreement with our measurements
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is good. A slight increase of the triplet population in the
data fit of [17] would also lead to a good agreement with
our data in the absorption region [17]. A triplet absorption
cross-section for erythrosin B in water (pH 9) at 526 nm
reported by [16] (diamond in Fig. 12) lies somewhat higher
than our result. An accurate determination ofσ T at this
wavelength in the absorption peak region is difficult be-
cause small changes in the residual ground-state population
have a strong influence on the apparent value ofσ T.

For rose bengal in 5× 10−3 molar phosphate-buffered
saline a triplet–triplet absorption cross-section spectrum
was determined in the wavelength region from 480 to
590 nm (dotted curve in Fig. 13) by nanosecond frequency
doubled Nd : YAG laser pump pulse excitation and xenon
arc lamp probing [18]. In the region of peak S0–S1 absorp-
tion a rather large triplet–triplet absorption was obtained.
In this wavelength region, ourσ T values are smaller. Slight
reductions of triplet-population in [18] would reduce the
triplet–triplet absorption to our results.

For C70 in benzene the triplet–triplet absorption cross-
section spectra have been measured by several groups
[19–23]. The reported results are included in Fig. 14. All
the absorption spectra agree within a factor of two.

7. Conclusions

The triplet–triplet absorption cross-section spectra of
the xanthene dyes eosin Y, erythrosin B, and rose bengal
and of the fullerene C70 have been determined over a wide
wavelength region from 390 to 1600 nm by a picosecond
laser photolysis technique using intensive picosecond ex-
citation pulses and nanosecond time-delayed picosecond
probe pulse continua. Reasonably accurate triplet–triplet
absorption cross-section spectra could be determined. In the
wavelength region of strong S0–S1 absorption the sensitive
dependence ofσ T on the quantum yield of triplet formation,
σ T could be used to determineφT rather accurately.

The applied technique of picosecond laser excitation and
nanosecond delayed picosecond light continuum probing
avoids spectral influences by transient photoproducts which
may be formed on a longer time scale within the microsec-
ond to millisecond triplet system lifetime.

The technique of picosecond pulse excitation additionally
avoids complications of dynamics description and data anal-
ysis by pump-pulse induced triplet–singlet back intersystem
crossing when the pump pulse durations become compa-
rable to or longer than the fluorescence lifetime (consid-
erable triplet state population during pump pulse duration)
[25–27].

A knowledge of the triplet–triplet absorption cross-section
spectra of molecules is important for quantitative studies
of photo-induced effects by excited triplet molecules in the
fields of photophysics, photochemistry, photobiology and
photomedicine.
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