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Abstract

The triplet—triplet absorption cross-section spectra of eosin Y, erythrosin B, rose bengabamd Getermined in the wavelength range
from 390 to 1600 nm. Theiltriplet state is populated by, S> T 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 tt
samples after excited singlet state relaxation (time delay 20 ns). Absolute triplet—triplet absorption cross-sections are obtained by numeric
simulation of the absorption dynamics. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction In the wavelength region from 420 to 670 nm a triplet—triplet
absorption cross-section spectrum for erythrosin in gelatin
The xanthene dyes eosin Y, erythrosin B, and rose bengalis displayed in [17]. AtA=525nm the triplet-triplet ab-
[1-3] as well as the fullerene moleculedJ4] have large  sorption cross-section isT=4.6x 10~17cm?. For rose
quantum yields of triplet formation. Laser excitation trans- bengal in 5x10~3 molar phosphate-buffered saline a
fers part of the molecules to the triplet system and changestriplet—triplet absorption cross-section spectrum in the re-
the absorption behavior of the molecules. gion from 480 to 590 nm is given in [18]. At=530nm
Triplet absorption data (peak extinction coefficieatsax, a value ofo1=7.3x 1071 cn? was determined. For /g
and peak wavelength positiorisyax) of various molecules  triplet—triplet absorption cross-section spectra are pre-
are collected in [5-7]. Methods of absolute triplet-triplet sented in [19,20] (solvent benzene, wavelength region
absorption cross-section determination are reviewed in 300-1620nm), [21] (benzene, 435-700 nm), [22] (benzene
[5]. A technique of spatial separation of triplet formation and hexane, 300-700 nm), and [23] (benzene, 340-800 nm).
and triplet-triplet absorption detection in a flowing jet Time resolved excited-state transmission spectragfic
stream is reported in [8]. Absolute triplet-triplet absorption toluene are given in [24] (wavelength range 550-1060 nm).
cross-section spectra;r(A) over wide wavelength regions Here the triplet-triplet absorption cross-section spectra of
are scarcely found [8—14]. eosin Y (disodium salt of’24/,5,7-tetrabromofluorescein),
For eosin Y in methanol an absolute triplet-triplet ab- erythrosin B (disodium salt of 2,5, 7-tetraiodofluorescein),
sorption cross-section spectrum in the wavelength regionrose bengal (disodium salt of,8,5,6-tetrachloro-2,4,5,6-
from A=400nm tox=1000nm and at=308nnm and tetraiodofluorescein), and;gare determined in the wave-
A =1054nm is reported in [15]. For erythrosin B in wa- length region from 390 to 1600 nm. The Triplet state
ter at pH 9 a triplet—triplet absorption cross-section of is populated by picosecond pump pulse singlet-singlet
o1=(1£0.3)x 10 ¥ cn? atA =526 nmis reported in [16].  state absorption and subsequent intersystem crossing. The
triplet-triplet absorption is probed after excited singlet
- population relaxation by time delayed picosecond light
* This paper is dedicated to Professor K.-H. Drexhage on the occasion continuum transmission measurement. The absorption and

of his emeritation. . L . .
* Corresponding author. Fax: +49-941-943-2754 relaxation dynamics is described theoretically and analyzed

E-mail address: alfons.penzkofer@physik.uni-regensburg.de (A. Penz- numerica”y to extract absolute tripl_e_t—triplet absorption
kofer) cross-section spectra,t(1). The sensitive dependence of
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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, T, 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 densitywop, 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 pulser (=1054nm) passes
through an optical delay line, DL (temporal delgy 20 ns)
and is then focused (lens L2) into a heavy water sample
(length 5cm) 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,
Fig. 1. Structural formulae of investigated xanthene dyes. 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
o1(%) on the quantum yield of triplet formatiogr in the diode arrays are used in the wavelength region from 390
region of strong ground-state singlet absorption is used t05 1100 nm, while in the wavelength region from 1100 to
determinegt. The applied technique of single picosecond 1g00nm two InGaAs photodiode arrays were used (model

pulse excitation avoids the complications of triplet—singlet XMCD-256-IR-SU arrays from Polytec, Waldbronn, Ger-
back intersystem crossing by pump pulse triplet—triplet ex- many). ' ’

citation when the excitation puls.e pecomes comparable to  pe pump pulse excited-state absorption cross-section,

or longer than the fluorescence lifetime [25-27]. oexL, is determined by pump pulse transmission measure-
ment (photodetectors PD1 and PD3) and numerical simula-
tion of the intensity dependent pump pulse absorption.

2. Experimental The pump-pulse photodegradation of the dyes is measured
by repeated single-shot excitation of small-volume samples

The structural formulae of the xanthene dyes eosin Y, (number of shotsimp). The inner diameter of the cell was

erythrosin B, and rose bengal are displayed in Fig. 1. They da =2ra =1 mm and the B-beam diameterlp = 2rp, was

were dissolved in methanol. In the long-wavelength re- made equal to the inner cell diameter. The pump pulse peak

gion (A >1430nm) methanol was replaced by deuterated intensity, lop; (i=1 to mp), of the single shots was mea-

methanol (CRQO) because methanol becomes absorbing. sured and the mean valukp = >-!"" Iopi/mp Was deter-

The fullerene Gy was dissolved in toluene. All dyes and mined. The initial small-signal transmissiofi(A) and the

solvents were purchased from Aldrich. They are used with- final small-signal transmissiofls (1), after mp laser shots

out further purification. (mp of the order of 30) was determined by measuring the

The experiments are carried out with a mode-locked transmission of picosecond light continua before and after

Nd: phosphate glass laser system [28] using a picosec-repeated pump pulse excitation. The fraction of photode-

ond pump and probe technique. The experimental setupgraded molecules\p/No, per laser shot of average spatial

is shown in Fig. 2. A mode-locked laser oscillator gen- peak intensityJp = [J* riop(r)dr/r2, is given by

erates a train of picosecond pulses. A single pulse is

selected with a laser-triggered Kerr shutter and ampli- Np 1 In (Ty)

fied in a Nd:phosphate glass laser amplifier (wavelength = mp <1_ m) :

AL =1054 nm, energyV. ~3mJ, durationAt, =6ps). In

a CDA crystal [29] part of the fundamental laser energy is  The quantum yield of photodegradatiaty, is extracted

frequency doubledip =527 nm,Wp~1mJ). The second from Np(Ip)/Ng by numerical simulation (see below).

EosinY

Erythrosin B

Rose bengal
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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 amplifiel
SHG, CDA crystal for second harmonic generation. HBS, harmonic beam splitter. DL, optical delay line. L1-L7, lenses. S, sam@esdnide for

light continuum generation. F, mirror for fundamental laser blocking. A, aperture. PD1-PD3, photodiodes. SP1, SP2, grating spectrometer3, DA1-DA
diode-array detectors. Ob, camera objective.
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Fig. 3. Absorption cross-section spectra of eosin Y in methanol, erythrosin )
B in methanol, rose bengal in methanol, angy @ toluene at room Input Peak Intensity e (W cm™)

temperature.
Fig. 4. Intensity dependent energy transmission of pump pulses through
3. Results samples. Circles are measured and curves are calculated using parame-
ters listed in Table 1. (a) Eosin Y in methanol. Small-signal transmission

) . To=0.0082. The curves belong to @exp=0, (2) 3x 10~ cn?, (3)
The ground state absorption cross-section spectra of thes , 10-17¢n. (b) Erythrosin B in methanolTo = 0.0035. (1)oexp=0.

investigated xanthene dye anggfullerene solutions are  (2) 3x10cm?, (3) 5x 10 7cm?. (c) Rose bengal in methanol,
displayed in Fig. 3. The spectra were obtained by trans- To=0.0094. (1) oexp=0, (2) 2x 10 *cn?, (3) 3x 10 *cn?, (4)
mission measurements with a spectrophotometer (Beckmarft* 10777 ¢. (d) Croin Toluene.To=0.0747. (1 ep =4 10~ cr?,
(2) 5x 107 cn?, (3) 6x 10 cn?, (4) 8x 10~ cn?.

ACTA M IV).

The nonlinear pump pulse transmission results for
excited-state absorption determination are shown in Fig. 4 the experimental energy transmissions with numerical sim-
(circles). A saturable absorption [33] (decrease of absorp- ulations. The fractions of degraded moleculbls/Ng, at
tion with rising pump pulse intensity) is observed for eosin fixed, spatially averaged pump pulse peak intensifiesre
Y, erythrosin B, and rose bengal, while a reverse saturabledisplayed by circles in Fig. 5 for eosin Y (a), erythrosin
absorption [34] (increase of absorption with pump pulse B (b), and rose bengal (c). Eq. (1) was used to calculate
intensity) occurs for & [35,36]. Below, excited-state ab- Np/Ng from measured transmission changes. Typically 1%
sorption cross-sectionsey p, are extracted by comparing of the molecules was degraded per laser shot (input pump
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Fig. 6. Probe pulse transmission ratigy (A, lop)/Tpr(%, 0) for eosin Y in
methanol. Sample length=1 mm. The small-signal transmissior&p,
at the laser wavelengthp, and the pump pulse peak intensitiég, are
indicated. Pump beam diameter at sampti> = 2[In (2)]%/? rp ~0.85 mm.
Probe beam diametekdp, ~0.25 mm.

Fig. 5. Fraction of degraded moleculedp/Ng, vs. spatially averaged
input pump pulse peak intensityp = 0.7 Iop Circles are determined
from measurements using Eq. (1). Curves are calculated for various
quantum yields of photodegradatiopp. Sample thicknes¢=1mm. (a)
Eosin Y. Initial small signal transmissioh (521 nm) =0.023. Final small-
signal transmissior(521 nm)=0.054. Number of laser shat® =40.
Average pump pulse peak intensfgs = 9.6x10° W cm2. (b) Erythrosin

B. Ti(527 nm)=0.024. Tt(527 nm) =0.05. mp=20. Ipp=8.3x 10°W
cm 2. (c) Rose bengalT;(556 nm)=0.14.T;(556 nm) = 0.42.mp =50.
Iop=1.1x 10"°Wcm2.

]
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—memes Tp=0.0012 Ipp=4.05 GW cm?

energy densitywp ~50mJcnr?). For Gy in toluene no
change in transmission was observed after 50 laser shots of
peak intensitylop=1.4x 101°Wcm2. The photodegra-
dation of Gyg is negligibly small under our experimental
conditions. The quantum yield of photodegradati¢p, is
derived from the fraction of degraded molecul&g/No,
by numerical simulation (see below).

The results of the triplet—triplet absorption measure-
ments are shown in Figs. 6-9. The transmission réiip, -
(A,10P)/Tpr(2,0), of picosecond light continuum transmis- "ﬁj"f"
sion in the case of pump pulse excitatidi;(\,lop), to the 400 600 800 1000 1200 1400 1600
case without pump pulse excitatiof(1,0), is displayed. Wavelength A (nm)
The probe pulse continuum is delayed in time relative to the
pump pulse excitation bty =20ns in order to allow com-
plete §-state depopulation by relaxation to the-ffiplet
state (intersystem crossing) and thgstglet state (inter-
nal conversion and fluorescence emission). The Wavelength(Tpr(;L,o) = exp[=Nooa(A)€]). A transmission ratio of
range from 390 to 1600nm is covered by six different T, (i,lop)/Tpr(2,0)>1 indicates that the (Ttriplet-triplet
spectrometer and filter settings. The curve segments withabsorption cross-sectiong7(1), is less than the &
the corresponding small signal transmissiohg, and the  singlet—singlet absorption cross-section(). A numerical
mean pump pulse peak intensitiégp are shown in the fig-  procedure to determinet () from the transmission ratio,
ures. Each curve segment was obtained by averaging OVeIT,.(1,10p)/Tor(2,0), is given below.
approximately 10 laser shots.

In the ground-state-absorption-free long wavelength re-
gion the transmission ratibyr(\,10p)/Tpr(1,0) is equal tothe 4. Theoretical description
triplet—triplet transmissiot1(A,lpp). In the ground-state
absorption regioffyr(\,lop) is composed of T-triplet-triplet The pump-pulse absorption, probe-pulse absorption,
absorption and residual ground-state absorption, while molecular relaxation, and photo-degradation are analyzed
Tpr(2,0) is the initial small signal ground-state absorption using the energy level system of Fig. 10.

0.8

0.6

Probe Pulse Transmission Ratio Ty (lop)/Ty(0)

Fig. 7. Probe pulse transmission rafigy(, lop)/Tpr(%,0), for erythrosin
B in methanol,£ =1 mm. Top andlop of the curve segments are given by
the legend.Adp ~ 0.85 mm. Adp, ~ 0.25 mm.
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Fig. 8. Probe pulse transmission ratig:(A,lop)/Tpr(1,0), for rose bengal
in methanol,£ =1 mm. Top and lgp of the curve segments are given by
the legend.Adp ~ 0.85 mm. Adp; ~0.25 mm.
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Fig. 9. Probe pulse transmission ratid(\,lop)/Tpr(2,0) for Cyo in
toluene,£=1mm. Top and lpp of the curve segments are given by the
legend.Adp~ 0.7 mm. Adyr &~ 0.25 mm.

The pump pulses excite molecules from the ground-state
S (level 1) to a vibronic Franck-Condon staté i the
Si-band. From there the molecules relax to a temporal ther-
mal equilibrium state 2 in the;Sband with a relaxation time
Tec. Starting from the $band there occurs pump pulse
excited-state absorption (cross-secti®gyp) to a higher ly-
ing singlet-state & Higher excited molecules in the sin-
glet system relax back to thg-®$and with a time constant
Tex- The molecules in thesShand relax to the ground-state
(radiative relaxation with fluorescence quantum yielel
and internal conversion), to the -Triplet state (intersystem
crossing, quantum efficieneyr) and photo-degrade (quan-
tum yield of degradatiowp).
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Fig. 10. Energy level diagram applied to numerical analysis of absorption
dynamics.

At a delay time,ty, long compared to theSstate life-
time, ts, , (fluorescence lifetimer) and short compared to
the triplet Ty-state life time,r1,, (phosphorescence lifetime
Tph), & probe pulse is absorbed by residual ground state ab-
sorption (cross-sectioma(v)) and T;-triplet—triplet absorp-
tion (cross-sectiow 1(v)). The probe pulse energy density
should be small compared to thg 8nd T;saturation en-
ergy densities [33] in order to avoid population changes by
the transmission probing. The slow saturable absorber (pulse
duration, Atp (FWHM), short compared to absorption re-
covery timeta =tF) saturation energy at the pump laser
frequencyyp, is given by [37]

hvp
opAtp’

IsatS = (2)
where h is the Planck constant, an@p=o,(vp) is the
ground-state absorption cross-section at the pump laser
frequencyvp.

The dynamics of the level population humber densities,
N; (r,.Z,t',0),1=1-5, by pump pulsdp(r,Z t'), absorption is
described by the following equation system [38]

N1 _ 3opcog (9)

N1 — No)l
a7 o (N1 2)Ip
N2+ Ny Na Ni— N1
+l-¢1—p)———+ ———, (3
s, Tph Tor
ANy  30pCo (0) No — No th
2 = (N1 — Np)Ip — —2——=200
ot hvp TFC
Ny 30eypCOS (0 No
_ Nz _ 30expCos’ (0) (Nz’ — —2N3) Ip
75 hvp No + Ny
Nor — Nz/
EE— (4)
Tor
N2 Ny  30expcoS () N>
at’ TFC hvp N2 4+ Ny
N N3 Nz—N
2, s 2m e (5)

(5 Tex Tor
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IN3 _ 30expCOS (0)

(N2 + Ny — N3)Ip

at’ hvp

_Ns _ 1\]3;1\73 (6)

Tex Tor '
0Ny T Ns  Na— N4
/ =¢—(N2+N2/)————, (7)
ot TS Tph Tor
d N D
S (N, 4 Ny, (®)
Jat TS
al /2 .
a—f’ — _3oplp / (N2 — No)cog (9)sin(0)do
Z 0
/2
—30exlp / (N2 + Ny — N3)co< (0)sin (6)do
0

—a®@13, 9)
B /2
N, = / Ni@)sin@)do i=122.345 (10

0

/’lvzz/
Ny th = (N2 + No)exp | —— ). (11)
kg?

The moving frame transformatioh=t—nzcy andz =z
is used, where is the time,z the propagation coordinate,
the refractive index, andy the vacuum light velocityd is
the angle between the molecular transition dipole moment
and the polarization direction of the pump laser [38];
is the reorientation time of the transition dipole moment.
N; is the orientation averaged population of leveNy
is the thermal population of level.2ivoy = hegyy is the
energy difference between levékdhd 2 kg is the Boltzmann
constant, and the temperature. The terr? 12 in Eqg. (9)
takes care of two-photon absorption of the solveff. is the
two-photon absorption coefficient® =2 x 10 19cm w1
for toluene [36],a® ~ 0 for methanol akp =527 nm).

The initial conditions aré; (r,t'=—00,Z,8) = Ng, Na(r,t' =
—00,Z,0)=Ny, (rt' =—00,Z,0) =Na(r,t' = —00,Z,0) = Ny(r,
t'=—00,Z,0)=N5(rt'=—00,Z,0)=0, and Ip(rt',Z=0)=
lopexp(—r2/r3) exp(-t'2/t3). r is the radial coordinate;p
the 1k-intensity pump beam radius.

The pump pulse energy transmission is

_ Jordr [T di'Ip(r, €, 1)
N [oordr [ dt'Ip(r, 0,1
where is the sample length.

At the time, tg, of probing, the level populations have
relaxed to

Tp

(12)

Na(r, 2, tg, 0) = N1(r, 7, tq) = N1(r, 2, te)
+[1\_]2(r7 Z, fe) + NZ/ (r7 Z, te)

+N3(r’ <, IE)](l - ¢T - ¢D)s (13)

N4(I", Z/v tdv 9) = ]\_]4(}’, 2, td) = N4(r1 2, fe) + ¢T[]\_]2(rv Z, te)
+N2’(V, Z,te)+1\_]3(r, Z, ZE)L (14)
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N5(r’ Z/v td? 9) = ]\_]5(’.’ 2, td) = NS(”, <, te) + ¢D[A_]2(r7 2, fe)

+1\_]2,(r7 Zste) +]\_]3(r7 Zste)]s (15)
and Na(r,Z tg,0) =Ny (r,Z ,tq,0) =N3(r,Z tg,0) = 0. t¢ is the
time position at the end of the pump pulsg<5 tp is used

in calculations).
The length averaged population number densities are

11t
Mmm=Z/MMLm&i=L45 (16)
0

The probe pulse transmissiofp:(1,lop), at wavelengthi.
after pump pulse absorption (delay tig is given by

Tpr ()L s IOP)
_ Joexp(—r?/ri)exp{—[oa(MN1(r, ta) + o1 (Na(r, 12)]¢} dr
- /Sorexp(—rz/rgr)dr ’

(17)

wherer,, is the le-intensity probe beam radius. The probe
pulse transmission without pump pulse excitation is

Tpr()\, 0) = exp[~oa(*) Nof] (18)

5. Data analysis

The parameters of the investigated xanthene dyes and
of C; which are used in the numerical data analysis are
listed in Table 1 and in the figure captions. The excited-state
absorption cross-sections,,p, at the pump pulse wave-
length are determined by fitting Eq. (12) to the experimental
pump-pulse energy transmission measurements (Fig. 4). The
guantum yields of photodegradatias,, are found by fitting
Np/No = Ns(r = 0, 14, Iop = Ip)/No t0 the experimentally de-
termined fractions of degraded molecules per laser shot (Fig.
5). The triplet-triplet absorption cross-section speetié,)
are obtained by fitting the calculated probe pulse transmis-
sion ratios (Egs. (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 intensitlsp, are shown for sev-
eral excited state absorption cross-sectiengs. The best
fit to the experimentafs-values determines the,, p-values
of the samples. The obtained, p-data are listed in Table 1.

In Fig. 5(a—c) calculated fractions of degraded molecules,
No/No = Ns(r = 0, t4, Iop = Ip)/Np Versus input peak inten-
sity, Ip are plotted for several quantum yields of photodegra-
dation,¢p. The best fittingpp-values to the experimentally
determined\p/No-fractions are listed in Table 1.

The extractedot(1)-spectra from the measured probe
pulse transmission ratio%, (1, Iop)/ Tpr(2, 0) (Figs. 6-9) are
drawn in Figs. 11-14.

In the region of the strong,SS, ground-state absorp-
tion theor-values are quite sensitive A, (r, t5) andN;(r, )
which depend oihp, ¢, ando o p. High pump pulse peak in-
tensities]op > lsas (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 methanol7g in @luene Comments

op (cmP) 3.2x 10716 3.6x 10716 1.16x 10716 3.6x 10717 Fig. 3

oexp (CP) (2.9+£0.3)x 1077 (3.0£0.3)x 1077 (2.9+£0.4)x 10°Y7 (5.3£0.5)x 10°Y7 Fig. 4

As1® (nm) 533.8 545.5 568.5 638

Do (cm™1) 242 643 1385 3300 Tz =Apt —Ag)
751 (NS) 2.0 [38] 0.53 [51] 0.59 [51] 0.65 [36]

e (pS) 0.5 0.5 0.5 0.5 assumed [61]
7sn (fs) 60 60° 60° 240 [36]

Tor (PS) 330 [62] 200 [54] 150 [54] pac)

o1 0.56 [15] 0.90+ 0.0 0.90+ 0.04 1.0 [36]

(025} 0.0077+0.001 0.0108-0.002 0.0125-0.002 0+ 0.003 Fig. 5

psats (Wem—2) 2x 108 1.7x 10° 5.4x 108 1.7x 10° Eq. (2)

a)s1 is wavelength of pure electronicySS; transition.

b Assumed [63].

¢ Calculated by using the relation, = nVm/kg® [54], wheren =5.9x 10-3 Pas [64] is the viscosity of toluen¥, =1.56x 10-22cm® is the volume
of Cyo ([4] p. 67), kg the Boltzman constant angl=293K is the room temperature.

d This work.
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Fig. 11. Triplet-triplet absorption cross-section spectra of eosin Y in Fig. 12. Triplet—triplet absorption cross-section spectra of erythrosin B.

methanol fori <1430nm and in deuterated methanol for 1430 nm. Solid curve, calculated (1) by use of transmission data (Fig. 7). Solvent

Solid curve, calculated (1) by use of transmission data (Fig. 6). Dotted is methanol fork <1430nm and deuterated methanol for 1430 nm.

curve and diamond, redrawn from [15]. Dotted curve, redrawn from [17]. It belongs to erythrosin in gelatin.
Diamond, value is taken from [16]. It belongs to erythrosin B in water

: . : tpH 9.
beam ratios:,, /rp are favorable, since then the triplet system ap

population approacheas;/N, ~ ¢+ and becomes insensitive

t0lop andoexp. Using a smallepr value than the true quan- 44 20 ns delayed picosecond light continuum probing. The
tum yield of triplet formation would result in a dip in the  icosecond pulse excitation and triplet absorption probing
or-spectra at the region of maximum ground-state absorp-ghorly after singlet excited-state relaxation makes it very
tion. A smooth continuation of the.triplet—.triplet absorption likely that the spectra are due to trug-T, triplet-triplet
spectra through the peak absorption region allows an accu-gpgorption and are not modified by transient photo-product
rate gr-determination. The best-fittingr-values are listed  formation like semi-oxidized and semi-reduced radical pro-
in Table 1. duction in the triplet state within the phosphorescence life
time [40-43].
The triplet—triplet absorption spectra extend over the
6. Discussion whole investigated wavelength region from 1600 to 390 nm.
The triplet-triplet absorption may extend to even longer
The T,-state triplet—triplet absorption cross-section spec- wavelengths. This longer wavelength region was not acces-
tra of eosin Y, erythrosin B, rose bengal, and @resentedin  sible with the present picosecond continuum probing and
Figs. 11-14 were determined by picosecond pulse excitationinGaAs 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 A <1430nm and deuterated methanol for 1430 nm. Dotted curve,
presents absorption cross-section spectrum of rose bengakih05%
molar phosphate-buffered saline. It is redrawn from [18].
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Fig. 14. Triplet-triplet absorption cross-section spectragf Solid curve,
calculated form transmission data (Fig. 9). Solvent is toluene. The other
curves present triplet-triplet absorption cross-section spectra;@firC
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B)=15,800cm? [46], s, (rose bengah- 14,700 cm?
[47], andr,s,(Cro) ~ 12,400-12,900 cni [48-50].

In the ground-state absorption region where the sin-
glet absorption cross-section,, is larger than the triplet
absorption cross-sectiom,r, the triplet—triplet absorption
cross-sections depend critically on the quantum vyield of
triplet formation,s¢. If a ¢r-value is used in the calcu-
lations which is smaller than the reak-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 §-S absorption cross-section region allows
an accurate determination @f;. For the samples stud-
ied here we got best results usigg~ 1-¢- (see Table
1). For eosin Y in methanol a value af; =0.56 was
reported previously [38] in agreement with the relation
o1~ 1—¢r (¢pr~0.44) [38]). For erythrosin B the fluo-
rescence quantum vyield igr=1/taq~0.1 (r~530ps
[51], a5 NS, 71aq iS given by the relation [52,53.; =
87 co [ S o s EF(dA/ fslfsoEF(A))ﬁn%(A)dA] [ oy g,0a (A
n~t(n)dr whereEg(1) is the fluorescence quantum distribu-
tion andn()) the refractive index). A value af; (erythrosin
B/methanol) =0.94 was reported in [54]. For rose bengal the
fluorescence quantum yield ¢ = te/traa~ 0.1 (tr ~ 590 ps
[51], traa=5.8 ns [55]). A value ofr =0.86 was reported in
[56] and a value op+ = 0.96 was reported in [57]. For/in
toluene it isgpr ~ 8.5x 104 [23,36] and¢r ~ 1 [22,36,58].
The quantum vyields 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 for>600nm. Around the &S
absorption maximum a somewhat larger triplet—triplet ab-
sorption cross-section spectrum is calculated in the present
work. In the short wavelength region<470nm) larger

benzene. These curves are taken from the literature. Dotted curve 1, takerAbsorption cross-sections were obtained previously. In the

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-§ energy
spacings of s,5,(€0sin  Y)~4800cnt?, s, (erythrosin
B)~5700cm?, s, (rose bengah:-5600cm? (energy
spacings would be smaller if the-State would be hidden
within the §-absorption band), ands,s, (Cro) ~ 750 cnr?.
Similar energy spacings are expected between thant

T, states. These ¥T, energy separations are small com-
pared to the =S, energy separations which are deter-

previous experiment, the sample was excited with XeCl
excimer laser pump pulsegp(=308 nm, At,~ 10ns) and
probed with picosecond light continua at a temporal delay
of t4= (7504 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

mined by the wavelength positions of phosphorescence670nm [17] (dotted curve in Fig. 12). Outside thg-S, ab-

onset:ir,s,(eosin Y)~ 15,900 cm? [44,45], ir,s, (erythrosin

sorption peak region the agreement with our measurements
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