Chemical Physics 177 (1993) 203-216
‘ North-Holland

Triplet-triplet absorption of eosin Y in methanol
determined by nanosecond excimer laser excitation
and picosecond light continuum probing
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The absolute triplet-triplet absorption cross-section spectrum o¢(4) of eosin Y in methanol at room temperature is determined
in the wavelength region from 400 to 1000 nm and at 308 and 1054 nm. The triplet state is populated by XeCl excimer laser
excitation to a singlet state and subsequent intersystem crossing. The triplet level population is determined by numerical simula-
tion of the pump pulse absorption dynamics. The triplet-triplet absorption is probed with picosecond spectral light continua
which are generated in a D,0 sample by a synchronized mode-locked Nd: glass laser. The decay of the triplet level population is
studied by delayed picosecond light continua probing. Second order rate constants of k!’ = 1.1 x 10° dm® mol~* s~ for oxygen
quenching, k{} =1.3%10° dm? mol~! s~! for triplet-triplet annihilation, and k§¥ =4 X 10® dm® mol~"' s=! for triplet-singlet

concentration quenching have been determined.

1. Introduction

EosinY (the disodium salt of 2',4",5’,7’-tetrabrom-
ofluorescein, structural formula is shown in fig. 12)
has a high efficiency of triplet state formation by light
excitation [1-3]. An enhanced intersystem crossing
occurs due to the heavy atom effect of Br [2,4].
Phosphorescence [5] and delayed fluorescence [3,6-
8] have been observed even at room temperature.
Triplet excited eosin Y has a high efficiency of singlet
oxygen generation [9-11] (T+30,— S+'0y T is
eosin Y in triplet state and S is eosin Y in singlet state)
and it acts as photosensitizer of chemical reactions
(12,13] (photosensitized oxidation [14-18] and
photosensitized reduction [19,20]).

The transfer of molecules to the triplet state changes
the optical constants (refractive index and absorp-
tion coefficient) [21]. This behaviour led to appli-
cations in optical bistability [22], spatial light mod-
ulation (23] and all-optical switching [24]. The long
triplet state lifetime allows low power long-pulse and
cw ground-state absorption bleaching [21] leading to
high nonlincar obtical constants of slow response time
(12,21,25] and finding applications in low power
phase conjugation by four-wave mixing [26-32].

Efficient singlet-triplet intersystem crossing, pop-
ulation accumulation in the triplet state, and triplet—
triplet absorption in the dye fluorescence region
hinder long-pulse and cw pumped dye laser action
[33-35], while laser action by short pulse pumping
remains possible. Eosin Y laser action in various sol-
vents was reported in refs. [36,37].

Triplet absorption data (peak extinction coeffi-
cients o, and wavelength positions Arma) are
collected in refs. [38-40]. Absolute triplet-triplet
absorption cross-section spectra or(4) over wide
wavelength regions are scarcely found [5i-47 ). Var-
ious methods for absolute triplet-triplet absorption
cross-section determination have been invented and
are reviewed in ref. [38] (energy transfer method
[48], singlet depletion method [49], total depletion
method [50], relative actinometry method [51], in-
tensity variation method [52,53], kinetic method
[54], partial saturation method [55], spatial sepa-
ration of excitation and probing in fast flowing jet
stream [47]).

Here we apply a nearly totai depletion method to
determine the absolute triplet-triplet absorption
cross-section spectrum of eosin Y in methanol at room
temperature. A powerful nanosecond XeCl excimer
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laser is used to populate strongly the T, triplet level
by singlet state excitation and subsequent intersys-
tem crossing. The triplet-triplet absorption is probed
by a uime delayed picosecona spectral light contin-
uum generated in a D;O sample by mode-locked
Nd:glass laser excitation. The applied technique al-
lows the mcasurement of absolute triplet-triplet ab-
sorption cross-section spectra of dyes of high inter-
system crossing rate (ki,c2 107 s=') even in the case
of submicrosecond triplet-state lifetime (phospho-
rescence lifetime).

2. Theoretical considerations

A schematic energy level system of eosin Y includ-
ing the pump pulse and probe pulse transitions is
shown in fig. 1. The XeCl excimer laser (frequency
v.) excites the molecules to a higher excited singlet
state S, (level 2) from where the molecules relax
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Fis. 1. Siagles and triplet level scheme of eosin Y. Transition with
absorpuon cross sections, relaxation times and transition rates
are indicated.

quickly to the lowest excited singlet state S, (level 3).
Within the pump pulse duration Af, singlet excited-
state absorption from level 3 to level 4 (S,, state) oc-
curs. From the S, state the molecules reiax to the rip-
let state T, (level 5) by intersystem crossing (k)
and to the S, ground state by radiative decay (..}
and internal conversion (k,.). In the triplet manifold
pump pulse attenuation occurs by triplet-triplet ab-
sorption (cross section oy ) from level 5 to level 6.
The lowest triplet level T, relaxes to the S, ground
state with the phosphorescence time constant 7p. A
delayed picosecond spectral light continuum probes
the triplet-triplet absorption (cross section or(v))
from level S to higher triplet states (range 7).

The pump pulse absorption dynamics is described
by the following system of rate equations:

aNl 0'1_ NS

an.

=7 LNlIL—ks.N,, (2)
Ny N

=7 =Ny = 1: (3)
ol

—a? = - (ULNI +U“N3 +UT.LNS)IL . (4)

The moving frame transformation ¢'=¢—nz/c, and
z'=z is used where ¢ is the time, 7 is the refractive
index, z is the coordinate-along the propagation di-
rection and ¢, is the light velocity in vacuum. The
population number densities of the levels i are de-
noted by N,. The relaxation time constants 7., [56]
and 7 [57] are very short (subpicosecond range)
compared to the pump pulse duration (A7 =10 ns).
Therefore the level population nuriber densities
Ny(t', 2'), No(?', 2’), and Ng(t’, z’) remain approxi-
mately zero over all times and do not appear in the
above equation system (1)-(4). The S,-S, relaxa-
tion rate kg, s, is given by kg, s, =Ki. +Tq4. and the
total S,-state relaxation rate is ks, =ks, s, + Kisc = TF '
where 15 is the fluorescence lifetime. I, (¢, z’) is the
pump pulse intensity at time ¢’ and space coordinate
z’. The phosphorescence lifetime 7p is assumed to be
constant in the description of the pump pulse absorp-
tion dynamics. - :

Eq. (4) describes isotropic absorption with orien-
tationally averaged absorption cross sections 0y, Oex»
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and orL. An isotropic treatment of the absorption
dynamics is appropriate, because the orientational
anisotropy caused by electric dipole interaction is av-
craged out on a nanosecond time scale (7, <<A#)
[58].

Amplification of spontaneous emission by stimu-
lated emission (amplified spontaneous emission
[58]) is not included in the equation system (for
discussion see below).

The initial conditions of the level populations are
N (t'==-00, 2)=N; and N;(t'=-00, 2z')=
Ns(t'= —o0, 2’) =0 where N, is the total dye number
density. The temporal input pump pulse intensity
distribution is approximated by a Gaussian profile,
ie.

I(r',z=0)=Ior exp[{—t/1.)?]
=l exp[—4In(2)t?/At}],

where ¢ is half the 1/e pulse width and At is the
fwhm pulse duration. A rectangular profile was used
for the spatial intensity distribution, which is a good
approximation for apertured excimer laser pulses as
applied in the experiments.

Egs. (1)-(4) are solved numerically. The time in-
tegrated pump pulse transmission is given by

_w() 2N, hdr
T we(0) T S= Iu(t,0)de’’

Tm

where w (0) and wy (/) are the energy densities of
the pump pulses at the entrance and exit of the sam-
ple. The time-integrated transmission T+ is identical
to the energy transmission T¢ because of the spatial
rectangular intensity distribution. The unknown sin-
glet excited-state absorption cross section o, and the
unknown triplet-triplet absorption cross section ot
at the pump laser frequency are determined by fitting
the calculated Tr; curves to the expérimental energy
transmissions.

The temporal level populations N, (¢, z), N3(¢’, z)
and Ns(t', z) are obtained by solving eqs. (1)-(4).
They are averaged over the sample length by

1
Ni(t)= -}—jNi(t’,z)dz, i=1,3,5. (6)
1]

The total number density of molecules in the triplet
state manifold is denoted by Ni. Ny is practically

(5) -

equal to N (fast relaxation of higher excited triplet
states).

The dependences of the time-integrated transmis-
sions Tr; and of the triplet level population Nt on
pump pulse parameters and on singlet excited state
absorption g, and triplet-triplet absorption o, are
presented in figs. 2-7. The applied spectroscopic data
of eosin Y are listed in table 1.

In fig. 2 the time-integrated pump pulse transmis-
sion is displayed versus input pump pulse peak inten-
sity Io. for g, =0r; =0. Curves are presented for
various pulse durations. For At <75 the input peak
intensity necessary for a certain absorption bleaching
is roughly inversely proportional to the pulse dura-
tion. The medium behaves like a slow saturable ab-
sorber characterized by a saturation intensity of [59]

il M

Isau= ULAIL .

For At; > 15 the input pulse peak intensity necessary
for a certain energy density transmission becomes
constant. The medium behaves like a fast saturable
absorber with a saturation intensity of [58,59]
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Fig. 2. Calculated dependence of time-integrated pump pulse
transmission on input pump pulse peak intensity for various pulse
durations. No=2X10'¢ cm~3, /=1 cm, =07, =0, p=7.5 ps.
Input pulse durations are (1) Ar, =10 ps, (2) 100 ps, (3) 1 ns,
(4) 10 ns, (5) 100 ns, (6) 1 s, (7) 10 us, (8) 100 ps. Dashed
curve, ks, s, =0 and At = 100 ps (no S;~So relaxation). Dotted
curve, ki =0and Aty = 100 ps (no triplet interaction). Other pa-
rameters are taken from table 1.
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Fig. 3. Calculated dependence of time-integrated transmission on
input pump pulse energy density for various pulse durations.
No=2X10' cm=3, I=1 cm, O =01y =0, tp=7.5 ps. Pulse du-
rations are (1) Aty =10ps, (2) 1 ns, (3) 10 ns, (4) L.us, (5) 10
us, (6) 100 ps, (7) 1 ms.
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Fig. 4. Calculated dependence of sample-length averaged triplet
level population Ny (') on input pump pulse energy density.
No=2%10""cm™3, I=1 cm, =071 =0, tp=7.5 us. (a) t'=0
and (b) ¢'=¢,=2Af + 5tp. The input pump pulse durations are
(1) At,=10ps, (2) 100 ps, (3) 1 ns, (4) 10ns, (5) 100ns, (6)
1 ps, (7) 10 ps, (8) 100 us, (9) 1 ms.
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Fig. 5. Calculated dependence of normalized triplet level popu-
lation number density Ny (z)/N, on laser intensity /; (z) under
continuous pumping conditions. (1) tp=0.6 ps, (2) p=7.5 us,
(3) tp=24 ps. Other data are taken from table 1. For weak ab-
sorption (To~1), Nx(2)/N, and I (z) may be replaced by Ny/
No and /, l.( 0 ).

L. ¢1is indicated by a vertical bar. The dashed curve
is calculated for ks, s, =0 (ks, =Kipe = 5% 10%s~!) and
At; =100 ps. The partial S,-S, relaxation requires a
somewhat higher pump pulse intensity for bleaching
(curve 8) than the situation of complete intersystem
crossing (dashed curve). On the other hand the dot-
ted curve is calculated for ki, =0( ks, = ks, s,= 5% 10®
s~!) and A7, =100 ps. Considerably higher input
pulse intensities are necessary for bleaching in this
case of complete relaxation within the singlet system.
The fast saturable absorber saturation intensity has
increased to

hv
Illt.f,S‘: -01—1,%-;- . (8b)

The dependence of the time-integrated transmis-
sion on the input pulse energy density is depicted in
fig. 3 for 0., =01 =0. The input pulse energy density
necessary for a certain absorption bleaching is lowest
and independent of pulse duration for Af, < tg. It in-
creases approximately by a factor of 2 by increasing
the pulse duration from Az, < 7 to At = 7p. In the case
of At, > 1p the necessary input pulse energy for a fixed
bleaching increases roughly linear with the pulse du-
ration. In the case of Af; < 7p (slow saturable absorp-
tion) the saturation energy density is [59]
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Fig. 6. Dependence of time-integrated transmission on input
pump pulse energy density (lower abscissa) and on input pump
pulse peak intensity (upper abscissa). Ny=2x10'* cm-?, /=1
cm, At =10 ns. (a) Influence of singlet excited-state absorption
Oux 01.=0. (1) 0x=0, (2) 5X10~'" cm?, (3) 1% 10~'¢ cm?,
(4) 2x10~'.cm?, (5) 4X10-'¢ cm?. (b) Influence of triplet-
triplet absorption cross section oy, 0,=0. (1) ory=0, (2)
2.5x 10~ cm?, (3) 3.5%10~"7 cm?, (4) 4x10~'7 cm?, (5)
5x10-"7cm?, (6) 10='cm? (7) 2X 10~ cm?. (c) Combined
influence of g and ar. Solid curves, g =1 % 10~'7 cm?. Dashed
curves, gy =2.5X 107 cm?. Dash-dotted curves, g, = $X 10"
cm?. (1) oy =2x10"""cm? (2) oy =4 10~ cm?. The curves
are calculated and the circles are experimental data.

Wos = 2L (9)

oL
Its value is indicated by a vertical bar. For At.> tp
fast saturable absorption) the saturation energy den-
sity is given by

L
= —Al.
Waatf dLrPA L (10)

The triplet state population number density N (¢')
versus pump pulse energy density is shown in figs. 4a
and 4b for t'=0 and t'=t,=2At, + 5, respectively.
The curves apply to various pulse duiition: azd
7., =07 =0. For At < e the triplet level population
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Fig. 7. Calculated dependence of sample length averaged triplet
level population Nr(z,) on input pump pulse energy density
(lower abscissa) and on input pump pulse peak intensity (upper
abscissa). Ng=2X 10~'cm?, /=1 cm, Aty =10ns. {,=30ns. (a)
Influences of singlet excited-state absorption Ge,. orp=0. (1)
a=0, (2) 10~'$cm?, (3) 4x 10~'¢cm?. (b) Influence of trip-
let-triplet absorption cross section ory. G =0. (1) o1 =0, (2)
4x10-"7cm?, (3) 110" cm?, (4) 2X 10~ "¢ cm’.

continues to rise after the pump pulse has passed
(curves 1-3), since the S,-state level population con-
tinues to relax partly to the triplet state. The maxi-
mum triplet level population for very short pump
pulses (Atp « 1) is Ny mex(te) =NoKisc/ks, =Nopr
where ¢, is the quantum yield of triplet formation.
For At 23k} =31¢/¢y practically complete accu-
mulation of population in the triplet system is
achievable. For Aty 2 tp the triplet level population
approaches a maximum around ¢'=0 (curves 7-9)
and reduces towards the end of the pump pulse (trip-
let state relaxation to singlet ground state). The nec-
essary pump pulse energy density for reaching a ccr-
tain triplet level population becomes proportional to
the pulse duration. The optimum pump pulse dura-
tion for efficient triplet level population at minimum
pump pulse energy density is

Aty ooe =min(3k3t, ) =min(§¢—;-5, rp) . (11)
The spectroscopic data of eosin Y in methanol give
At oo = 10 ns (see table 1).

Concerning cw pumping, the triplet level popula-
tion is obtained from the system of equations (1)-
(4) by setting the time derivatives of egs. (1)-(3)
cqual to zero and using the relation No=N, + N3+ V¢
The result is (Nr=Ny)






