Reverse Intersystem Crossing from a Triplet State of Rose Bengal
Populated by Sequential 532-nm plus 1064-nm Laser Excitation

Photodynamic therapy is a treatment in which the combinatiomhe singlet oxygen produced as a result of this three-step
of a dye, light, and oxygen causes photochemically inducegrocess reacts readily with many biological targets and, in
cell death. Observations of this effect occurred at least as easyfficient quantity, can destroy a wide variety of cells.

as the end of the last century. In 1900, Raab reported that the

dye acridine rapidly killed paramecia when exposed to light, Since the cell damage produced by conventional photody-
but had no effectin the dati-his observation quickly inspired namic therapy is due to singlet oxygen, an abundant supply of
attempts to use this effect to treat disease. Light and the dgaygenis critical for an effective treatment. One factor leading
eosin were combined to treat skin cancer in 19B8ywever, to oxygen depletion is the consumption of oxygen by the
significant progress in applying photodynamic therapy to th@hotodynamic process at a rate faster than it can be resupplied
treatment of cancer did not occur until the 1940s and 1950by the circulatory system. In addition, some tumors are inher-
when it was discovered that porphyrin-based photosensitivently poorly oxygenated. A possible solution to this limitation
dyes preferentially accumulated in malignant tisstfed has been suggested by observations that several dyes produce
sustained series of studies into the mechanisms and appliaa¢ygen-independent damage following population of their
tions of photodynamic therapy for the treatment of a broatligher-lying states. It is believed that these states contain
range of cancers was initiated by Dougherty in the 1970ssufficient energy to allow for the cleavage of one of the
This work led the U.S. Food and Drug Administration inmolecular bonds, producing radicals that are even more reac-
December 1995 to approve the treatment of advanced esoptve than singlet oxygen. The production of these radicals does
ageal cancer using photodynamic therapy with Phofdfian  not require the presence of oxygen. Understanding this process
porphyrin-based photosensitizer. In 1998 this approval waequires greater knowledge of the properties of these higher-
extended to cover the treatment of early-stage lung cancdying states. In this article we report on our studies of rose
Other countries have also approved photodynamic therapy foengal, a dye that has been found to produce oxygen-indepen-
the treatment of bladder, gastric, and cervical cancers. Sevetnt damage following excitation of one of its higher-lying
review articles have been published that provide an overviewiplet state$ In particular, we have studied a decay mecha-
of the clinical results as well as the open questions about thissm based on reverse intersystem crossing from high-lying
therapy that require further reseafch. triplet states that may compete with the bond-cleavage process.

The photodynamic effect is a result of three primary pro- Although intersystem crossing has been identified prima-
cesses. First, the ground state of the dyjei¢®ptically excited  rily with transitions from the lowest excited singlet state of a
to produce the excited singlet statg)($opulation from this molecule to an even lower-lying triplet state, triplet to singlet
excited state is transferred by intersystem crossing (a radiaxtersystem crossing also may occur. Well-known examples of
tionless transition) to the dye’s lowest triplet statg (Finally, ~ reverse (triplet to singlet) intersystem crossing include E- and
collisional energy transfer from the triplet dye to ground-stat®-type delayed fluoresceneE-type delayed fluorescence,
molecular oxygen30,) produces highly reactive singlet oxy- also known as delayed thermal fluorescence, is observed when
gen £0,) and returns the dye to its ground state: thermal activation causes population transfer frgrbdck to

the more-energetic,Sstate. The strength of E-type delayed
fluorescence is temperature dependent, and its lifetime reflects
Sothv - § that of T;. P-type delayed fluorescence results when the
S -Ty activation energy is provided by triplet-triplet annihilation (T
+ T, - S+ ). The strength of the P-type delayed fluores-

3 1
Ty +702 » S +70,. cence increases quadratically with the triplet concentration.
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Reverse intersystem crossing may also occur from higheupper limits on the reverse intersystem crossing yield for T
lying triplet states where intersystem crossing to the singleire established.
manifold competes with direct internal conversion to the
lowest triplet state. This process of reverse intersystem crosExperimental
ing from higher-lying triplets is responsible for two-step laser- The foundation ofthe laser systemis a mode-locked Nd:YAG
induced fluorescence (TSLIF) observed in several €S laser that generates a train of pulses at 76 MHz. Every 400 ms
The quantum yield of reverse intersystem crossing,, can  a single pulse is selected using an electro-optic switch and
be quite small (<1®),10 but there are reports of exception- amplified using a regenerative amplifier followed by a
ally high yields @,isc > 0.1) in 9,10-dibromoanthracente, flashlamp-pumped two-pass amplifier (both Nd:YAG). The
several merocyanine derivatives tetraphenylporphyrid®  amplified pulses have a wavelength of 1064 nm, a pulse length
erythrosin B3 and rose bengaf of ~190 ps, and energies exceeding 2 mJ. The second harmonic

is generated from this pulse using a KDP crystal, resulting in

Several reports of reverse intersystem crossing in rosepulse with a wavelength of 532 nm, a pulse length of ~134 ps,
bengal (RB) have been publishtt15Duran and Cilenf8  and an energy greater than 25D
describe observations of fluorescence following generation of
RB triplets by energy transfer from excited triplet acetone. It The experimental setup for the laser flash photolysis mea-
was believed that higher-lying triplets were populated througBurements is shown in Fig. 77.33 using the symbols defined in
triplet-triplet excitation transfer and subsequently relaxed t@able 77.11. In this configuration the second-harmonic pulse (
S, through reverse intersystem crossing. The magnitude of 532 nm) is separated from the fundamental by a dichroic
the emission was compared for a series of xanthene dyesrror (DM) with any residual light at the fundamental wave-
(fluorescein, eosin, and rose bengal), which revealed th&ngth @ = 1064 nm) further attenuated by a filter (F). The
heavy-atom substitution enhanced the effect. This process wamjority of this frequency-doubled pump pulse is focused by
not associated with a particular triplet state, and no attempt wascylindrical lens (CL) onto the masked sample cuvette, excit-
made to quantify its yield. Ketsé al1°investigated transient ing a 2-mm by 1-cm cross-sectional area. A small fraction of
absorption changes following two-pulse excitation (532tnm the pump pulse is reflected by a glass plate (BS) prior to the
694 nm) of various fluorescein derivatives, including rosecylindrical lens, attenuated by neutral density filters, and then
bengal, incorporated in polymer hosts. Photobleaching of thaetected by silicon photodiode PD1. This signal is captured by
T, absorption due to the second pulse was observed to havgated integrator GI1 and transferred to a computer. By remov-
component that was irreversible on the microsecond timig the sample cuvette and placing an energy meter behind the
scale. It was observed that the decrease in concentratign of Beam mask, the pump pulse monitor signal measured by PD1
equaled the increase in concentrationppoviding evidence can be calibrated with respect to the energy reaching the
for a photophysical rather than photochemical process. Fluo-
rescence emission was also observed coincident with th_e_) _____ DM
second pulse. A reverse intersystem crossing quantum yield of SHG
0.72 was reported forsJ the triplet state excited by red light.
Most recently, the work of Reindl and Penzkéfeeported an
80% quantum yield of reverse intersystem crossing fothe ‘
state excited through absorption of green light pyUsing a v
model of the population dynamics, the yield was extracted cL U/
from measurements of the pulse-to-pulse variation in fluores-
cence for a train of picosecond pulses.

The present work is the first study to identify and inves-| PL OO) S -O-) SP1 O A

tigate the properties of,Ja triplet state in rose bengal popu- gz,7

lated by near-infrared lighA(= 1064 nm). We have used laser

flash photolysis and two-step laser-induced fluorescence mea-

surements to determine the triplet-triplet absorption crosd=igure 77.33

section spectrum in the near infrared and the quantum yield S.Fperimental setup for laser flash photolysis measurements. See Table 77.11
. . e L. . for symbol definitions.

reverse intersystem crossing and lifetime ¢f [ addition,

TD
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Table 77.11:  Equipment used in the laser flash photolysis and two-step laser-induced fluorescence experiments.

Description Manufacturer, Model
A Fast ampifier EG&G, 574

BS Glass plate (microscope slide)

CL Cylindrical lens

DM Dichroic mirror, R@532 nm, T@1064 nm

F Short-pass filter Schott, KG3
Gl14 | Gated integrator Stanford Research Systems, 250
L1-3 Lenses
P Prism
PD1-2 | Silicon photodiodes EG&G, FND-100
PL Mercury lamp
Fast shutter Vincent Associates, Uniblitz V S25
Long-passfilter Schott, RG695
PMT Photomultiplier tube Burle, 6199

PS Polarizing beam splitter
S Sample cuvette and beam mask
SHG Second-harmonic generator (KDP crystal)

SP1 Monochromator, bandwidth ~13 nm Instruments SA, H20
SP2 Monochromator, bandwidth ~4 nm Photon Technology Intl., 102
D Digitizing oscilloscope Hewlett-Packard, HP54201A

WP Half-wave plate (A = 1064 nm)

sample. Transient absorption changes are probed by a broddie delay path includes a half-wave plate followed by a
band light beam traveling along the length of the irradiategolarizing beam splitter, allowing for continuous variation of
zone (perpendicular to the pump pulse). The probe pulse hasee second pump pulse energy. The pump pulses, P1and P2, are
20-ms duration and is produced by a mercury lamp followed bsecombined spatially at dichroic mirror DM. The pulses pass
along-pass filter and a fast mechanical shutter. This collectiathrough two pinholes, ensuring collimation, before irradiating
of elementsis represented by PL in Fig. 77.33. The probe pulse2-mm-diam spot at the sample cuvette. As in the laser flash
passes through monochromator SP1 before being detected fityotolysis layout, a small fraction of the excitation light is
silicon photodiode PD2. The photodiode signal is increased kneflected by a glass plate to a silicon photodiode. This signal is
multistage amplifier A and then recorded by digital oscillo-split before sampling by two gated integrators, GI1 and GI2,
scope TD. The average signal from 64 shots at 9-bit resolutiomhich distinguish between the P1 and P2 signals. The pump-
is then transferred to a computer for analysis. pulse signals are calibrated individually using an energy meter.
Emission from the excited sample is collected, spectrally

The two-step laser-induced fluorescence measurementssolved using monochromator SP2, and detected by a photo-
probing T, are made with the optical layout shown in multiplier tube. The signal from the PMT is split and sampled
Fig. 77.34. To achieve a high degree of spectral separatiday the gated integrators GI3 and Gl4. The temporal gate of GI3
between the fundamental and second-harmonic pulses, prisscentered on the fluorescence excited by P1. The center of the
P is used to spatially disperse the two beams. The first pun@l4 temporal gate is set to be 34 ns later than the center of the
pulse (P1) has a wavelength of 532 nm, and the second pur@3 gate, corresponding to the time delay between the pump
pulse (P2) has a wavelength of 1064 nm. P2 is delayed kpulses. Both gates are 20 ns wide. The values of all four gated
34 nsrelative to P1 by traversal of a greater optical path lengtimtegrators are recorded by a computer for each shot.
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PS WP step excitations. Samples had a concentration of approxi-
l_(_ 4 /<« H —<— ¢\ mately 20uM and were stored in the dark prior to use.
| — / Analysis
! / Several photophysical parameters associated with an upper
ql> L2 1064 nm// triplet state can be determined from two-step laser-induced

fluorescence (TSLIF) measurements collected over a range of
/ \\ second pump-pulse (P2) fluences. These measurements are
Y )

I I sensitive to the lifetime of the upper triplet state excited by P2,
Y /7// ; the quantum yield of intersystem crossing from this state back
| » —/"'/ - v to the singlet manifold, and its thermalization rate. The upper
SHG 4= - 530 ; triplet photophysical parameters are determined by fitting a
> | DM L1 nmi model of the two-step laser-induced fluorescence process to
A O _______________ / the fluence-dependent TSLIF data.
B; - The kinetic model used to analyze the TSLIF experiments
Y > PD Gl1 is shown in Fig. 77.35(a). The rate equations describing this
L GI2 model are
—_ E GI3 dps, _ ),
s —O-> SP2HPMT=— G4 a USosl(pSo pslr) a(t)
—®. -1 -1
E9548 L3 +(1 CD'SC)TSl Ps, * T1, Pry»
Figure 77.34 ng
Experimental setup for two-step laser-induced fluorescence measurements.”!1 ~ _ .71 _q-1 _ - [
See Table 77.11 for symbol definitions. dt 'SCTSl psl TTl pTl UT1T4 (pTl pT“) 1(t)

Two-step laser-induced fluorescence measurements prob- UTlT“(pTl pTé)IZ(t)
ing T3 are made using a similar setup. In this case P2, the +(1‘¢risc,T4)TFjPT4 +(1—CDrisc,Tn)r{:an,
1064-nm pump pulse, is replaced by a 632-nm-wavelength
pump pulse, while the first pump pulse remains at 532 nm. The
632-nm pulse is generated by stimulated Raman scattering gﬂ = K Ps, - T_lpsl’
the Nd:YAG second harmonic in an 18-cm ethanol cell, result- dt ' S
ing in 60uJ/pulse with a pulse length of approximately 80 ps.
The 632-nm light is separated from the 532-nm light by a pairdpSr
of prisms before P2 enters the delay line. The pulses areg = USOSl(pSO - p%v)ll(t)_kfpsr
spatially recombined at the dichroic mirror DM, and from this Yy o 1. =1
point the system is identical to the previously described two- rise, T, T, PT, + Prise,, T Py
step, laser-induced fluorescence apparatus.

(1)

. . dpr, _ _ -1
Rose bengal was purchased from Sigma (St. Louis) andg ~ kfan P, =T, Pr,

used without further purification. All experiments were carried

out in phosphate-buffered saline with a pH of 7. Effects of

photoblea(_:hing Were n_1inimize_d by co_nti_nuously stirring (_";lll 5 N aTlTn(pTl-pTﬁ)IZ(t) - kr,Tn Pr:,
samples with a micro-stirbar during irradiation. Photobleaching t
was monitored by measuring the decrease in fluorescence as a
function of the number of excitation pulses. There was a lessdpr,
than-5% decrease in fluorescence after more than 3700 twogt

= JT1T4(pr1 - pT4)I1(t) B T'I_';Lpr
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where they’s are the populations 0§STy, S, S, T, Th,and = /8 1n 2 §, andA is the time delay between the peaks of
T, (arranged in order of increasing energy), where2 or 3. P1 and P2.
Table 77.111 lists the definitions and values of the photophys-

ical parameters. The unknown parameters®fg. 1, T, Excited-state absorption from states other thagnak been
and Ke T - The pump pulses P1 and P2 have a Gaussiameglected. Previous experiments have found no evidence for
temporal profile such that absorption of 532-nm light by;$° The state T may absorb

532-nm light and thus populate an even higher-lying state, but
R 2 5 we assume with Reindl and Penzkéfethat any such ex-
13(t) = \/272 exp[—(t+A/2) /(251 )] (2) tremely high-lying state will relax back to, Tmmediately.
Tof . o
This process would affect transmission measurements, but
since the present studies are concerned only with emission, it
and appears reasonable to omititin this case. Finally, absorption by
T, is also not included in this model. The validity of this
assumption will be discussed in tResultssection.

o) =2 exn[-(-827/253), @

+ 2105 As a result of the large time delay between the pump pulses

(A = 34 ns), it is possible to separate the system of rate

whereF, andF, are the fluences); and d, are related to equations [(Eg. (1)] into two subsets. The set of equations
the full-width-at-half-maximum pulse lengths by FWHM describing the effects of the first pump pulse is

(©)

Y
' T
krisc, T | "
S T S kr‘ orrl2
1Y Y H :
Sl i Sl kisc | le, Tn
i \A'A/ T]_
' (1_ (Disc)
55,1 Ty, y
| "
|
S So

E9549,50,51

Figure 77.35
Energy-level scheme for description of two-color excitation dynamics. (a) Complete two-step model, (b) P1 subset of rR@dalibést of model. See
Table 77.111 for parameter descriptions and values.
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Table 77.111:  Parameters used in the two-step laser-induced fluorescence model for rose bengal.
Parameter Description Value Reference
0s,s, Ground-state absorption cross section at 532 nm 1.8 x10~16 ¢cm2 16
(S +hw - )
oTT, Triplet absorption cross section (1.1+0.1) x 10716 cm?2 Thiswork
(Ty+hw - T5)
o1, Triplet absorption cross section at 532 nm 7.4x 10-17 cm2 16
(Ty +hw - Ty)
Ts S, lifetime 89 ps 16-18
T, Lifetime of T 4 (includes both phosphorescence and 315 19
oxygen quenching)
T, Lifetimeof T4 S0fs 16
T, Lifetimeof T, fitting parameter
P Intersystem crossing yield (S — T4) 0.98 18,19
PriscT, Reverse intersystem crossing yield (T, - Sp) 08 13
P, T, Reverse intersystem crossing yield fitting parameter
(Tn - S1)
Fq First pump-pulse fluence (A = 532 nm) (8.8+0.5) x 1015 photons/cm?
Fo Second pump-pulse fluence (A = 1064 nm) varied
Kic, T, Internal conversionrate (T4 — Tq) (1_ GrigeT, ) /TT4
Kic, T, Internal conversionrate (T, — T 1) (1_ ®rigr ) /TTn
ki Intersystem crossing rate Pige/Ts,
Ke T, Thermalization rate (T — Tp) fitting parameter
ke Thermalization rate (S} — S)) 1012571 16
Krisc,T, Reverse intersystem crossing rate Prise T, /1T,
(T2 - )
Krise,T, Reverse intersystem crossing rate Prise T, /TT,
(Tn - S1)
kr, T, relaxation rate Yrq,
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dps,
dt

dpr,
dt

dps, _

dt

dpg;

at

dpr,
dt

which are used for= - tot = 0. The timet = 0 is midway
between the peaks of P1 and P2, which are separated by a d

= ‘Usosl(pso— ps'l)|1(t) + (1_ qDisc)Te:,llpsl

-1
+TTPr,,

= QicTg P, ~ 7Py, _0T1T4(pTl - pl'4)|1(t)

+(1_ P, T, )T‘Fj P,

k- Ps; ~T5Ps,,

= 05,5, (Ps, Py u() kP

-1
+ @i, 1, 7, P,

-1

= o7, (pr, - pr, Ju(®) - 52pr,

(4)

system crossing from the triplet state populated by the second

pump pulse.

The effects of P1 and P2 can be separated cleanly since the
system has relaxed such that onfya®d T, are populated at
t=0. The effects of only the second pump pulse are considered
from this time ta = +o0. The model of this second excitation
step is shown in Fig. 77.35(c). The equations describing this

segment are

dps,
dt

dpr,
dt

dt

elsa/
much greater than their pulse lengths and the lifetimes of all’ 3.

excited states except.TThe processes included in this first

at

segment, where only the effects of P1 are relevant, are shown
in Fig. 77.35(b). This set of equations describing the effects oﬂan

P1 neglects all terms containifig Since T, and T}, are only

dt

populated by P2, corresponding terms can be eliminated from
Eq. (1) sincepTn = py = 0. The process of reverse intersys-

tem crossing is included in this model of the interaction of PT—=

with the sample. The first pump pulse may be absorbed by both
Sp and by any T population created by preceding parts of the
same pulse. Absorption of P1 light by thesTate populates the In this segment all terms containihgand PT, the population
T, state, which has been shown to have a high yield of reversé T,, are dropped from Eq. (1).

intersystem crossintf It is necessary to include this process

for pulses longer than the ST, intersystem crossing time

42

(1- i3] Ps, + 17 Pr,,
igeT5Ps, ~ 77pr, — o7, (pr, - pr )12()
+ (1_ Prise,T, )T‘Fnl P,

kiPs; =75 Ps;. (5)

= Kk Ps, + Diige, T, T'Fr]]'an ,

_+-1
kran pTr'1 TTn an !

UTlTn(pTl - pTrg)|2(t) ~ k1, Prs -

The fluorescence due to the two pulses is proportional to the
since it can lead to an apparent enhancement of the fluorgsepulation of $ such that

cence yield, particularly at fluences resulting in depletion of
the ground state. At the P1 fluence used experimentally, the
solution of Eq. (4), which includes the reverse intersystem
crossing process, led to a 29%-greater integrated fluorescence
compared to an otherwise identical set of equations that ne-
glected this process. It is important to emphasize that thend
reverse intersystem crossing described above occurs from the
triplet state populated by secondary absorption of the first
pump pulse and is easily distinguished temporally from the
process this experiment is designed to measure: reverse inter-

o;: O
h=r J s (0 (6)
ch +o00
f=—0 [ pg (t)ct, (7)
2 Tsl‘(!_; s, (1)
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whered; is the fluorescence yield. The two-step, laser-inducedvherer is a uniformly distributed random number between

fluorescence ratity is defined by -1 and 1. The standard deviations of the parameters found in
minimizing ten such data sets provide the estimated precision
fr = % (8) to which the parameters are known.
1

An analytical model of two-step laser-induced fluorescence
This is a convenient quantity to compare with experimentathat is limited to low-intensity and low-fluence conditions can
results since fluorescence yield, collection, and detection effbe developed. In this regime the fluorescence signals are given
ciency factors are eliminated. by

The T, photophysical parameters are determined by fitting fi= adgs;s h (20)
this model of the two-step, laser-induced fluorescence process
to the fluence-dependefy obtained experimentally. As will and
be discussed later, extraction of the parameters reqigres
measurements over a range of P2 fluences, which, at the upper fp = a®igPrige, T, I8, 71 01,1, P2 (11)
limit, are sufficient to partially deplete the lowest triplet state.
In addition, the length of the second pump pulse must exceatherea includes fluorescence yield, collection, and detection
the lifetime of T,. A numerical approach is required sincefactors. Calculating the two-step laser-induced fluorescence
under these conditions analytical solutions cannot be obtainedtio from Egs. (10) and (11) gives
easily. The numerical analysis consists of three major compo-
nents: (a) a calculation of the fluence-depenéefur a given fr = PigePrise, T 01,7, P2 - (12)
set of T, photophysical parameters, (b) an algorithm that
optimizes these parameters to provide the best fit to th&lthough this expression cannot be used to determirpand
experimental data, and (c) an estimate of the precision to Whidk},Tn, it is useful for estimating upper limits i, T, when
the extracted parameters are known based on a randomizatitvere is an undetectable two-step laser-induced fluores-
and re-optimization technique. cence signal.

Calculation of the fluence-dependent, two-step laserResults

induced fluorescence ratio was based on the sequential solu-The triplet-triplet absorption spectrum of rose bengal in the

tion of the rate equations given in Egs. (4) and (5). These ratear infrared (Fig. 77.36) is derived from a series of transient

equations were solved using Runge—Kutta numerical integrabsorption measurements acquired by laser flash photolysis.

tion. The agreement between thebtained from this model There is no measurable ground-state absorption in this region.

and the experimental data can be quantified by#istatistic, Detector insensitivity prevented the extension of this spectrum

which is summed over the sef,F, for which experimental beyond 1100 nm. Using the intensity variation me#at

measurements of the TSLIF rati ey, Were made. The was found that the absorption has a peak between 1050 and

standard deviations of those measurements are giv@dy: 1075 nm with a cross sectiahy, 1, = (1.1+0.1) x 1016 ¢cn?.

The next step is to search parameter space in order to find

the values ofk; 1 , 71, and @ig 1, that minimizex?. The Figure 77.37 shows two-step laser-induced fluorescence

optimization algorithm used is the downhill simplex metR®d. results for T. The ratio of two-step to one-step fluorescence
frexpt Versus the fluence of the second pump pulse=(

The downhill simplex method will find the set of parametersl064 nm) is plottedThe first pump-pulse fluenceA{ =

that minimizesy?, but it does not report the precision with 532 nm) was held approximately constant a+3.3 mJ/cr,

which these parameters are known given the uncertainties &nd the resulting one-step fluorescence varied by less than 2%.

the experimental measurements. This precision was estimatBled emission following P2 was detected when P1 was blocked.

by running the optimization routine on sets of TSLIF ratioEach point in this plot represents the average of from 26 to

measurementsg iy, calculated from 370 double-pulse excitations. The error bars indicate the cor-
responding standard deviations. In addition, the spectrum of
the 532-nm+ 1064-nm excited emission was measured and

meiX(Fl* FZ) = fRexpt(Fl' F2)+ rUR,expt(Fl' FZ)' ) found to be the same as the-S5, fluorescence spectrum,
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Triplet-triplet absorption spectrum of rose bengal in the near infrared.

Figure 77.37
confirming that the TSLIF results from repopulation gfthe  Fluence dependence of two-step laser-induced fluorescencérrdbelay
parametersd)risc Ty TTz’ and kr T, can be determined by between excitatign r.)ulses:. 34 ns. Circle.:s gre -averages of from 2§ tq 370
analyzing the n'onlinear depen’dencefF@fon F2 using the double-pulse excitations with error bars indicating the standard deviations.
- . . . . . . The curve represents the best f2 € 0.011) calculated from solutions of
multistate kinetic model described in tA@alysis section.

) ) ) ) ; Eqgs. (4) and (5) using the parameter values given in Table 77.11l. The
This analysis of the data shown in Fig. 77.37 g'm%c,Tzz photophysical parameters determined from the fitting procedure are

0.0142:0.0003, 71, = 5.861.6 ps, andk 1,= 1.3€t0.18 p§  ®yq.1,=0.01420.0008, 11, = 5.8:1.6 ps, andk, 7, = 1.3:0.18 ps’.
with x2=0.011.

Similar measurements probing; TA; = 532 nm,A, =  T;-T, excitation is 9x 10> photons/cri (1.7 mJ/crA).
632 nm) failed to detect any two-step laser-induced fluoredMultiple excitations are possible, however, for pulses that are
cence. Based on the fluorescence detection limits, the quantuanger than the lifetime of I This allows the two-step laser-
yield of reverse intersystem crossing from dan be con- induced fluorescence ratio to continue to grow beyond the
strained tab e 1, <0.06 using Eq. (12) withor 1, deter-  short-pulse saturation fluence limit. Limits on the growth of
mined from Ref. 22 antk set equal to the uncertainty in the the two-step laser-induced fluorescence are not solely fluence

TSLIF measurement. dependent. The maximum rate at which population can be
excited to the upper triplet state is limited by the thermalization
Discussion rate k; 1,. In addition, the maximum number of excitation

Although no analytical expression can be given forcycles that can be achieved during a pulse is limited by the
fr(F1,F») that is applicable for the high fluences used in thesepper triplet IifetimeTT2 and the length of the second pump
experiments, it is possible to explain qualitatively the shape giulsed,. Since the nonlinear portion of thecurve is depen-
thefg versusk, curve shown in Fig. 77.37. This explanation dent on the upper triplet lifetime and its thermalization rate,
also provides some justification for why the kinetic modelit is possible to extract these parameters from a fit of the
analysis is sensitive to the lifetime and thermalization rate dfinetic model to data obtained under high-intensity and high-
the upper triplet state. Under low-fluence and low-intensityfluence conditions where the deviation from linearity be-
conditions, Eq. (12) predicts thatwill increase linearly with  comes significant.

F,. Deviations from the predicted linear response are expected

to occur for P2 with sufficiently high intensity or fluence. = The multistate kinetic model described in Eq. (1) and
Under conditions where the pulse length is shorter than theig. 77.35 is not the only possible explanation for fluores-
lifetime of T,, the saturation fluencd~ = (aTsz)_l for  cence following 532-nm 1064-nm excitation. An alternative
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model that deserves consideration includes absorption of A
1064-nm light by } to populate F, a state already known to
have a high reverse intersystem crossing yiéfdn the basis

of energetic considerations, thg IT, absorption process
appears to be plausible, although restrictions such as those c
based on parity may disallow this transition. If reverse intersys- [T4]
tem crossing were to occur predominantly frog then the

expression fofg given in Eq. (12) should be modified to give

fr = PigPrisc.7,07,7,07,T, FF - (13)

Y

E9554 Time

According to this modelfg increases quadratically rather
than linearly inF, since population of Jfrom T, requires  Figure 77.38
the sequential absorption of two 1064-nm photons. In addBchematic of transient changes in doncentration (based on Fig. | in
tion, fR is expected to saturate at a value greater thalkef. 15). The pointa, b, andc in the figure represent the times immediately
DD _ 0.78. The experimental data shown inprior to P2, immediately following P2, and after the fast recovery of the

oS T, Pt e . L transient bleaching, respectively.
Fig. 77.37 do not exhibit this behavior, which justifies our 9 resp Y

elimination of this alternative model.

Equation (14) attributes the bleaching to the entire fraction
No two-step laser-induced fluorescence was detected in thendergoing reverse intersystem crossing. It is more appropri-
532-nm + 632-nm experiment. This experiment was per-ate, however, to interpret bleaching as due to the fraction that
formed under conditions much less favorable than for thendergoes reverse intersystem crossing and in addition does
532-nm+ 1064-nm experiment. Both the maximum P2 fluencenot repopulate the triplet manifold through-ST, transfer,
and the triplet-triplet absorption cross section were signifitmplying
cantly less at 632 nm compared to 1064 nm. Even with these
limitations, however, the value @s. 1. can be determined AC,: _
. 1sc, T3 ) . —8 = Qi 7, (1~ Pige)- (15)
to be less than 0.06. This result disagrees with a yield of 0.72 AC,, 8
for this state reported previousH.
Indeed, this latter interpretation of the bleaching fraction
Ketsle et al attempted to measure the yield of reverseagrees with that used by Redmoeidall? Recalculating a
intersystem crossing through measurements of the changeyireld based on Eq. (15) using the Ketsfeal. bleaching
T, absorption (and therefore, concentration) in a two-stefraction data found in Table | of Ref. 15 giveg;e 1,>> 1.
excitation experiment® Immediately following P2, a de- Since this quantum yield cannot exceed unity, it appears that
crease in the concentratid@C,,, of T; was observed, which their experimental data was obtained under conditions in
was followed by a partial recoverC,., as shown in which the assumptions used to derive these equations do not
Fig. 77.38, which is a sketch showing the key features in thapply. In particular, these equations are valid only under
transient signal plotted in Fig. | of Ref. 15. The poimts and  conditions in whichAC,, is proportional to the number of
c in Fig. 77.38 represent the times immediately prior to P2photons absorbed by, TThis can occur only when the length
immediately following P2, and after the fast recovery of theof the exciting pulse is shorter than the lifetime of the upper
transient bleaching, respectively. The lack of complete recowriplet state (52 << T-|-3) and when the transient absorption
ery is due to reverse intersystem crossing from the higher-lyindetection system is capable of responding on this same time
triplet populated by P2. From these concentration changesale. Ketslet al do not report the length of their second pump
Ketsleet al calculated the reverse intersystem crossing yielghulse but state only that it is from a ruby laser. It appears likely
using the formula that their excitation pulse is longer than several nanoseconds,
which is much greater than the expected upper triplet lifetime
of picoseconds or less. In addition, the time response of their
% = D 1o (14) transient absorption detection system is not reported. The use
ACqp e of long pulses or slow detection systems with this transient
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absorption technique will lead to an underestimate of theTable77.1V: Energiesof rose bengal excited states. Singlet-
number of absorbed photons, thus leading to valueg;gf 1, State energies are estimated from the ground-state
that exceed unity. The equipment requirements are not as absorption spectrum. Triplet-state energies are
demanding for fluorescence methods of measuring reverse estimated from the T, absorption spectrum.

intersystem crossing. State Energy (eV) Ref.
S; 210 Thiswork

Reverse intersystem crossing yields have been calculategret S dl m— ”

for a growing number of molecules. An aspect of this study that 2 ' IS wor

makes it of particular interest is that these yields have now begn S3 351 Thiswork

measurgd fo.r sgveral triplet states of rose ben.gal. PI’.eVIOL S S, 395 Thiswork

workers in this field have suggested that population excited tg

T, relaxes rapidly to the next-lowest triplet state, and that the Ty 175 25

triplet-singlet transfer is predominantly due to reverse inter T, 2.92 Thiswork
system crossing from this less-energetic st&feAccording
to this model, the reverse intersystem crossing yield should He
independent of the high-lying triplet state initially excited; Ty 403 24
experimental measurements clearly contradict this prediction
with high yields of® i 1, =0.80 if Ty is initially excited3to
much lower yields of® g t, = 0.0142 for the case of direct
population of T (measured in this work). Conclusion
We have presented what we believe to be the first study of
To understand these results it is instructive to consider the triplet state of rose bengal that is produced by 1064-nm
energies of the relevant triplet and singlet states. The energiescitation of . The triplet-triplet absorption cross section
of the singlet states can be estimated from the peaks of tias measured between 825 nm and 1100 nm. This state was
ground-state absorption spectrum. Similarly, the energies df@irther characterized using two-step laser-induced fluores-
the triplet states relative to, Tan be estimated from triplet- cence to determine its thermalization rate, lifetime, and quan-
triplet absorption spectra (the present work and Refs. 8 artdm yield of reverse intersystem crossing. Similar two-step
24). The energy of Tin methanol is 1.75 e%? These results laser-induced fluorescence measurements were made of the
have been compiled in Table 77.1V. The energy gaps betwedriplet excited by 632-nm light.
the excited triplet states and the nearest less-energetic singlet
state areAE (T,—S,) = 0.51 eV,AE (T3-S3) = 0.35 eV, and In earlier work, the reverse intersystem crossing yield was
AE (T4—S,) = 0.08 eV. Thus we find that the transition with predicted to be independent of which higher-lying triplet state
the smallest energy gap exhibits the greatest reverse intersygas initially excited. The present work finds that the yields for
tem crossing vyield @yg 1,= 0.0142, @ 7. < 0.06, triplets excited by red and near-infrared ligh,ahd T, are
Prise T, = 0.80). Although this ordering is consistent with amuch less than those reported earlier for the more-energetic
simple interpretation of the energy gap law for nonradiativestate T,, which is populated by green lightAn analysis of
transitions, which states that reverse intersystem crossingtise triplet-triplet absorption spectrum and the ground-state
likely to be most favorable when there is a small energy gagbsorption spectrum shows thati§ energetically close to a
between the triplet state and a nearby singlet, such an interpgate in the singlet manifold, whereas the corresponding gaps
tation must be considered critically. As developed by Englmaare significantly greater forsTand T.
and Jortnef8the energy gap law applies to a particular triplet-
singlet pair, whereas here we are considering three such pailsCKNOWLEDGMENT
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