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Abstract

X Ž .Fluorescence dynamics of a cyanine dye 3,3 -di 3-sulfopropyl -thiacyanine triethylaminium salt in water with and without
doping TiO colloids has been investigated using the femtosecond time-resolved fluorescence up-conversion technique. A2

new component with a decay time larger than 30 ps for the dye molecules associated with TiO was observed and a blocking2

effect of TiO on the conformational isomerization process of the cyanine dye is suggested. q 1999 Elsevier Science B.V.2

All rights reserved.

1. Introduction

w xA primitive theoretical treatment 1 on barrierless
isomerizaiton was first proposed in 1956. Thereafter,
a series of theoretical models were presented. In
1983, a more general and practical theory, the BFO
theory, was brought about by Bagchi, Fleming and

w xOxtoby 2 . They treated the excited state potential
surface along the reaction coordination as harmonic,
and separated the relaxation of the population in the
excited state into two parts. One is the direct S ™S1 0

radiative relaxation. The other corresponds to the
downhill relaxation along the reaction coordinate on

) Corresponding author. Fax: q86 10 6275 6567r1615; e-mail:
qhgong@ibm320h.phy.pku.edu.cn

the excited state potential surface, and the following
non-radiative S ™S relaxation process which oc-1 0

curs at the sink point, where the energy gap between
the two states is minimal. Clearly, excited state
barrierless photoisomerization has a special signifi-

w xcance for testing various reaction rate theories 3 .
Some experimental results were reported under cer-

w xtain conditions 4,5 . In the early 90s, with the
development of the ultrashort pulsed laser, many
predictions of BFO theory were experimentally veri-

w xfied 6–8 . More recently, an important prediction,
the dual fluorescence decay and wavelength depen-
dent fluorescence decay dynamics has been tested in
our study on the fluorescence decay dynamics of a

X Ž .cyanine dye, 3,3 -di 3-sulfopropyl -thiacyanine tri-
Ž Ž . .ethylaminium salt 33 3S -TC , by using a fem-2
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tosecond time-resolved fluorescence up-conversion
w x Ž .technique 9 . The results indicated that 33 3S -TC2

was a model molecule for an excited state barrierless
isomerization reaction.

To understand the excited state barrierless photoi-
somerization better, it is necessary to conduct a
time-resolved study on the reaction in diverse envi-
ronments. Previously, experiments were conducted
using solutions of the sample molecule in a series of
solvents with different viscosity. In such a way, the
solventrsolute interaction was utilized as a damping
effect to slow down the isomerization reaction.
Though some supporting evidence for barrierless

w xisomerization was obtained in this way 6–8 , mea-
suring a series of fluorescence decays of sample
solutions is very time-consuming. Also, the differing
solvation response of various solvents often intro-
duces error. Recently, a barrier-crossing conforma-
tional isomerization process was studied in a restric-
tive nanocavity. The confined geometries were found

w xto play a blocking effect on the reaction 10 . In this
Ž .Letter, the excited state isomerization of 33 3S -TC2

adsorbed on the surface of TiO colloids is studied2

and the blocking effect of TiO colloids on the2

isomerization process is revealed. TiO colloids were2

used because of their excellent performance of inter-
molecular charge separation. TiO colloids have2

w xplayed a great role in photography 11,12 and photo-
w xelectrochemical energy conversion 13 where they

are sensitized by adsorbing various molecules, even
w xas large as C 14 . In most cases, the photoinduced60

charge transfer from the adsorbed molecules to TiO2
w x11–14 resulted in a quenching of the fluorescence

w xof the adsorbed molecule 11,12 . However, in our
Ž .present study, 33 3S -TC in coexistence with TiO2 2

colloids showed enhanced and prolonged fluores-
cence decays. Compared with the fluorescence de-
cays of the dye in water, a new long-lived compo-
nent emerged in the whole emission spectrum. The
observed enhancement of the stable state fluores-
cence intensity with increasing TiO concentration2

means the new decay component to the fluorescence
can be attributed to dye molecules adsorbed on TiO2

colloids. To these adsorbed dye molecules, TiO2

colloids act as fixers and prevent them from intra-
molecular twisting. Thus the blocking effect of the
TiO colloids on the exited state isomerization of the2

cyanine dye is demonstrated.

2. Experiments

Ž .33 3S -TC was synthesized using the method2
w x w xgiven by Hamer 15 and Ficken 16 . TiO colloids2

were synthesized using the method described previ-
w xously 12 . The diameter of TiO colloids was about2

4 nm. Solutions of the dye in water with a concentra-
tion of ;1=10y4 M were used for stable state
spectral measurements. Meanwhile, the spectra for
solutions of the same concentration doped with TiO2

colloids with various concentrations of 0.57, 1.1, 1.7,
2.3, and 2.8 mM were also measured. The fluores-
cence spectra were recorded with a Hitachi F-3000
spectrometer. Absorption spectra were recorded with
a UVIKON 810 spectrometer. The measured absorp-
tion and fluorescence spectra are illustrated in Figs. 1
and 2, respectively. From the figures, it is clear that
the fluorescence intensity increases with increasing
TiO concentration and no peak shift for the absorp-2

tion or fluorescence is found. This indicates that the
existence of TiO colloids has no effect on the2

energetics of the dye.
Solutions of the dye with a concentration of 1=

10y4 M in water and doped with 2.8 mM TiO were2

used for the time-resolved dynamics measurements.
The experimental apparatus has been described in

w xour previous reports 9,17 . The laser pulses of 830
Ž .nm, from a Ti:Sapphire laser Coherent Mira 900F

Žpumped by a CW multiline argon ion laser Coherent

Fig. 1. Absorption spectra of the dye in water with and without
TiO . The molar concentration of the dye is 1=10y4 M for both2

solutions. The molar concentration of TiO in the mixed solution2

is 5.7=10y4 M. The structure of the molecule is illustrated in the
inset.
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Fig. 2. Stable state fluorescence spectra of the dye in water with
and without TiO . The molar concentration of the dye is 1=10y4

2

M for the all solutions. The molar concentrations of TiO in the2

mixed solutions are listed in the inset.

. Ž .Innova 415 , had a duration of 115 fs FWHM and a
repetition of 76 MHz. The energy of each pulse was
about 24 nJ. The fundamental pulses were focused
onto a 0.3 mm thickness type I BBO crystal for the
second harmonic generation. The generated second

Ž .harmonic 415 nm laser pulses with an energy of
1.2 nJ per pulse were reflected by a beam splitter and
used to excite the dye molecules. The remaining
fundamental pulses, used as the gating pulses, passed
through a half-wave plate and an optical delay line
whose movement varied the optical path. The fluo-
rescence from the dye solution was collected and
collimated with the parallel-polarized gating pulses.
The two beams were then focused onto another type
I BBO crystal to generate the up-conversion signal.
With a band-passing filter placed after the crystal,
the fluorescence and the gating pulses were both
blocked and the up-conversion signal beam was fo-
cused to the entrance slit of a 0.35 m monochromater
by a lens. A Hamamatsu R585 photomultiplier de-
tected the signal and sent it to a Hamamatsu C5410
photon counter. Then the digital output of the photon
counter was collected by a personal computer, which
was also used to control the operation of the optical
delay line.

3. Results and discussions

Typical fluorescence decays at different wave-
lengths of the solutions doped with and without TiO2

Fig. 3. Time-resolved fluorescence decay curves of the dye in
Ž . Ž .water at 485 nm filled squares and 535 nm open squares .

are illustrated in Figs. 3 and 4, respectively. All the
measured fluorescence transients were fitted using a
multi-exponential function, shown by the solid lines
in the figures. The fitting results are listed in Table
1. For solutions without TiO colloids, the fitting2

results gave a bi-exponential decay with time con-
stants varying with wavelength. In the red region of
the stable state fluorescence spectrum, the decay
shows a prominent fast decay component with a time
constant of ;8 ps, which is attributed to the S ™S1 0

Fig. 4. Time-resolved fluorescence decay curves of the dye in
Ž . Žmixed solution at 485 nm open squares and 535 nm open

.diamonds .
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Table 1
Parameters obtained from exponential fits to the fluorescence decay curves

Ž .Wavelength nm Dye in water bi-exponential fitting results Dye in mixed solution three-exponential fitting results
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .t ps a rt ps a t ps a rt ps a rt ps a1 1 2 2 1 1 2 2 3 3

a bŽ . Ž .535 8.3 7.8 0.79 r32 0.21
Ž . Ž . Ž . Ž . Ž .515 1.3 0.06 r8.28 0.94 1.1 0.18 r8.2 0.57 r32.5 0.25
Ž . Ž . Ž . Ž . Ž .495 1.18 0.125 r7.6 0.875 0.8 0.14 r8 0.60 r33 0.26
Ž . Ž . Ž . Ž . Ž .484 1.08 0.186 r7.3 0.814 0.9 0.20 r7.3 0.61 r33 0.19

a Ž . Ž Ž . .Single-exponential fitting function: I t s I exp y ty t rt .0 0
b Ž . � Ž Ž . . Ž Ž . .4Double-exponential fitting function: I t s I a exp y ty t rt qa exp y ty t rt .0 1 0 1 2 0 2

relaxation. As the detection wavelength moved into
the blue region, this component becomes less impor-
tant and a contribution from an ultrafast decay com-

Ž .ponent with a relatively shorter decay time t;1 ps
emerged. This component represents the relaxation
of the population on the excited state potential sur-
face along the isomerization reaction coordination.
These are characteristics of the barrierless excited
state isomerization reaction and detailed comments

w xhave been given in our previous report 9 . Here,
only the difference caused by TiO colloids will be2

discussed. From the figures, it is obvious that in
solutions doped with TiO , the fluorescence is en-2

hanced and exists for a long time. For these fluores-
cence decays, a two-exponential fitting did not pro-
duce satisfying results. A new component with a
time constant )30 ps had to be added. Considering
the limitation of the time scope of our measurements,
we believe that the actual time constant should be
longer than 100 ps.

Taking into account the enhancement of the stable
state fluorescence with increasing concentration of
TiO colloids in the mixed solutions, we attributed2

the new component to the S ™S radiation of dye1 0

molecules associated with TiO colloids. From the2

structure of the dye molecule, it can be reasonably
inferred that the dye molecules could be associated
with TiO colloids via the S atom, which has a pair2

of non-bonding lone electrons. Thus, a molecule
bridge in the form of ‘P’ is formed. The two piers
Ž .S atoms are fastened to the surface of the TiO2

colloids. This weakens the molecule from the intra-
molecular twisting motion, which is the main path of
the ultrafast non-radiative S ™S relaxation. Con-1 0

sequently, compared with the free dye molecules, the
fluorescence of the adsorbed dye molecules was

enhanced and had a relatively longer decay time
constant. Undoubtedly, the ultrafast and fast compo-
nents in the fluorescence decays of the mixed solu-
tion originate from the free dye molecules, which do
not associate with TiO colloids. It is of great inter-2

est that the enhancement and the prolonged decay of
the fluorescence are in contradiction with the com-
monly observed fluorescence quenching when emis-
sion species are associated with TiO colloids. This2

may be explained as the limitation of excited p

electron transfer in our sample. For such a molecule,
the excited p electrons are located on the conjugated
chain, which does not include the pier atoms, i.e. the
S atoms. Thus the transfer of p electrons to TiO is2

limited. Furthermore, the non-planar configuration of
the molecule would weaken the delocalization of p

electrons. Thus, the commonly observed fluores-
cence quenching caused by excited electron transfer
is avoided in our case.

4. Conclusions

The fluorescence dynamics of a cyanine dye,
X Ž .3,3 di 3-sulfopropyl -thiacyanine triethylaminium
Ž Ž . .salt 33 3S -TC , in water with and without TiO2 2

colloids were measured by using the femtosecond
time-resolved fluorescence up-conversion technique.
Compared with the fluorescence decays of the dye in
water, a new prolonged component is observed in the
mixed solution. Combined with the enhancement of
the stable state fluorescence with TiO concentra-2

tion, association between the dye and TiO is be-2

lieved to inhibit the intramolecular twisting motion
of the dye, resulting in the promotion of the effi-
ciency of the fluorescence. Thus, the blocking effect
of the TiO colloids on the exited state isomerization2
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of the cyanine dye is demonstrated. The excited state
barrierless isomerization process of the dye and the
determining role of the non-radiative relaxation on
the isomerization process in the BFO theory have
been proven.
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