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Abstract. The capacity of a new type of time-resolved laser-scanning spectroscopy is discussed. Due to
the developed modulation technique we obtain a high sensitivity in the absorption measurement as well as
a very efficient suppression of the background absorption. The new technique has been used to investigate
photophysical and photochemical properties of fluorescent dyes. All presented results are discussed in view
of potential applications like dye laser and fluorescence labelling.

The possibility of intermolecular triplet state quenching by molecular oxygen and further agents is con-
sidered in detail. The quenching process is described in terms of diffusion controlled interaction. It is shown
that under ambient conditions quenching agents can inhibit the quenching by molecular oxygen and there-
fore the generation of the chemically highly reactive singlet molecular oxygen. It can be expected that the
obtained information can be used in order to increase the photostability not only of rhodamine dyes.

1. INTRODUCTION AND OVERVIEW

1.1. Experimental challenge. The precise quantitative
detection of weakly absorbing transient states is still
a challenge in the study of photochemical and photo-
physical processes. In order to explain the photophysi-
cal behaviour of a sample it is essential to get precise in-
formation about the population of each state as a func-
tion of time. So two kinds of information have to be
supplied by the experiment. First of all, the states have
to be identified, this can usually be accomplished by the
spectral dependence of the signal. Secondly, the time de-
pendence of the population has to be measured [1]. Both
measurements have to provide highly precise data, be-
cause the signals suffer from strong interference of the
ground state. Most of the applied experimental meth-
ods are not capable of providing this data simultane-
ously. This introduces difficulties, because the results
of two different experiments have to be compared.

We present a new time-resolved laser-scanning spec-
trometer, that allows a precise detection of the absorp-
tion of transient states in the whole visible and NIR
range of the spectrum. We can determine the spectral
features of the transient states as well as the time de-
pendence of the population of the transient states in
the same experiment. Due to the developed modulation
technique see (Chapter 2.1) we obtain a high sensitivity
in the absorption measurement (In current experiments
it could be shown that the sensitivity of our technique
is sufficient to measure absorption at single molecule
level.) and a very strong suppression of the background
absorption simultaneously. An efficient suppression of
the background is obtained even in the case of similar
spectral distributions of ground state and transient
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absorption. The time-resolution in the presented spec-
trometer is achieved by a working principle that can
be compared to a motion picture camera. The picture
at the end of the strip obviously shows the object at
a distinct period later than the first picture. This tech-
nique has been used to investigate photophysical and
photochemical properties of fluorescent dyes.

1.2. Fluorescent dyes. Xanthene derivatives especially
rhodamine dyes, occupy an important position among
different families of dyes, owing to a number of rea-
sons related to their photochemical and photophysical
properties. Because of their high fluorescence quantum
yield rhodamine dyes have wide spread technological
and scientific applications e.g., single molecule detec-
tion [2, 3], fluorescence labelling [4], dye lasers [5, 6, 7],
conversion and storage of solar energy [8] etc. These
dyes are also applied in medicine e.g., for the staining
of damaged cells [9], as antitumor agent [10], and in
photosensitized cell killing [11, 12]. For nearly all ap-
plications a high photostability is required. This goal
can be approached by fast deactivation of the excited
molecules to their ground state. Consequently the com-
petition of photochemical processes will be suppressed
and therefore their importance decrease. Owing to its
metastable character the triplet state T is of particu-
larly interest for photochemical reactions.

1.3. The triplet state in dye lasers. In dye laser tech-
nology a short triplet state lifetime is of two fold im-
portance. Besides an increased photostability a reduced
triplet state lifetime leads to a decreased triplet-triplet
absorption which can be decisive for laser efficiency
[13, 14, 15, 16, 17, 18]. For a number of rhodamine dyes
important molecular parameters for dye laser action
were measured in our group by using the time resolved
laser-scanning-microscopy technique [19, 20, 21]. In
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[22] a modification of the scanning-microscopy tech-
nique is applied for intracavity absorption measure-
ments. A general overview will be given in [23].

1.4. Fluorescence reduction by population of the
triplet state. In many applications mentioned above
the dye molecules are often expected to emit maximum-
intensity fluorescence. The primary requirement for
this is a high fluorescence quantum yield. Beyond this,
it must be considered that fluorescent molecules lo-
cated in a meta-stable triplet state are not able to emit
radiation. This represents a reduction of the intensity
of the fluorescence, often underestimated in its impor-
tance. The size of this perturbation can be grasped by
knowledge of the quantum yield for occupation of the
triplet state and its lifetime. In [24] the time resolved
laser-scanning-microscopy technique has been used to
measure the solvent dependency of the triplet state
properties of four medically and biologically relevant
dyes [25, 26, 27, 28, 29, 30, 31, 32, 33].

1.5. Triplet state quenching and singlet molecular oxy-
gen production. Because of the low lying excited sin-
glet state of the omnipresent molecular oxygen 3O2 this
molecule frequently operates as efficient intermolecu-
lar quencher for excited singlet and triplet states. Under
ambient conditions in solution almost all dye triplets
are quenched by molecular oxygen. As reaction prod-
uct the chemically highly reactive 1O2 can be formed
[34, 35, 36, 37, 38, 39]. This molecular species may ac-
tivate the photodecomposition of the dye molecules or
can lead to a phototoxical action of the dye.

Several techniques have been used to detect 1O2 in
condensed phase like 1O2 → 3O2 NIR phosphorescence
[40, 41, 42, 43, 44, 45, 46, 47, 48], time resolved ther-
mal lens spectroscopy [41, 49, 50], and the analysis of
1O2 specific reaction products [36, 44, 51, 52, 53, 54].
Quantum yields of 1O2 production have been inves-
tigated for a large number of sensitizers. Values for
1O2 production rates are reported [51, 50, 55, 56, 57]
even for a couple of hydroxy xanthenes as fluoresceine,
eosin and rose bengal which show a relatively high
triplet quantum yield. Rhodamine dyes possess a very
low triplet quantum yield (1% or less) [58]. Neverthe-
less the relation between the photostability of xanthene
dyes and the presence of 1O2 is frequently discussed
[34, 50, 55, 59, 60, 61, 62, 63]. To our knowledge in [64]
for the first time we have directly proved the formation
of 1O2 sensitized by rhodamine dyes.

1.6. Elementary photoreactions of rhodamine dyes
in basic solvents. By applying the time-resolved laser-
scanning-microscopy technique in [66] we show that
rhodamine dyes which contain secondary amino-
groups can be easily deprotonated being in their triplet
state. The deprotonated triplet state undergoes a fast
reaction leading to a comparatively long living state.
The absorption spectrum of this new state is close to
the ground state. We suppose the state to be the radi-
cal ion of the dye produced by electron transfer of the

deprotonated triplet state.

This fast reaction being coupled to the deprotona-
tion equilibrium significantly decreases the lifetime of
the triplet state. The ground state depletion shows biex-
ponential recovery due to superposition of accelerated
triplet decay and slow decay of the new state.

Until now proton phototransfer involving rhodamine
dyes in the triplet state has hardly been studied. To
our knowledge [66] is the first paper which reports that
the deprotonated triplet state is an efficient source of
a remarkably long living transient species. The results
are of particular interest in view of the photostability
of widely used rhodamine dyes. Under constant irradi-
ation this long lifetime causes the build-up of a distinct
concentration of probably radical ions that might be
chemically reactive. Thus the presence of a base prob-
ably opens a pathway of irreversible photodecomposi-
tion of the dye.

2. MATERIALS AND METHODS

As mentioned above a high photostability can be ap-
proached by fast deactivation of the excited molecules
to their ground state. This can be done through inter-
or intramolecular processes. In [65] intramolecular
quenching processes are investigated on the basis
of electronically excited trichromophoric rhodamine
molecules. In the following the efficiency of intermolec-
ular quenching of excited rhodamine 6 G is investigated
in detail. We present agents which selectively influence
the fluorescence, the intersystem crossing rate or the
triplet lifetime of rhodamine 6 G. The influence is de-
scribed in terms of diffusion controlled interaction.
Moreover even under ambient conditions the addition
of e.g., TEMPO in a sufficient high concentration can in-
hibit the quenching by molecular oxygen and therefore
the generation of the chemically highly reactive singlet
molecular oxygen. It can be expected that the obtained
information can be used in order to increase the pho-
tostability not only of rhodamine dyes.

2.1. Experimental setup. Experimental details of the
used time-resolved laser-scanning-microscopy tech-
nique have been described elsewhere [19, 24, 65, 66].
Briefly, the sample (see Figure 1) consists of a mixture
of rhodamine 6 G and the quenching agent dissolved in
deoxygenated ethylene glycol. The solution is pressed
through a nozzle producing a fast flowing jet stream
(` = 100µm thickness). (Instead of the jet a fast rotating
dye cell can be used [24]. With this technique of course
the solvent viscosity is not important. Moreover rotat-
ing discs of solid samples can also be used.) This jet
is commonly known from cw dye lasers. A continuous
excitation beam is focused by a lens (f = 50 mm) onto
the sample. The excitation (absorbed power typically
100 mW) produces a characteristic spatial distribution
of transient states. The transmission of the sample is
measured using a focused continuous probe beam (In-
stead of the used laser a XE-arc lamp can also be ap-
plied as probe beam source [66].) (< 10 mW). In order
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Figure 1. Laser-scanning microscope. Jet: the dye jet is pro-
duced by a combination of a pump module (model 591, Co-
herent Radiation) and a nozzle (taken from a dye laser CR
599, Coherent Radiation); Excitation and probe beam: Kr-
ion laser (531 nm, model CR 3000 K, Coherent Radiation)
or Ar-ion laser (514 nm, model Innova 70, Coherent Radi-
ation); C: chopper (model 220 A, HMS); M: monochromator
(model H20, Jobin Yvon); LI: lock-in amplifier (model 5101,
EG & G); L1 and L2: achromatic focusing lens (f = 50 mm);
L3: lens (f = 100 mm); PC: Computer; BS: beam splitter (5%
reflection); D indicates the distance between excitation and
detection.

to increase the signal to noise ratio the excitation beam
is chopped and the detector current is recorded by a
lock-in amplifier (see Figure 1). Due to the adjustable
distance D between the foci of the probe and the ex-
citation beam one can detect the distribution of tran-
sient states in the sample. Because of the motion of
the sample the spatial evolution of the transmission
can be transformed into the time domain. Consequently
it is possible to identify individual states by analysing
the temporal decrease of the transient absorption. The
waist diameter 2a of the focused beams is 15µm. A typ-
ical jet velocity vjet is 15 m/s. Thus a time resolution of
2a/vjet = 1µs can be obtained.

The jet technique restricts the number of useable sol-
vents to those showing a sufficient high viscosity. Using
these solvents a high uniformity of the jet velocity is ob-
served. The jet velocity is given by the measured phase
difference between the chopped excitation and the re-
sulting change in probe beam transmission as function
of D.

The absorption and fluorescence spectra of the used
dye solution (see Figure 2) are measured by a spec-
trophotometer (model Lambda 19, Perkin Elmer) and a
fluorimeter (model Fluorolog 2, Spex) respectively. The
measured fluorescence data are corrected to the pho-
ton spectra by using a calibrated halogen lamp (Model
245C, Optronic Laboratories).

2.2. Chemicals. In the time-resolved experiments pre-
sented below the dye rhodamine 6 G (Radiant Dyes)
in ethylene glycol (Merck, puriss. p.a.) is used. The
chemical structure of rhodamine 6 G is shown in
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Figure 2. Normalised absorption and emission spectrum of
rhodamine 6 G in ethylene glycol. The molar decadic extinc-
tion coefficient at the wavelength of maximal absorbance
is in the order of 105 `/(mol· cm).

Figure 2. The dye concentration (0.3 mM) is adjusted
to an absorbance of 3 per mm at the maximum of the
main absorption band. The dye was checked for purity
by HPLC and did not contain a significant amount of
impurities.

The agents used for intermolecular quenching are
described in Table 1. The molecular oxygen concen-
tration [O2] is adjusted by flushing (15 minutes) with
the corresponding N2-O2-gas mixture. The solubility of
molecular oxygen in ethylene glycol is kHenry = 0.58×
10−3 mol/(`· atm) [67]. Assuming an ideal behaviour of
gaseous elements in acetonitrile and almost complete
gas displacement, one gets for the 3O2 concentration
[O2] the values 0.58, 0.12 and < 0.01 mM for oxygen,
air and nitrogen flushed solution respectively.

All measurements are carried out at a solvent tem-
perature of 20 ◦C.

2.3. Theory and results. The analysis of the signals
recorded by the laser-scanning microscope is carried
out on the basis of the Jablonski energy state diagram
[68] which is usually accepted for characterisation of
organic dyes. Owing to the short lifetime of higher ex-
cited states only the first excited singlet S1 and the low-
est triplet state T is populated noticeably. The excita-
tion beam generates a characteristic population of the
excited states S1 and T, which can be detected by the
probe beam. In order to measure the transient amount
of the total transmission the intensity of the probe
beam Ii, having transient states populated (excitation
beam on) is compared with the intensity I, having no
transient states populated (excitation beam off). Ow-
ing to the polarisation and orientation of excitation
and probe beam the orientation of the dye molecules
in ground state and excited states can be anisotropic
[58]. In order to consider the effect of anisotropy the
transmission of the probe beam is measured for par-
allel and perpendicular polarisation of excitation and
probe beam which is indicated by i = ‖ and ⊥. The
change of the transmitted intensity

4Ii
I
= I

i
1−I
I

(1)

is recorded. Positive values indicate an increased
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Table 1. Intermolecular quenching of rhodamine 6 G in ethylene glycol (deoxygenated) and different agents.
1) For preparation of the N2-O2-gas mixture nitrogen (Messer-Grieβheim) of the purity 99.99% is used.
2) A gas-chromatographic analysis indicates the following impurities: 1.5% benzene; 0.8% benzophenone; 0.4% fluorene;
6% dimeric COT.

Structure Name Purity
Maximum applied kTQ10−8 kSQ10−8

concentration, mM l/(mol s) l/(mol s)

O2 oxygen Messer-Grieβheim1) 99.99% 0.58 16 17

N

O

TEMPO Aldrich 98% 6 1.18 0.71

COT Radiant Dyes2) 6 0.94 0

Br

Br
Br

H

C bromoform Merck-Schuchardt z.S. > 99% 350 0 0.14

I

iodobenzene EGA-Chemie 99% 18 0 0.96

OH

OH

hydroquinone laboratory quality 6 0 0
4 times recrystallized

NO2

nitrobenzene Fluka puriss. p.a. > 99.5% 6 0 0

transmission of the excited sample compared to the
sample with just a ground-state population. From mea-
sured functions 4Ii/I the signal 4I/I which would be
obtained if the probe molecules were oriented isotrop-
ically can be calculated by [58]

4I
I
= 1

3

(
4I‖
I
+2

4I⊥
I

)
(2)

Equation (2) is valid for 4I/I� 1. This relation is ful-
filled in all experiments. Typical measured signals are
shown in Figure 3.

The wavelength of the probe beam is tuned to the
main ground state absorption band of rhodamine 6 G.
The ground-state depletion causes an increase of the

transmitted beam intensity. With respect to the high ex-
tinction coefficient of the ground state the absorption
of the transient states at this wavelength can usually
be neglected [19] and the transmission change can be
approximated as

4I
I
= 10

`·ε0·
[
c1(D)+cT (D)

]
−1 (3)

For D = 0 (complete overlap between excitation and
probe beam) the dye solution is bleached by the popula-
tion of the S1 and T state. Because of the short lifetime
of the S1 state (< 10 ns) the ground state depletion for
D > 30µm (no overlap between excitation and probe
beam) is determined exclusively by the population of
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Table 2. Experimental details for the measurement shown in Figure 3.In all cases is a= 8µm.

[O2], mM vjet , m/s kST /106, s−1 τT , µs c1(d= 0)/c,% cT (d= 0)/c,% M/10−3

< 0.01 12 0.75 100 2.77 1.17 5.6
0.12 22 0.81 4.97 3.02 0.71 58.8
0.23 22 1.03 2.38 3.07 0.85 113
0.35 22 1.26 1.67 2.90 0.94 155
0.46 22 1.29 1.27 2.93 0.98 204
0.58 22 1.35 1.08 2.95 1.02 237
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Figure 3. Typically obtained transmission change4I/I with
oxygen as quenching agent. Excitation and probe beam
wavelength 514 nm. Power of the excitation and probe
beam 120 mW and 5 mW. Dye concentration c = 0.3 mM.× :
[O2] < 0.01 mM, ∗ : [O2] = 0.12 mM, � : [O2] = 0.23 mM,
◦ : [O2] = 0.35 mM, • : [O2] = 0.46 mM and 4 : [O2] =
0.58 mM. The solid lines are fitted to equation (3) with data
given in Table 2.

the T state. Therefore the lifetime τT of the triplet state
can be obtained by analysing the signal in this region.
The values of ` and ε0 are given from conventional ab-
sorption measurement. From the recorded signal the
functions c1(D) and cT(D) can be calculated by using
equation (3). These concentrations are to be interpreted
as an average over the probe beam area for isotropic ori-
entation of the molecules in ground and excited states.
By comparison of the obtained concentrations the rate
constant kST for intersystem crossing can be calculated
by [58]

kST = cT(0)
c1(0)·τT ·M . (4)

Owing to the jet motion and diameter of the excitation
focus the dye molecules require a certain time to cross
the region of excitation. This time is in the same order
as the triplet lifetime. This fact is taken into account by
introducing the factor M which is given by [58]

M = 2
3
·

1+ γ2

2·(γ2+ω2)
− ω5

π ·γ ·(γ2+ω2)2

×exp

(
− π ·γ

ω

)
·sinh

(
π ·γ
ω

) (5)

with γ = 1/(vjet ·τT ) and ω=√π/a.

For a more detailed discussion of data analysis and
the spectroscopic potential of the time-resolved laser-
scanning-microscopy technique see [19, 58, 65].

2.4. Intermolecular quenching of the triplet state of
rhodamine 6 G. The transient absorption of a mixture
of rhodamine 6 G and the agents shown in Table 1 in
deoxygenated ethylene glycol is measured. These mea-
surements are repeated for different concentrations of
the agents. As exemplary shown in Figure 3 the addition
of the agent leads to a change in the recorded signal. A
shortening of the triplet lifetime as well as a change in
the rate constant for intersystem crossing is observed.
By addition of all agents shown in Tabel 1, the influence
of the agent can be quantified by the theory of diffusion
controlled interaction [69] as

1
τT
= 1

τ0
T
+kT

Q ·[Q] (6)

and

kST = k0
ST+kS

Q ·[Q] (7)

where
[Q] concentration of the added agent,
k0

ST and τ0
T the rate constant of intersystem crossing

and the triplet lifetime of rhodamine 6 G without the
addition of the agent,
kS

Q and kT
Q quenching constants defined in equa-

tion (7) and (6).
In the coordinate system shown in Figure 4 equa-

tion (6) and (7) represents linear functions. The mea-
sured data are in good agreement with the theoreti-
cal prediction and the quenching constants can be ob-
tained by a linear fit. In Table 1 the obtained quenching
constants are given. In order to demonstrate the low
triplet quantum yield ΦT of rhodamine 6 G in Figure 4a
the second ordinate is given.

2.5. Discussion
Oxygen. It is well known that molecular oxygen 3O2 ef-
ficiently quenches triplet states. This is also measured
for rhodamine 6 G triplets. Its high efficiency is appar-
ently caused by the relatively small size of the oxygen
molecule, which provides a high diffusion mobility. Be-
side its particular diffusion properties, molecular oxy-
gen possesses a low lying excited singlet niveau [70]
which allows triplet-triplet energy transfer from the
rhodamine. Owing to its paramagnetic character [69]
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Figure 4. Rate constant for intersystem crossing and triplet
lifetime of rhodamine 6 G as function of the concentration
of dissolved oxygen. The corresponding measurement is
shown in Figure 3. The symbols indicate the measured val-
ues. The solid line is obtained by a linear fit to equation (7)
and (6). The quenching constants are given in Table 1.

the presence of molecular oxygen stimulates the rho-
damine molecule to an increased probability of inter-
system crossing.

TEMPO. This agent also quenches the rhodamine
triplet. In comparison to oxygen the quenching con-
stant of TEMPO is considerably lower. This is not un-
expected in view of its molecular dimension. As well
as oxygen the paramagnetic TEMPO increases the rate
constant of intersystem crossing.

COT. COT is often described as triplet quencher [71].
Nevertheless the quenching efficiency, if there is any,
is discussed controversially. By the presence of COT in
[72, 73] an increased intersystem crossing rate of rho-
damine 6 G is published. Whereas in [74, 75] COT is pre-
sented as agent which decreases the intersystem cross-
ing rate of rhodamine 6 G. The quenching constants
measured in our experiment (Table 1) show the triplet
state quenching efficiency of COT unambiguously. In
contrast the intersystem crossing rate of rhodamine 6 G
is not affected by the presence of COT.

Bromoform and iodobenzene. These agents does not
influence the triplet lifetime of rhodamine 6 G. The in-
tersystem crossing rate of rhodamine 6 G is increased.
Owing to the presence of the heavy atoms this result is
expected.

Hydroquinone and nitrobenzene. The addition of these
agents neither influence the triplet lifetime nor the in-
tersystem crossing rate of rhodamine 6 G. It should be
mentioned that addition of hydroquinone as well as ni-
trobenzene quenches the rhodamine fluorescence.

A more complete presentation of the experiments will
be given in [76].

3. CONCLUSIONS

The indroduced time-resolved laser-scanning-
microscopy technique is very useful to investigate
photophysical and photochemical properties of fluo-
rescent dyes. Despite of its low quantum yield (1%) for
triplet state population even for rhodamine dyes the
population of the triplet state has still important con-
sequences. An efficient triplet quenching can lead to
improvements in widespread dye applications like dye
laser, fluorescence labelling and lead to an increased
photostability. It is shown that under ambient condi-
tions quenching agents can inhibit the quenching by
molecular oxygen and therefore the generation of the
chemically highly reactive singlet molecular oxygen. It
can be expected that the obtained information can be
used in order to increase the photostability not only of
rhodamine dyes.
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