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Abstract. The time-resolved fluorescence spectrum 1(2, t) of the porphyrin derivative 
Fe (TPP)C1 in solution is measured. Experiments show that when the temperature is at least 
5 K above the freezing point of the solvent, the sample fluorescence does not change with 
temperature. But when the temperature approaches the freezing point of the solvent, the 
fluorescence relaxation of the high concentration sample solution is faster than that of the 
above normal one. Furthermore, fluorescence spectra for various times after excitation have 
different shapes. Analysis shows that in this case the fluorescence is composed of two 
components with different relaxations and spectra. The two components are attributed to 
monomer and aggregates respectively. 

PACS: 36 

Porphyrin derivatives are a large class of compounds 
characterized by the presence of a porphyrin ring. In 
many biological and medical systems, they play a very 
important role. For example, chlorophyll in the photo- 
synthesis system [1], hematoporphyrin derivatives 
(HPD) in the photosensitive therapy of cancer [2], and 
so on. For decades, porphyrin derivatives have been an 
interesting topic of theoretical and experimental study 
[3]. 

It is noteworthy that in many cases they exist not as 
separate molecules, but as structures composed of 
interacting molecules to perform important functions 
[1, 2, 4]. Thus, to understand the microscopic mecha- 
nism of these important functions, it is necessary to 
study the structures. One of these structures is the 
molecular aggregate. Molecular aggregations of vari- 
ous porphyrin derivatives have been studied using a 
number of methods [5, 6]. Among them, time-resolved 
spectroscopy is one of the most direct and sensitive, 
and is thus frequently used [4, 7-11]. Molecular 
aggregation of chlorophyll has been extensively inves- 
tigated by time-resolved spectroscopic methods 

[12, 13]. It is found that its fluorescence has a fast decay 
(relaxation time about 10 ps) owing to energy transfer 
and exciton migration [4, 14]. Recent time-resolved 
spectroscopic studies of the aggregation ofhematopor- 
phyrin derivatives have been stimulated by the photo- 
sensitive therapy of cancer. Andreoni et al. and Brook- 
field found that there are two decay processes in the 
fluorescence of some HPD, with relaxation times 
about 1 ns and 10 ns respectively. They suggested that 
this is due to HPD dimers and monomers [1, 15, 16]. 
Yamashita et al. found that HPD has a fast (relaxation 
time about 120 ps) and a slow (relaxation time about 
3.6 ns) decay component, due to head-to-tail aggre- 
gates and monomers respectively. They also found 
evidence for Forster energy transfer from monomers to 
aggregates [17, 18]. Sha et al. found that there are three 
decay processes (lifetimes about 10 ps, 1 ns, and 10 ns 
respectively) corresponding to HPD monomers, 
dimers and aggregates [19]. In a word, fast flu- 
orescence decay is found in various porphyrin deriva- 
tives. Generally, the fast decay is explained as the result 
of strong molecular interaction in aggregates. 
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Temperature is an important external factor in 
aggregate formation. Low temperature is a favorable 
condition for aggregation. In this paper, a time- 
resolved fluorescence spectrum study shows that the 
porphyrin derivative Fe(TPP)C1 can form aggregates 
at temperatures near the freezing point of the solvent, 
although it cannot form aggregates when the tempera- 
ture is a little higher than the freezing point. An 
analysis and discussion of the results are also 
presented. 

1. Experiment 

The molecular structure of Fe(TPP)C1 is shown in 
Fig. 1. The sample purity is better than 99%. In the 
experiment, the sample is in solution, the solvent being 
CHC13 of AR purity. 

Sample fluorescence is measured in a system with a 
picosecond dye laser as excitation source and a 
synchroscan streak camera combined with spectro- 
graph as the measurement instrument. The laser is a 
Rh-6G laser with cavity dumper, synchronously 
pumped by second harmonic light of a cw actively 
mode-locked YAG laser (YAG laser pulse width about 
65 ps, repetition 82 MHz, 1060 nm output at about 
10 W, 530 nm output at about 1 W). The excitation 
pulse width is about 4 ps at a repetition rate of 
800 KHz. The average power is about 10mW at 
575 nm. The scanning frequency of the synchroscan 
streak camera is 82 MHz and the recording range is 
0.935 ns. Scanning is triggered by a PIN diode signal of 
the YAG laser pulse and is therefore synchronous with 
the dye laser output pulse. The recorded fluorescence 
trace is a multi-shot average (about 108 shots). There- 
fore both the signal-to-noise ratio and detection 
sensitivity are high. Via some alignment mirrors and a 
lens, the laser radiation is weakly focused on the 
sample cell with a beam diameter of about 0.5 mm. The 
average light intensity in the excitation area is about 
2.5W/cm 2, and the peak intensity is about 
0.8 x 106 W/cm 2. Some measures are taken to decrease 
the self-absorptance effect in the high concentration 
solution. A lens collects sample fluorescence through a 
filter (>580nm transmits) into the input slit of a 
spectrograph. Via the dispersion system of the spectro- 
graph, the slit image is projected onto the input slit of 
the streak camera. The time-dependent fluorescence 
spectrum is then recorded in the streak camera. The 
wavelength scale of the measurement system is 
calibrated with a grating monochromator and the dye 
laser. 

The time resolution of the system is determined 
mainly by three factors: the streak camera time 
resolution A T~, the trigger jitter A Tj and the excita- 

Fig. 1. Molecular structure of Fe(TPP)C1 

tion width ATp, which are about 2ps, 10ps, 
and 4 ps respectively. The overall time resolution A T 

]/A T~ 2 + A Tj 2 71- A Tp 2 is about 11 ps. The use of the 
spectrograph scarcely affects the resolution; since its 
wavelength resolution A v is quite low, the relevant time 
dispersion A T, ~ 1~nAy is small in comparison with A T. 
By using a deconvolution technique, the time reso- 
lution can be increased. This technique is implemented 
by performing deconvolution for the recorded sample 
fluorescence trace with the recorded excitation laser 
pulse trace. 

To analyze the recorded data, we take into account 
the effects due to the scanning mode of the streak 
camera. The first is the oscillating scanning effect. In 
the streak camera, the deflection field oscillates and is 
synchronized with the trigger signal. So the scanning 
oscillates up and down on the screen (to the right and 
left in the curve). If the relaxation process is longer than 
half of the scanning period, up and down scanning 
traces will overlap on the screen. However, by using 
this feature, we can measure long decay process (about 
half of the scanning period, 6.1 ns) with 0.935 ns screen 
range. The second effect is the multi-scanning effect. 
This occurs when the relaxation process is longer than 
the scanning period, and one decay process spans two 
or more sequential scans. 

Low temperatures are achieved by a dewar device 
using liquid nitrogen as cryogen. A temperature con- 
troller combining cryogen and an electric heater is 
used to control the temperature. The precision of the 
temperature control is better than 0.5 K. 

2. Results and Discussion 

Firstly, the temporal behavior of the fluorescence at 
more than 5 K above the freezing point of the solvent is 
quite normal. Figure 2 (detection wavelength range is 
the whole fluorescence band) shows fluorescence relax- 
ation of a low concentration sample solution at room 
temperature. A computer analysis shows that it is a 
single exponential decay with decay time 
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Fig. 2. Time-resolved fluorescence trace of low concentration 
sample solution recorded by Synchroscan streak camera. Con- 
centration 6.5 x 10 -5 mol/1. The temperature is 293 K (room 
temperature). Detected wavelength range is 590-800 nm 
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Fig. 3. Time-resolved fluorescence trace of high concentration 
sample solution recorded by Synchroscan streak camera. Con- 5 
centration 5.2 x 10 - 3  mol/l. The temperature is 293 K (room 

c 

temperature). Detected wavelength range is 590-800 nm 

7.35+0.32ns.  As the concentration increases to a 
relatively high value, the relaxation becomes faster and 
is no longer a single exponential, as shown in Fig. 3 
(wavelength range is again the whole fluorescence 
band). In this case, the fluorescence spectrum does not 
change shape with time after excitation. This 
concentrat ion-dependent temporal  behavior  is due to 
Forster  energy transfer between excited molecules and 
ground state molecules, just like that  occurring in high 
concentration chlorophyll [4]. 

When the temperature  decreases, the temporal  and 
spectral behavior of the fluorescence show no evident 
change until the temperature is near the freezing point 
of the solvent. When the temperature is only a little 
higher (about 1 K) than the freezing point of the 
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Fig. 4. Time-resolved fluorescence trace of high concentration 
sample solution recorded by Synchroscan streak camera. Con- 
centration 5.2 x 10 .3 tool/1. The temperature is 1 K above the 
solvent freezing point. Detected wavelength range is 590-800 nm 
for curve a, 690-710 nm for curve b, 750-800 nm for curve c 

solvent, both the temporal  and spectral properties are 
very different to the above normal  case. Figure 4a 
(wavelength range is the whole fluorescence band) 

shows  the relaxation curve for this case. The relaxation 
is faster than the normal  one (Fig. 3), al though the 
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Fig. 5. Time and wavelength resolved fluorescence 1(2,0 of 
sample solution. Parameters are the same as in Fig. 4a 
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Fig. 6. Normalized fluorescence spectra of the two components 
fitted from 1(2, t) of Fig. 5. Lines I and 2 are fluorescence spectra 
of the normal component and the fast relaxation component 
(decay time 1.49 ns) respectively 

sample concentrations are the same. Figure 4b and c 
show the relaxation curves for detected wavelength 
range covering only part of the band. Figure 4b is 
relaxation for the center part of the band. It is 
obviously faster than the normal one (Fig. 3). Figure 4c 
shows relaxation for the red edge of the band. It is 
about the same as the normal one. In other words, a 
fast component occurs in the center part of the normal 
band. In the following time-resolved fluorescence 
spectrum results, it becomes more clear: Figure 5 
shows the spectra for various times after excitation. It 
is obvious that a fast decay fluorescence peak appears 
at the center of the normal two-peak band. That is, the 
fluorescence is composed of two components with 
different spectra and relaxation times. One has a 
relaxation time faster than the normal one, and its 
spectrum is a single-peak located in the center part of 
the normal band. The other has a spectrum similar to 
the normal one. And, by noticing that Fig. 4c is very 
similar to Fig. 3, we see that its fluorescence relaxation 

is about the same as the normal one. The above results 
suggest that the fluorescence in this case is composed of 
two components with different spectra and relaxation 
times. Of these, the slow relaxation one is about the 
same as the normal one. 

Experiments for lower temperature cannot be 
carried out, since the solvent will solidity and break the 
sample cell when the temperature is equal to or below 
its freezing point. 

Of the two components, one is the normal one, 
which is the fluorescence of the monomer. The other is 
due to aggregation. The sample molecules cannot form 
aggregates under normal conditions. But, when the 
temperature is near the freezing point of the solvent, 
the viscosity of the solution becomes large, and some 
granules are formed. (In the experiment, we observed 
an increase in light dispersion caused by diffraction of 
the incident lager light by the granules.) In the follow- 
ing, we will analyze the occurrence of this inhomogene- 
ity in the solvent and show that it is a favorable 
condition for aggregation. 

To analyze the temporal characteristics, we fit the 
fluorescence decay curves with a function consisting of 
the normal decay curve (Fig. 3) and an exponential 
relaxation component: 

(.1) I(t) = IN(t ) + Ig exp -- , (1) 

where IN(t) is the normal high concentration flu- 
orescence relaxation (Fig. 3), Zg is the relaxation time of 
the fast component, and Ig is its intensity. Fitting 
results show that the relaxation time of the fast 
component is 1.49 ns. 

From the results in Fig. 5, the two components 
have different spectra. Here we use a fitting method to 
analyze the spectral characteristics of the two compo- 
nents. In (1), IN(t) and Ig are in practice functions of 
wavelength. To distinguish the wavelength structures 
of the two components, we fit the time-resolved 
fluorescence spectrum, I(2, t) of Fig. 5, with two sets of 
spectra of different relaxation processes, that is, the two 
relaxation processes in (1) 

Iv(2, t) = FN(2)IN(t ) + Fg(2)Ig exp -- , (2) 

where IN(t), Ig, and Vg are known from the previous 
fitting procedure. We use this expression to fit the 
experimental results I(2, t) of Fig. 5, and thus determine 
the spectra of the two components FN(2 ) and Fg(2). 

The normalized fitted results in Fig. 6 show the 
spectra for the two components. The fluorescence 
spectrum of the fast decay component is a single peak 
located at the center of the normal two-peaked band, 
whereas the slow decay component has a spectrum the 
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same as the normal band (i.e., the one at room 
temperature). 

It is commonly accepted that external substituents 
play an important role in the aggregation of porphyrin 
derivatives. A suitable external substituent in a suitable 
position provides favorable conditions for the forma- 
tion of aggregates. But Fe(TPP)C1 has no external 
substituent. That is, it has no intrinsic reason to form 
aggregates. This is why it cannot form aggregates 
under normal conditions. But there is a strong external 
reason in this case for the sample to form aggregates. 
When the temperature is near the freezing point of the 
solvent, the solvent viscosity becomes large, and some 
granules are formed. If there are a few sample mole- 
cules enclosed within a small granule, the distance 
between them will be small, so the interaction between 
them will become quite large. In some sense, this 
collection of interacting molecules within a granule is 
actually a type of aggregation. 

Fluorescence of the sample in some commonly 
used inorganic solvents have also been measured. Of 
the many solvents, CHC13 and CH2C12 are particular- 
ly good because the sample can be dissolved in them at 
a concentration high enough to cause aggregation. The 
fluorescence of the sample in these two solvents shows 
no evident differences. In other solvents the sample 
cannot reach a concentration high enough to form 
aggregates. 

In conclusion, the sample fluorescence at tempera- 
tures near the freezing point of the solvent is found 
experimentally to have two components of different 
relaxations and spectra. Of these, the faster relaxation 
component is attributed to aggregation. The other is 
the normal one. The formation of the aggregates is due 
not to intrinsic feature of the sample molecule, but 
to the strong external condition caused by low 
temperature. 
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