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This work presents a complete investigation on the excited-state absorption of a new porphyrin
derivative, the free-base 5,10,15,20-tetrakis (1,3-dimethylimidazolium-2-yl) porphyrin tetraiodide (H,-
TDMImP), for which the excited singlet and triplet transient absorption spectra were obtained. In order
to accomplish this task, we employed the laser flash photolysis (LFP) technique in association with the
white-light continuum (WLC) Z-scan measurements. The transient singlet absorption spectrum shows
a reverse saturable absorption around the Q-band region (500-650 nm) and a small saturable absorp-
tion around 650 nm. From LFP experiments we verified that this porphyrin presents a biexponential
decay profile, with a low quantum yield for triplet state formation. Besides, we observed that the reverse
saturable absorption also takes place in triplet state.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photophysical properties of porphyrin derivatives have been
the target of a huge amount of investigations during the past few
decades, motivated by the possibilities of their use in a large variety
of applications including light harvesting systems [1], photody-
namic therapy [2], chemical sensors [3,4] and others. In general,
these studies have the purpose of correlating the porphyrin molec-
ular structure to some photophysical characteristic that can be
modified upon substitution of a central ion, the attachment of out-
lying or axial groups, etc. It is worth to mention that in order
to accomplish this task, it is imperative the development of new
techniques or experimental approaches that combine different
methods already existing.

Regarding to the structural aspect, porphyrins are molecules
where four pyrrole rings forming a square, are connected by unsat-
urated methine bridges to complete a macrocycle [5,6]. In general,
metalloporphyrins have the central part of the ring occupied by a
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metal ion linked to two pyrrole rings to yield the necessary struc-
tural stability [5-7]. Concerning to optical properties, porphyrins
usually present strong absorption at the UV-Vis region, emission
at the Vis-NIR region, and nonlinear optical properties that are
associated to good photostability [7-10]. Theses properties are con-
sequence of the extensively delocalized m-electron system and
their planar configuration [10]. The interest in nonlinear optical
processes arises mainly because the potential use of macrocycle
systems as optical limiters [11,12] and switches [13], which can
be achieved by sequential two photon absorption - saturable and
reverse saturable absorption [14-16] - as well as simultaneous
multi-photon absorption [17,18]. For this purpose, the excited-
state absorption characterization is necessary for both singlet and
triplet states.

In this work we employed a set of optical techniques to
completely investigate the excited-state absorption from singlet
and triplet states of a new cationic porphyrin derivative (the
free-base 5,10,15,20-tetrakis (1,3-dimethylimidazolium-2-yl) por-
phyrin tetraiodide (H,-TDMImP), with new outlying features,
whose structure is shown in Scheme 1.

The singlet excited-state absorption was obtained along the Q-
band, through the use of a new extension of Z-scan technique
[19,20] named white-light continuum Z-scan [21,22]. We observed
that for this porphyrin, the singlet state presents reverse saturable
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Scheme 1. Representation of the molecular structure of the free-base 5,10,15,20-
tetrakis (1,3-dimethylimidazolium-2-yl) porphyrin tetraiodide (H,-TDMImP).
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absorption (RSA) at the Q-band region and a small saturable absorp-
tion (SA) close to 655 nm. The transient absorption triplet spectra
(TA) were obtained using laser flash photolysis (LFP) technique
that also allows of the obtaining the quantum efficiency for triplet
formation and its decay time. We observed a triplet decay time
around 2 ps, and low quantum efficiency of triplet formation (~8%).
Moreover, LFP data also show that the studied porphyrin presents
a negative transient absorption between 450 nm up to 540 nm,
which suggests an increase in the absorbance as compared to the
singlet ground-state absorption. Such increase in the absorbance
points to a reverse saturable absorption, where the excited-state
absorption cross-section is greater than the ground-state absorp-
tion cross-section. Besides the RSA, a small saturable absorption
(SA), the reciprocal process of RSA, around 545 nm is observed for
excited triplet states. Above 550 nm, no transient absorption signal
is observed.

2. Experimental section

The synthesis of the new porphyrins derivative studied herein
was carried out under Adler-Longo conditions [23] and is detailed
reported in Ref. [24].

All photophysical measurements were performed in aqueous
solution under room temperature, with samples placed in a 1cm
optical path quartz cuvette. The UV-Vis absorption spectra were
acquired in a Shimadzu UV-250 1 PC spectrophotometer and the
fluorescence spectra were acquired exciting the sample with a
Xenon lamp and detecting the signal in a USB 2000 Ocean Optics
spectrophotometer in right angle configuration. Before hit the sam-
ple, the excitation light was passed through a monochromator in
order to select the appropriate pumping wavelength. Fluorescence
lifetime measurements were performed in an apparatus based on
the time correlated single photon counting method. The excitation
source was a titanium-sapphire laser, whose frequency was dou-
bled to 465 nm in a LBO crystal, pumped by the second harmonic
of a diode-pumped Nd:YVO, laser. The signal was detected next
the fluorescence maximum at 640 nm. The singlet excited-state
absorption was obtained with the white-light continuum Z-scan
technique [21,22], which employs a conventional Z-scan [19,20]
experimental setup but uses a broadband coherent light as pump
source. The WLC is focused, using an achromatic lens, onto the
nonlinear sample that is scanned along the z-direction, and the
transmitted beam is totally focused into a portable spectrometer.
WLC from 450 to 700 nm was produced by focusing 150fs laser
pulses at 775 nm, generated by a 1kHz commercial Ti:sapphire

chirped pulse amplified system, with f=11cm lens into a 4cm-
thick cell containing distilled water. The pump power control was
performed with calibrated neutral density filters. The energy at a
specific wavelength of the WLC was determined by considering
the continuum as formed by a group of nearly bandwidth-limited
pulses centered at various wavelengths. Using the spectral distribu-
tion and the WLC total energy, the energy of each small bandwidth
can be estimated. The chirp rate of the WLC pulse (18 fs/nm) was
determined trough optical Kerr effect measurements [21,25,26]
in hexane [25,26], using a strong pump pulse at 775 nm and the
weaker WLC beam as probe. Owing to the group velocity dispersion,
the bluer intrapulse components are approximately 4 ps delayed
in respect to those in the red. This procedure was performed in a
theoretical fitting, in order to compensate possible accumulative
contributions from excited-state absorption [27,28]. In the Z-scan
experiments the sample was placed in a 0.2 cm optical cell in order
to assure the thin sample approximation. For more details of WLC
Z-scan experimental setup see Ref. [21,22]. Laser flash photolysis
(LFP) experiments were carried out by producing excited states
with 3 ns laser pulses at 532 nm, delivered by frequency doubled
Q-switched Nd:YAG laser. Decay profiles of the triplet state absorp-
tion were measured probing the sample with a Xenon lamp and
detecting the signal with a photomultiplier tube connected to a
600 MHz digital oscilloscope. In the LFP technique we are able to
measure the transient absorption spectrum exciting the sample
with the nanosecond pulse laser and probing it with the appropri-
ated wavelength selected from the emission of a continuum Xenon
lamp with the use of a monochromator. Aiming to avoid cumulative
effects in the LFP measurements the excited state was generated
with 3 ns single shot pulses and the average transient absorption
were obtained from 64 shots for each decay profile. In order to ver-
ify the influence of the O, on the triplet decay time gaseous nitrogen
was injected for 10 min into the solution containing the compound.
The LFP decay profile of this solution was compared to the obtained
for the solution without nitrogen injection.

To guarantee that no photochemical reaction takes place dur-
ing LFP measurements, the complete UV-Vis porphyrin absorption
spectrum was monitored before and after the measurements with
pulsed laser. No modifications in the monitored spectra were
observed, indicating that the sample is photostable.

3. Results and discussions

Energy gaps between the energy levels, obtained by previous
TD-DFT calculations [24], suggests that light-matter interaction
processes for these porphyrins occurs, at UV-Vis region, accord-
ing the Jablonski diagram depicted in Fig. 1. This diagram is formed
by five-energy level that considers the ground-state singlet level
(Sp), excited singlet (S; and S;) and triplet levels (T; and T,)
with possible up and down-ward (radiative and non-radiative) and
intersystem crossing transitions among them [7,29].

Fig. 1. Jablonski diagram used to describe the typical photophysical behavior in
free-base porphyrin derivatives.
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Fig. 2. UV-Vis absorption spectrum of H,-TDMImP in aqueous solution. The inset
shows the deconvolution of the Soret band with Bq, B, and B3 sub-bands.

The acronyms S; and S, were used to designate the excited
states immediately superior to the ground state. Data from TD-DFT
calculation suggest that these electronic states are related to com-
plex sets of electronic, giving to these states a multiconfigurational
character [24].

3.1. Ground state

The UV-Vis absorption spectrum of H,-TDMImP in aqueous
solution is shown in Fig. 2. It presents a strong B or Soret band
with maximum wavelength around 406 nm, assigned to the Sg — S,
transition, and Q-bands located between 479nm and 650nm,
related to the So — S; transition.

Gaussian deconvolution of the Soret band (see inset of Fig. 2)
suggests that it is constituted by three overlapping sub-bands,
related to B band vibrational modes. The first one is responsible for
the small shoulder around 357 nm (Bq), [30] the second is located
around 396 nm (B5). The third one, located around 407 nm (B3), is
the strongest of them. The main peak is formed by a combination
of the B, and B3 vibrational modes, while B is responsible mainly
by the broadening of the Soret band, having smaller amplitude.
Table 1 summarizes the features of the Soret band in H,-TDMImP
porphyrin.

Concerning to the Q-band, the number of Q-bands depends on
the symmetry of the molecule. For symmetrical metalloporphyrins,
of Dyy, symmetry, the number of peaks is two. One of them, Q(0,0),
isrelated to the lowest excited singlet state, while the other, Q(1,0),
is the next vibrational excitation of the lowest excited singlet state.
The equivalent free-base porphyrins, with two hydrogen atoms at
the inner part of the porphyrin ring have the symmetry reduced
from Dy to Dyp. As consequence, there is an increase from 2 to 4
Q-bands. The degeneracy of the vibrational modes is broken, thus
splitting Q(0,0) into Q,(0,0) and Qy(0,0) and Q(1,0) into Qx(1,0) and
Qy(1,0).

In order to obtain the relative strength of Q-band absorption
we followed Spellane et al. [29], and use Eq. (1) to calculate the

Table 1

Soret band spectroscopic characteristics. A¢ is position of the maximum, AA is the
bandwidth (FWHM) and A;/As is the relative amplitude related to the most intense
sub-band Bs.

Soret band Ac (nm) A\ (nm) (Ai/A3)
B1 376 42 043
B, 398 20 0.73
Bs 409 16 1

Table 2
Q-band spectroscopic characteristics. A. is position of the maximum of the band and
A is the bandwidth (FWHM).

Q-band Ac (nm) AX (nm)
Q,(1,0) 505 18
Q,(0,0) 540 11
Q«(1,0) 578 22
Q«(0,0) 629 16

Q(0,0)/Q(1,0) absorbance ratio:

~ [Q(0,0)+Qy(0,0) "
~ | Q1,00+ Q,(1,0)

Q(0,0)
Q(1,0)

obtaining a value equal to 0.45, which is in the same order of mag-
nitude of other free-base porphyrins [30,31]. Other Q absorbance
band features are summarized in Table 2 Table 2.

3.2. Singlet excited state

Fig. 3 presents the fluorescence spectrum of porphyrin in aque-
ous solution when excited at the B band region (400 nm). There
are clearly three emission bands located at 596 nm, 638 nm and
704 nm.

The sample excitation at the B band results in a small Stokes
shift (around 8 nm) of the peaks at 638 nm and 704 nm, related to
end of the Q-band. Since the sample was pumped at the B band we
conclude that the molecule first relax to the lowest vibronic state
of the Q-band (v=0) before decay to the ground state, emitting
the observed fluorescence associated to 0— 0 and 0— 1 transi-
tions, a dynamics very well clarified in Ref. [30]. However, exciting
the sample with different wavelengths, along the absorbance spec-
trum, and acquiring the ratio between the bands located at 596 nm
and 638 nm, we conclude that the band centered at 596 nm is
related to Q, band, which similar to Qy can be populated by direct
So — S1 excitation or by Soret band relaxation. Fluorescence emis-
sion coming from transitions of more energetic states than Qy were
previously reported for Soret Band [34,35], also presenting a very
small Stokes shift.

Fig. 4 shows that the fluorescence evolution of the investigated
porphyrin clearly follows a mono-exponential behavior whose fit-
ting provide a value of 15 (+0.2) ns for the relaxation time. Although
slower, this fluorescence lifetime is of the same order of magni-
tude of the data reported in literature [30,36,37] for other free-base
porphyrins.

Fig. 3. Fluorescence spectra for H,-TDMImP porphyrin in aqueous solution.
Xexc =400 nm.
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Fig. 4. Logarithm of the fluorescence decay time for the free-base porphyrin. The
red continuous curves is the mono-exponential fitting.

In order to investigate the singlet excited-state absorption
(S1 — Sp transition), we employed the WLC Z-scan technique,
which provides Z-scan signatures for each wavelength of the
complete WLC range, captured simultaneously. Fig. 5 shows the
normalized transmittance spectrum of H,-TDMImP acquired with
the WLC Z-scan.

A reverse saturable absorption (RSA) was detected in the blue
region of the spectrum (below 500 nm) and between 507 nm and
640 nm, indicated by normalized transmittance values lower than
one. Asmall saturable absorption (SA) was detected around 655 nm.
Since the employed broadband source is resonant with the Q-band,
the WLC pulse excites the porphyrin molecules to S;. As the inter-
system crossing time for free-base porphyrins is in the nanosecond
scale [31-33], therefore much longer than the WLC pulse duration,
the triplet states were not taken into account in the analysis. In
this way, we need to consider just the three energy-level system
corresponding to the left part of the Jablonski diagram (Fig. 1) in
order to describe the population dynamics. Molecules excited to
the first excited state can decay to Sp with a relaxation time 71,
which is also much longer than the WLC pulse duration. Moreover,
the upper level, is assumed to be too short-lived to present any
appreciable population build up. Consequently, molecules are accu-
mulated in the first excited state and the absorption cross-section

Fig. 5. Normalized transmittance spectrum for H,-TDMImP in aqueous solution
obtained with the WLC Z-scan. The inset shows a typical Z-scan RSA signature
acquired for 555 nm.

Fig. 6. Ground state (closed circles) and first singlet excited-state (open circles)
absorption cross-section spectra.

between these states can be determined. It is worth to mention
that although the absorption of higher excited states could take
place, its contribution was not observed through the modification
of Z-scan signature at the focal region. Besides, the contribution
of the highest excited states could be considered as a contribution
for the first excited state, once we are not able to discriminate the
two processes and consequently do not change the excited-state
absorption dispersion. So, according to the simplified energy dia-
gram, the rate equation used to describe the change of absorption
is:

dns,(t)
de

1 - nSg(t)
T10

= —ns, (H)W"P(1) + (2)
in which WgP(X) = 001(A)I/hv is the upward transition rate, oio; (1)
is the ground-state absorption cross-section, cm?, for a given wave-
length, I is the irradiance in W/cm? and n;(t) are the dimensionless
population fractions in the respective levels, following the clo-
sure condition: s (t) 4 ns, (t) = 1. The population fractions, in each
level (Sg and S1), are determined by the rate Eq. (2), as the sam-
ple interacts with the laser pulse. So for each small time interval,
along the pulse with temporal Gaussian profile, a new population
is obtained and feed the Eq. (3). Such procedure allows us to obtain
the change of the absorption coefficient of the sample caused by
the interaction with the laser pulse. The absorption coefficient is
written as:

(A, t) = N[ns,(t)oo1(A) + ns, (t)o12(A)] (3)

with N being the molecular concentration and o13(A) the singlet
excited-state absorption cross-section. The ground-state absorp-
tion cross-section is obtained from the linear absorbance spectra
and then, the only parameter used for the fitting of the Z-scan
data is the singlet excited-state absorption cross-section. It is sig-
nificant to mention that any contribution of cumulative processes,
caused by the white-light pulse chirp, is taken into account in the
fitting procedure, considering the time dependence of the white-
light components [27,28]. Fig. 6 depicts the singlet excited-state
absorption cross-section together with the ground-state cross-
section, indicating that they have similar shapes at the Q-band
region. As previously reported [27], this is a typical behavior for por-
phyrins with Dy}, symmetry, like the free bases, and indicates that
the porphyrin vibronic structure remains practically unchanged
upon excitation. Such result is supported by the small Stokes shift
presented by the fluorescence emission. Finally, no simultaneous
two-photon absorption was observed at the non-resonant region
above 650 nm.
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Fig. 7. (a) LFP decay curve for H,-TDMImP obtained under high (closed circles) and low (open triangles) levels of oxygen concentration. (b) The bi- (solid line) and the
mono-exponential components (dotted lines) for the decay obtained with high level of oxygen. The inset shows the residue curve. The excitation and probing wavelengths
were respectively 532 nm and 470 nm. The time constants obtained were >1 x 107 s~ for fast component and 5 x 10° s~! for slower one.

3.3. Triplet excited state

In order to investigate the triplet transient absorption spectra,
lifetime and quantum yield of triplet formation, we employed LFP
technique.

Fig. 7a presents curves achieved at different levels of molecular
oxygen presence. The curves were just adjusted with a biexponen-
tial decay, with a fast (<100 ns) and a slow (~2 ws) components. It
is worth to note that the temporal resolution of the LFP system is
around 100 ns, which imply that the fast component could be yet
faster. The two mono-exponential components are shown in Fig. 7b,
for sample with high level of dissolved oxygen. The partial removal
of the dissolved oxygen increases the contribution of the decay time
related to the slow component, as can be see from Fig. 7a, which
suggests that it can be associated to the decay time (tr1) from the
first excited triplet to the ground singlet state (Ty — Sg). The value
measured for tr is small when compared to the ones estimated
for other porphyrins such as the free-base tetramethyl porphyrin
(H,TMPP) [38] in the presence of O,. Besides, the remotion of oxy-
gen decreases the contribution of the fast component from 12% to
9%, indicating that the porphyrin-oxygen interaction is related to
fast process. Moreover, such so fast decay indicates that it can be
probably attributed to an excited singlet state process, for instance,
excited sates absorption.

The triplet state transient absorption spectra (TA) are shown in
Fig. 8 for the slow and fast decay components.

For photostable molecules, the TA measures the absorption
difference between the triplet excited-state (related to T; — T,
transition) and the singlet ground state. In our analysis, nega-
tive values in the TA spectrum imply that the triplet excited-state
absorption s stronger than the ground-state and so RSA takes place.
On the other hand, a bleaching (positive values) corresponds to a
SA.

The analysis of the slow relaxation associated to triplet-triplet
absorption indicates that the molecule presents a RSA process at
the blue part of the spectrum, followed by a small photo-bleaching
between 530nm and 560nm. No TA signal is observed above
560nm for the slow component, meaning that the triplet state
absorption cross-section has a value close to that of the ground-
state. This is also observed around 530 nm (inversion point from
RSA to SA). The fast relaxation presents a similar behavior up to
550 nm, but a large increase is observed beyond. This enhancement
may be attributed to contributions coming from the spontaneous
emission, since it increases in the same spectral region where the
porphyrin fluorescence is located. Moreover, such so fast decay,
compared with the resolution of the LFP technique (100 ns), can

easily enhances the magnitude of the signal without changes the
transient decay curve, as we have observed.

LFP also provides the quantum yield for the triplet formation
(@1), which is achieved through the use of a reference molecule
with a known @r. To accomplish this task, we measured the TA sig-
nal of our sample and that of the free-base tetramethyl porphyrin,
used as reference (@1 =0.43, ABSs533hm =0.27) [38] and applied the

Eq. (4):

s _ or AODs ABS

Pr =1 AODg ABSs

(4)

Fig. 8. Transient absorption spectra of H,-TDMImP: (a) slow and (b) fast decay
component. The solid lines are just guide for the eyes.
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in which ABS means linear absorbance, S stands for sample and R
forreference. We have obtained @1 =0.08. The intersystem crossing
time can be obtained from @ = 7¢/7;s. Performing the calculations
we obtain 75 near 187 ns. These results in association with the
extremely low fluorescence quantum yield (®g=0.0004) [24], sug-
gests that H,-TDMImP should decay mainly through an internal
conversion process, yielding a very low triplet state population. In
fact, the results indicates that the internal conversion rate is around
12 times higher than the intersystem crossing rate and two thou-
sands higher than radiative decay rate. Such fact can be attributed
to the presence of iodide ions at the outlying of the ring.

4. Conclusions

Summarizing, we have shown that H,-TDMImP presents a RSA
process in both singlet and triplet excited states, which is interest-
ing for optical limiting applications at nano- and sub-nanosecond
regimes. Besides, no two-photon absorption was observed even at
the region near the absorption band (one-photon enhancement),
indicating that the observed nonlinear process can be attributed to
the population of the excited-state. Moreover, the sample has a very
high internal conversion rate with the first singlet excited-state
presenting a fluorescence lifetime of 15 ns. Such high non-radiative
decay is probably caused by the iodide ions at the outlying region of
thering. The triplet state presents biexponential decay with fast and
slow relaxations, being the slow process attributed to the triplet
relaxation to the ground state, while the fast, although not clari-
fied, shows to be dependent on the porphyrin-oxygen interaction.
Finally, we demonstrated that the experimental approach com-
bining Laser Flash Photolysis with the new white-light continuum
Z-scantechnique is extremely efficient in order to fully characterize
the excited-state of chemical species at the visible region.
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