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In this study we investigate the singlet excited state absorption of lutetium bisphthalocyanine (LuPc2)
over a wide spectral range. It was observed distinct nonlinear absorption behaviors; saturable (SA) and
reverse saturable absorption (RSA). The RSA effect was observed below 640 and above 680 nm, while
SA occurs around the Q-band region, located around 660 nm. To describe the main singlet–singlet tran-
sitions, we employed the rate equation model considering the simplified three-energy level diagram. Our
results reveal a ratio between excited and ground state absorption smaller than 0.05 at the Q-band
region, and of approximately 4 for the other regions.

� 2012 Elsevier B.V. Open access under the Elsevier OA license.
1. Introduction

Metallophthalocyanines (MPs) have attracted great attention
for technological applications because of their interesting optical
and electrical properties, as well as high thermal, chemical and
photochemical stability. Such compounds are p-conjugated macro-
cyclic molecules with a metal atom coordinated to the center [1].
This class of organic molecule has been applied for a wide range
of systems, including photovoltaic material in solar cells [2],
molecular electronics [3,4], sensors [3,4], electrochromic systems
[5] and photodynamic therapy [6]. In optics, metallophthalocya-
nines are interesting candidates for applications because of their
attractive nonlinear optical (NLO) properties, such as nonlinear
refraction, excited state and two-photon absorptions [1,7,8]. Such
properties may play significant role in several photonic devices,
such as, for instance, optical switcher and optical power limiters
[1,9]. The optical nonlinearity exhibited by MPs is related to some
of their distinct structural features; (i) two-dimensionality of the
p-conjugated system, (ii) modification of the electronic distribu-
tion of the macrocycle ring by the central metal, and (iii) the
peripheral substituent groups [10].

Several types of MPs have been synthesized and studied by sev-
eral groups. Among them, lanthanide bisphthalocyanines have
been receiving considerable attention because of their rich electro-
chemical and electrochromic properties [11–13]. Since bisphthalo-
cyanine are built of two phthalocyanine rings coordinated to a
central metal ion, they can present enhanced optical nonlinearities
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due to the increasing of conjugation length and the interaction
between macrocyclic rings and the lanthanide atom [14–16].
Therefore, lanthanide bisphthalocyanine has been proposed to be
used in optical switching, optical recording, optical rectifying, opti-
cal limiting, frequency mixing, harmonic generation, etc. [17]. In
the last few years, the nonlinear optical properties of the lutetium
bisphthalocyanines (LuPc2) have been studied using nanosecond
and picosecond pulses [17–20]. Nevertheless, the use of such long
duration laser pulses usually mixes up singlet and triplet states
absorption in the optical nonlinearity. Moreover, most of the stud-
ies reported were performed only in a few wavelengths. Envision-
ing possible application of LuPc2 in optoelectronic and photonic
devices, in this Letter we study the NLO properties of LuPc2 using
120-fs laser pulses with a 1 kHz repetition rate, over a wide spec-
tral range. By using such pulses we were able to study the contri-
bution exclusively from the singlet states to the nonlinear
absorption process (excited state absorption).

2. Experimental

All chemicals were of reagent grade and used as supplied (Sig-
ma–Aldrich). The neutral radical state LuPc2 was synthesized and
purified as described previously [21]. The LuPc2 molecular struc-
ture is illustrated in Figure 1. We prepared LuPc2/chloroform solu-
tions with concentrations of 1.5 � 10�6 and 1.0 � 10�4 mol L�1, for
linear and nonlinear optical measurements, respectively. For the
optical measurements the samples were placed in 2-mm thick
fused silica cuvettes. The linear absorption spectrum was recorded
using a Cary 17 UV–Vis–NIR spectrophotometer.

Excited state absorption measurements were carried out
employing the open aperture Z-scan [22], using 120-fs laser pulses
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Figure 1. The molecular structure of the LuPc2.

Figure 3. Open aperture Z-scan signature for LuPc2/chloroform solution at 660
(squares), 670 (circles), 590 (triangles up), 700 nm (triangles down) and 620
(diamonds). The inset shows the pulse energy (Ep) used to obtain different Z-scan
signatures. The concentration used to measure the SA effect was 5–10 times smaller
than to RSA effects.
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from an optical parametric amplifier pumped by 150-fs pulses at
775 nm, delivered by a Ti:sapphire chirped pulse amplified system,
operating at 1-kHz repetition rate. The Z-scan measurements were
carried out with energies ranging from 5 to 210 nJ/pulse, with
beam waist size ranging from 14 to 21 lm. More details about
the Z-scan setup employed are described in Ref. [23].
3. Results and discussion

The solid lines in Figure 2 represent the linear absorption spec-
trum of the LuPc2 chloroform solution. The spectrum exhibits the
two characteristic absorptions bands of LuPc2, denominated
B- and Q-band, located at 320 and 660 nm, respectively. Such
bands are attributed to p ? p⁄ transitions from the phthalocyanine
ring, while the low-intensity absorption bands at 456 is related to
eg ? a2u electronic transition of Lu-phthalocyanine [12].

Figure 3 displays open aperture Z-scan signatures obtained at
five distinct wavelengths in resonant conditions, i.e., in the linear
absorption region of the LuPc2. The increase in the normalized
transmittance close to the focus (Z = 0) for wavelengths in the
Q-band region (640–680 nm) indicates that the material’s excited
state absorption cross-section is smaller than the ground state
one, characterizing a saturable absorption (SA) effect. On the other
hand, the decrease observed in the normalized transmittance
below 640 and above 680 nm indicates that for those regions the
Figure 2. Linear absorption (solid line) and transmittance change (solid circles)
spectra for LuPc2. The results presented in the nonlinear spectrum were carried out
with energies ranging from 5 to 150 nJ/pulse, with beam waist size ranging from 14
to 21 lm.
excited state absorption cross-section is higher than the one from
the ground state, which characterizes a reverse saturable absorp-
tion (RSA). No changes in the normalized transmittance were
observed at 640 nm (triangles) because at this spectral region the
SA and RSA effects cancel each other, since in both cases, the
ground and excited state absorption cross-section are practically
the same. Such wavelengths demarcates the regions where the
effects change from RSA to SA (640 nm) and from SA to RSA
(680 nm).

The solid circles in Figure 2 represents the transmittance
change (DT) obtained from the Z-scan curves (similar to the ones
shown in Figure 3) as a function of the wavelength, from 470 up
to 850 nm. The two distinct behaviors previously mentioned can
clearly be observed in Figure 2 (solid circles); (i) a SA process that
follows the Q-band peak (positive DT values), (ii) a RSA process
below 640 and above 680 nm (negative DT value). We show in
Figure 4 the transition from SA to RSA at 637 nm and RSA to SA
at 677 nm that appears in the Z-scan curves. Such results indicate
a competition between different effects that occurs for wavelength
around the Q-band.

To interpret the transmittance change spectrum obtained for
LuPc2 (Figure 2 – solid circles), we used the excited states energy
diagram obtained by Orti et al. employing Valence Effective
Hamiltonian (VEH) calculations [24] (Figure 5a). According to this
diagram, by tuning the excitation wavelength in the Q-band region,
molecules at the a2u level are promoted to e�g level (a2u ? e�g
transition), being subsequently excited to a higher excited energy
Figure 4. Open aperture Z-scan signature for LuPc2/chloroform solution obtained at
637 nm (squares) and 677 nm (diamonds) using pulse energy of approximately
20 nJ. Such results indicate a competition between different effects that occurs for
wavelength around the Q-band.



Figure 5. (a) Excited states diagram of the LuPc2 obtained by Orti et al. using
valence effective Hamiltonian calculations [24]. (b) Simplified three-energy-level
diagram used to model the excited state cross-section spectrum within of the rate
equation model.

Figure 6. Ground (solid lines) and excited (empty squares) state absorption cross-
section spectra for LuPc2/chloroform solution obtained using the rate equation
model.

Figure 7. Transmittance as a function of incident energy at 530 nm. The solid lines
represent the fit obtained using the simplified rate equation model.
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level. Such excitation route can be conveniently described by the
simplified three-energy-level diagram presented in Figure 5b, con-
sidering also the relaxation pathways from |Smi? |S1i (higher ex-
cited state to e�g, with a decay time sm1) and from |S1i? |S0i
(e�g ? a2u, with a characteristic time s10). When the pump is tuned
at the eg ? a2u transition region, molecules at the a2u level are re-
excited to a higher energy level (|Smi). Again, such excitation path-
way can also be described by the same three-energy-level diagram
presented in Figure 5b. In this case, however, molecules at a2u level
decay radiatively to the ground state with a characteristic relaxa-
tion time s10 (|S1i?|S0i). Therefore, at both excitation regions the
transitions can be described by the three-energy-level diagram
(Figure 5b). Thus, using this approach, the population of each state
can be described by the following rate equations:

dn0

dt
¼ �w01n0 þ

n1

s10
; ð1Þ

dn1

dt
¼ þw01n0 �w1mn1 �

n1

s10
þ nm

sm1
; ð2Þ

dnm

dt
¼ þw1mn1 �

nm

sm1
; ð3Þ

where ni are the population fractions of the states (i = 0, 1, m) with
n0 + n1 + nm = 1. w01 = r01I(t)/hm and w1m = r1mI(t)/hm are the one-
photon transition rates, with r01 and r1m being the ground and
excited state absorption cross-sections, respectively. The set of dif-
ferential equations (Eqs. (1)–(3)) are numerically solved considering
a GAUSSIAN temporal profile for the laser pulse. The temporal depen-
dence of the absorption coefficient is given by:

aðtÞ ¼ Nfn0ðtÞr01 þ n1ðtÞr1mg; ð4Þ

where N is the sample concentration in molecules/cm3. The trans-
mittance can be calculated by integrating the propagation equation,
dI/dz = �a(t)I(t), over the sample thickness and the full pulse width
(t from �1 to +1). The absorption coefficient, a01, is obtained from
the linear absorption spectrum and is directly related to the ground
state absorption cross-section by r01 = a01/N. In this model we
used s10 = 60 ps for the first excited state lifetime. Such value was
obtained from Ref. [18], in which the transient absorption spectra
of LuPc2 in dichloromethane was investigated from 450 to
800 nm. For the relaxation time between excited states (|Smi?|S1i)
we used a value in the order of tens to hundreds of femtoseconds,
which is in good agreement with experimental results obtained
by Rao and Rao [25] for similar molecules. Hence, by fitting the Z-
scan data (as the ones presented in Figure 2) employing the rate
equation model proposed we determine the excited state absorp-
tion cross-section (r1m), since the others parameters (r01, s10,
sm1) are kept fixed during the calculation. In Figure 6 we show
the ground (r01 – solid line) and excited state (r1m – squares)
absorption cross-section spectra for LuPc2 in chloroform we
obtained considering the three-energy-level modeling employed.

It is observed that the excited state absorption spectrum (r1m)
exhibits a strong SA process around the Q-band peak, with a
cross-section ratio r1m/r01 < 0.05. Such process is related to the
population accumulated in the first excited state, since electronic
transitions between excited states are practically neglected in this
region. Moreover, the spectrum presents two regions with a consid-
erable RSA process; one below 630 nm (r1m/r01 � 4.0) and the
other above 690 nm (r1m/r01 � 3.0). Unlike other studies presented
in the literature [18,19], due to the ultrashort pulses regime em-
ployed here, no triplet state is being populated and, therefore, only
the singlet state contributes to the observed nonlinear optical pro-
cess. Additionally, the magnitude of the excited state cross-sections
determined here for LuPc2 are similar to those obtained for ytter-
bium bisphthalocyanine [26] using the white-light continuum Z-
scan technique.

In order to explore the potential of LuPc2 to develop optical
power limiting devices, in Figure 7 we display the normalized
transmittance as a function of the incident energy at 530 nm, since
in this wavelength we obtained RSA with a reasonable ratio
between excited and ground state cross-section. As can be seen,
the LuPc2 presents an optical power limiting performance of
approximately 50% for pulse energies higher than 150 nJ. The solid
line corresponds to the fitting obtained using the rate equation
model at 530 nm, from which we determined a ratio between
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excited and ground state absorption cross-section of ca. 4. Such va-
lue is in good agreement with the one obtained at 532 nm with
nanosecond and picosecond pulses [17,19].

4. Conclusion

The excited state absorption spectrum of the LuPc2 was investi-
gated, for the first time, employing the Z-scan technique with fem-
tosecond pulses at a wide spectral range. Our results shown that the
LuPc2 dissolved in chloroform present distinct nonlinear absorption
behaviors when excited by ultrashort pulses. Based on these results,
we explained and determined the magnitude of the excited state
absorption cross-section for the different processes using a simpli-
fied three-energy-level diagram. We observe a strong saturable
absorption around the Q-band peak with the excited state absorp-
tion cross-section close to zero and a considerable reverse saturable
absorption in two other regions (below 640 and above 690 nm).
Moreover, we show that there are regions where the effects change
from RSA to SA and vice versa, as well as regions in which there are
a competition between them. These data complement other ones
performed in a single wavelength (532 nm) reported in the litera-
ture using nanosecond and picosecond pulses, allowing a better
understanding of the excited state dynamic in this type of metall-
ophthalocyanine. In this context, the results shown here may
contribute to the development of new photonic devices, such as sat-
urable absorbers and optical power limiters.
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