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bstract

In this work, we studied the nonlinear absorption dynamics of indocyanine green (ICG) in dimethyl sulfoxide (DMSO) at 532 nm. Single pulse
nd pulse train Z-scan techniques were used to obtain singlet and triplet states dynamics, which were analyzed with a three- and five-energy level
iagram, respectively. The excited singlet state absorption cross-section was determined to be 75 times higher than the ground state one, giving rise
o reverse saturated absorption. Reverse saturated absorption also occurs from the triplet state, after its population through an intersystem crossing

rocess, whose characteristic time is 4 ns. The triplet state absorption cross-section determined is 31 times higher than the ground state one. The
igh excited singlet and triplet states absorption cross-sections of ICG indicates its use in application requiring reverse saturated absorption, such
s sensitizer for photodynamic therapy and optical limiting.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Organic materials exhibit several interesting linear and non-
inear optical properties, which can be further modified or
ptimized through changes in their molecular structures. For
xample, some organic compounds possessing reverse satu-
ated absorption (RSA) have been studied for applications in
ptical limiting [1–4] and optical switches [5]. The RSA pro-
ess occurs when the absorption cross-section of the excited
tate is higher than that of the ground state. For macrocyclic
ompounds, such as porphyrins and phthalocyanines, after
he molecule excitation to a singlet state, a conversion to a
riplet state takes place, contributing additively to the RSA
rocess.

The organic dye ICG has many applications. It can be applied
n optical limiting devices [3] due to its efficient RSA. Indocya-
ine green can also be used as laser dye [6] and as saturable
bsorber [7]. In medicine, ICG has been used for diagnosis [8]

nd photodynamic therapy (PDT) of cancer [9,10]. The PDT
echanism involves the interaction of triplet state molecules
ith triplet oxygen, resulting in singlet oxygen, an active agent
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hat destroys tumor cells. In this way, sensitizers with high rates
f conversion to the triplet state are required. Fundamental stud-
es on absorption and emission spectroscopy of ICG have already
een reported [11]. The dependence of S1 → S0 transition life-
ime (τ10), intersystem crossing time and quantum yield of triplet
ormation of ICG in different solvents were investigated [12,13].
hese results showed that the conversion efficiency to the triplet
tate is diminished by increasing the solvent polarity. The same
ehavior was observed for the τ10. For instance, in DMSO (an
polar solvent), τ10 time is 30-fold greater than that observed in
olar solvents.

To further understand the excited states features (singlet
nd triplet absorption cross-sections and intersystem cross-
ng time), the present work investigates ICG solution in
MSO. To perform this study, we employed the single pulse

14] and pulse train Z-scan (PTZ-scan) [15] techniques, both
t 532 nm. Using the single pulse Z-scan and a theoret-
cal analysis employing a three-energy level diagram, we
etermined the excited singlet absorption cross-section. On
he other hand, with the PTZ-scan technique and a five-
nergy level diagram, we obtained the intersystem crossing

ime [16,17] and the triplet absorption cross-section. This

ethodology, which employs two distinct pulse configurations,
iminished the number of fitting parameters and improves its
ccuracy.

mailto:crmendon@if.sc.usp.br
dx.doi.org/10.1016/j.jphotochem.2007.03.010
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. Experiments

In order to measure the nonlinear properties of ICG, we
repared DMSO solution in a concentration of 1.2 × 1017

olecules/cm3. The UV–vis absorption spectrum was obtained
ith a Cary-17A spectrometer at room temperature, with a con-

entration six times smaller than that used in the nonlinear
ptical measurements. The linear and nonlinear measurements
ere carried out in a quartz cuvette with 2 mm of optical path.
Two configuration of the Z-scan technique were employed to

nvestigate the optical nonlinearities. The first one was the tradi-
ional single pulse Z-scan technique [14], that basically consists
n translating the sample through the focal plane of a Gaussian
eam, while changes in intensity are monitored in the far-field.
he second configuration used was the PTZ-scan (Z-scan with
ulse train) technique [15], which is able to verify nonlinear
ynamics in the nanosecond time scale. The experimental appa-
atus of this method is similar to the traditional one. In this case,
owever, while the sample is moved along the focal plane, the
ulse train of a Q-switched/mode-locked laser is acquired. The
mplitudes of each individual pulse in the train are normalized
o the ones obtained when the sample is far from the focus. In
oth the configurations, the sample excitation was performed
t 532 nm, the second harmonic of a Nd:YAG Q-switched and
ode-locked laser. For the PTZ-scan method a pulse train with

bout 20 pulses, each one with ∼100 ps, separated by 13 ns was
mployed. For single pulse Z-scan, a Pockels cell between two
rossed polarizes was used to extract one pulse from the pulse
rain. Single pulse and pulse train measurements were made
ith the laser operating at a 10 Hz repetition rate to eliminate

ccumulative thermal effects.

. Results and discussion

Fig. 1 shows the molecular structure (inset) and the linear

bsorption spectra of ICG diluted in DMSO. It has a strong band
round 800 nm, related to the � → �* transition. At 532 nm,
avelength employed in the nonlinear optical measurements,
nly a small absorption was observed.

ig. 1. Absorption spectrum of indocyanine green in DMSO for a concentration
f 2 × 1016 molecules/cm3. The inset shows the molecular structure of ICG.
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ig. 2. Normalized transmittance as a function of pulse irradiance for ICG in
MSO. The solid line represents the fitting obtained with three-energy level
iagram. The inset shows an open aperture Z-scan signature.

Fig. 2 shows the decrease of the normalized transmittance
NT) as a function of pulse irradiance, characterizing a RSA
rocess. Each point in Fig. 2 corresponds to the minimum value
xtracted from single pulse open-aperture Z-scan measurements,
llustrated in the inset of Fig. 2. The Z-scan curve was measured
ith a pulse irradiance of 3.4 GW/cm2.
We also observed a saturation of the NT due to the accumu-

ation of molecules in the first singlet excited state (S1) and to
he depleting of the ground state (S0). As seen in Fig. 2, the
aturation for ICG in DMSO occurs at ∼2 GW/cm2, a relatively
ow intensity for this type of nonlinear process. This low satura-
ion intensity for ICG is related to its S1 → S0 transition lifetime
τ10 ∼ 700 ps) [12], which allows a considerable accumulation
f ICG molecules in the singlet excited state (S1). With more
olecules in the first excited state, more transitions occur to

he second excited state (S2), that presents an absorption cross-
ection approximately null. This process can be visualized by the
ncrease in the NT curve fitting that occurs after about 3 GW/cm2

n Fig. 2. Furthermore, this effect can also be noticed through
he Z-scan signature (inset of Fig. 2), where an increase in the
T at the focal position was observed.
In order to fit the experimental data obtained with the single

ulse Z-scan technique (Fig. 2), the three-energy level diagram
howed in Fig. 3(i), representing only the singlet states (S) of

he molecule was employed. As the band gap of ICG is around
.5 eV, the internal conversion process must be taken in account
18] into the rate equations to describe the population dynamics
nd obtaining the spectroscopic parameters. The triplet states

ig. 3. Three- (i) and five- (ii) energy level diagram used to model the single
ulse and pulse train Z-scan results.
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Fig. 4. Normalized transmittance along the Q-switch envelope for DMSO,
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ere neglected, because the duration of each single pulse is
horter than the intersystem crossing time. In this case, only the
inglet states contribute to the nonlinear absorption process. The
ransition lifetime (τ10) can be described by 1/τ10 = 1/τr + 1/τic,
here τr ≈ 5.5 ns [12] and τic ≈ 840 ps (calculated from data at
ef. [12]) are singlet radiative lifetime and internal conversion

ime, respectively.
We also assumed that the lifetime of the second excited singlet

tate,τ21, is in the order of a few femtoseconds; therefore, the
opulation of this state is small at low irradiances. Hence, to
escribe the fraction of molecules in each state, we used the rate
quation, given by:

dn0

dt
= −w01n0 + n1

τ10
(1)

dn1

dt
= +w01n0 − w12n1 − n1

τ10
+ n2

τ21
(2)

dn2

dt
= +w12n1 − n2

τ21
(3)

here ni are the population fractions of the singlet states (Si) with
0 + n1 + n2 = 1. The w01 = σ01I(t)/hν and w12 = σ12I(t)/hν

re the one-photon transition rates, with σ01 and σ12 being
he ground and first state absorption cross-sections at 532 nm,
espectively. The set of differential equations are numerically
olved using a Gaussian temporal profile for the laser pulse. The
ime dependence of absorption coefficient during the excitation
s given by:

(t) = N{n0(t)σ01 + n1(t)σ12} (4)

here N is the concentration. The transmittance can be calcu-
ated by integrating the Beer’s law, dI/dz = −α(t)I(t), over the
ample thickness and the full pulse width (over t from −∞ to
∞), once in our Z-scan experiments the detection system mea-
ures the pulse fluence. This result is then normalized to the
inearly transmitted energy, ε = ε0exp{−α01L}, and used to fit
he data in Fig. 2 (solid line). The absorption coefficient, α01, is
btained from the linear absorption spectrum and it is directly
onnected with the ground state absorption cross-section by
01 = α01N. In this way, the only adjustable parameter in this
tting procedure is σ12. The value determined from the fitting
as σ12 = (12 ± 1) × 10−17 cm2, which is 75 times higher than

he ground state cross-section (σ01 = 0.16 × 10−17 cm2).
In Fig. 4, we display the accumulative nonlinearity for ICG

btained with PTZ-scan. As seen, the NT decreases with the
ulse number up to about 10, after which a small increase can
e observed. This behavior could be understood by using a five-
nergy level diagram (Jablonsky diagram), shown in Fig. 3(ii).

hen excited by a pulse of the train to the level S1, the molecule
an undergo an intersystem crossing to the triplet state T1, return
o the ground state S0 or be promoted to a second excited state S2.

ith the arrival of the next pulse of the envelope, accumulative

ontributions to the optical nonlinearity due to population built
p at the long-lived (∼�s) T1 state start to appear. The molecules
n this state can be promoted to a second triplet state, T2, resulting
n a change in the molecule absorption. Given the low irradiance

v
o
1
h

btained with an intensity of I = 0.63 GW/cm2. The solid line represents the the-
retical curve obtained with parameters given in the text, using the five-energy
evel diagram.

f each individual pulse of the train and short lifetime of the
evels S2 and T2, their population can be neglected. Considering
his model, the fraction of molecules in each state is given by:

dn0

dt
= −w01n0 + n1

τ10
(5)

dn1

dt
= w01n0 − n1

τf
(6)

dnT1

dt
= n1

τisc
(7)

here nT1 is the population fraction of the first triplet state, with
0 + n1 + nT1 = 1 (normalization condition). The S1 → S0

ransition lifetime τ10 is given by 1/τ10 = 1/τf − 1/τisc, where
f and τisc are the fluorescence lifetime and the intersystem
rossing time, respectively [12]. This set of equations was
umerically solved, using the temporal intensity pattern of the
-switched/mode-locked pulsed train, in order to determine the
opulation of molecules in each state. The time evolution of the
bsorption can be calculated using:

(t) = N{n0(t)σ01 + n1(t)σ12 + nT1 (t)σT} (8)

here σT is the triplet state transition absorption cross-section.
ollowing the same procedure previously described, using the
eer’s law, we are able to determine the sample transmittance
volution. With this method the only adjustable parameters are
T and σisc, once σ01 and σ12 are already known (single pulse
nalysis). The solid line in Fig. 4 represents the best fittings
btained.

The intersystem crossing time obtained through the fitting
as τisc ≈ 4 ± 1 ns, which is in good agreement with the one

eported in Ref. [12]. The quantum yield of triplet formation,
T, was calculated using φT = τf/τisc [16,17] and the previous

alue for τisc, providing φT ≈ 15%. The absorption cross-section
f the triplet state found through the fitting was σT = (5 ± 1) ×
0−17 cm2. This value is 31 (σ01 = 0.16 × 10−17 cm2) times
igher than the ground state cross-section. We observed that
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Table 1
Cross-section values (×10−17 cm2) for ground (σ01), excited state (σ12) and excited triplet (σT) states at 532 nm

σ01 σ12 σT τf φfl φT φic kisc kr kic

0.16 12 ± 1 5 ± 0.5 580 ± 40 0.106 0.15 ± 0.04 0.74 ± 0.05 2.5 ± 0.6 1.82 ± 0.07 11 ± 1
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Co., Menlo Park, California, 1978.
1 state lifetime (τf) (ps) [12], fluorescence (φf) [12], triplet (φT) and internal co
kisc), radiative (kr) [12] and internal conversion (kic) of ICG/DMSO solution.

12 is higher than σT for ICG (σ12/σT ∼ 2.4), indicating that the
xcited singlet state gives a higher contribution to the RSA pro-
ess for ICG. In Table 1 are shown the spectroscopic parameters
btained by fitting single and pulse train Z-scan data. This table
lso shows ICG spectroscopic parameters from literature.

Attempts were also made to study the nonlinear absorp-
ion process of ICG dissolved in water. However, we observed
hanges in the linear absorption spectrum over time, indicating
hat ICG in aqueous solution is unstable due to its degradation
nd aggregation [19,20], which hinders the use of our Z-scan
ethod which takes a few hours.
In summary, we observed a RSA behavior at 532 nm for ICG

n DMSO solution. For single pulse experiments, we determined
hat the excited singlet state cross-sections was 75 times higher
han those of the ground state. However, when pulse trains were
mployed, triplet population was identified, with an intersys-
em crossing time in the nanosecond time scale. In this case,
he triplet absorption cross-sections found was 31 times higher
han the ground state ones. These results indicate ICG as an
nteresting candidate for applications requiring RSA.

cknowledgements

Financial support from FAPESP (Fundação de Amparo à
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