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ABSTRACT

Herein we report our experimental results on nonlinear optical properties of (H,),SnPc (I) , Sn(OH),Pc (II), and
Sn(Cl),Pc (III) studied using Z-scan technique with 800 nm, 100 fsec pulses, and 633 nm continuous wave (cw) laser
excitation. Femtosecond open-aperture Z-scan data revealed these molecules exhibited strong 3PA coefficient (o;). The
estimated values of oz were ~4.0x105, ~2.0x10° ¢cm*/GW?, and ~1.5x10"° em®/GW? for I, II, and III respectively
obtained after deducting the solvent contribution. Closed aperture data recorded with femtosecond pulses revealed
positive nonlinearity for all the molecules. We also observed large nonlinear response in the cw regime at 633 nm.
Closed aperture scans performed with 633 nm indicated strong negative nonlinearity while open aperture scans depicted
mixed response. The performance of these alkyl phthalocyanines in various time domains vis-a-vis recently reported
phthalocyanines is discussed in detail.
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1. INTRODUCTION

Porphyrins, Phthalocyanines and metallophthalocyanines are macromolecules with huge number of delocalized
n electrons resulting in interesting third-order nonlinear optical (NLO) properties leading to extensive applications in
optical limiting and all-optical switching.'”" The high stability and capability of phthalocyanines, especially, to
accommodate different metal ions within their cavity result in diverse optical properties. Even though nonlinear optical
properties of surplus of phthalocyanines and their derivatives have been investigated till date to assess their performance
for NLO applications there remains further scope for investigation of novel structures with superior figures of merit.'**’
The best optical limiting performance till date has been achieved using a phthalocyanine in tandem with another
nonlinear optical material justifying the potential of these molecules.”® We have been investigating a number of
porphyrins and phthalocyanines for their NLO properties in the cw, nanosecond (nsec), picosecond (psec), and
femtosecond (fsec) domains. We reported large nanosecond and picosecond nonlinearities in tetratolyl porphyrins and
their metal derivatives with reasonably fast response times.”'® Our recent studies focused on alkyl and alkoxy
phthalocyanines which also exhibited huge nonlinear coefficients in the cw, nsec, and fsec domains with potential
applications in optical limiting, switching, and bio-imaging.'**' We have also investigated the NLO properties of these
molecules in thin film form and nanoparticles form. These studies suggest that it is possible to achieve large nonlinear
coefficients combined with superior figures of merit with a systematic study. However, there is necessity to incorporate
these materials in a proper matrix such as polymer or glass, while preserving their NLO properties and response times,
for crucial device applications. In this paper we present the results of our studies on nonlinear optical properties of
(H,),SnPc (herewith referred to as I) , Sn(OH),Pc (herewith referred to as II), and Sn(Cl),Pc (herewith referred to as III)
studied using the Z-scan technique® with 800 nm, 100 fsec pulses, and 633 nm continuous wave (cw) laser excitation.
From the fsec open-aperture (OA) Z-scan data we derived that these molecules have strong three-photon absorption
(3PA) coefficient/cross-sections at moderate input intensities. We also estimated the sign and magnitude of the real part
of third order nonlinearity (n,) by means of the closed aperture scans from cw and fsec data. We observed reverse
saturable absorption type of behavior with cw excitation for I and III. Fsec data suggested positive nonlinearity while
the cw study indicated negative nonlinearity for these structures. We attempt to analyze the data obtained and compare
the performance of these molecules with some of our earlier reported molecules. Our detailed study concludes that these
phthalocyanines are prospective candidates for multi-photon applications in the fsec regime, potential candidates for
optical limiting applications in the cw domain.
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2. EXPERIMENTAL DETAILS

Tin phthalocyanines studied were synthesized according to the procedures reported in literature' and were purified
before use. Each sample was subjected to a column chromatographic purification process prior to the nonlinear optical
measurements. The details of molecular structures are depicted in figure 1. All the experiments were performed with
samples dissolved in chloroform and were placed in 1-mm glass/quartz cuvettes. Nearly transform-limited femtosecond
laser pulses were obtained from a conventional chirped pulse amplification system comprising of an oscillator (MaiTai,
Spectra-Physics Inc.) that delivered ~80 fsec, 82 MHz at 800 nm and a regenerative amplifier (Spitfire, Spectra Physics
Inc.), from which we obtained 1 kHz amplified pulses of ~100 fsec duration, with output energy of ~1 mJ. The peak
intensities used in experiments were in the 200-800 GW/cm? for fsec pulse excitation. All the studies were performed
with solution concentrations of 5x10° M providing >90% linear transmission near 800 nm. Several calibrated neutral
density filters were utilized for attenuating the intensity of the laser pulses. Each data point in all the fsec data was a
result of more than 50 averages. For evaluating the nonlinear optical properties at 633 nm a Helium—Neon laser was the
source used for exciting the samples. Typical values of the parameters used for the experiment were input beam of size
(diameter) 0.75 mm focused to a spot size of ~100 pm using 15 cm lens, with input powers in the 5-14 mW range. A
power meter was used for the closed and open aperture measurements in the cw case. Sufficient care was taken to
ensure the samples were not damaged due to continuous exposure to the lasers.

Sn(H,),Pc
1

1 I
Figure 1 Structures of the phthalocyanines studied using femtosecond pulses.

3. RESULTS AND DISCUSSION

Spectroscopic characterization:

The absorption spectra were recorded using an UV-visible spectrometer for ~10° M solutions and are depicted in
figure 2. These molecules show the characteristic linear absorption features typical of other phthalocyanines, the high
energy B (Soret) band and the low energy Q band(s). The compounds remained stable after exposure to laser pulses for
a long period of time. Fluorescence and other spectral data of these phthalocyanines have been reported elsewhere.”
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Figure 2 Absorption spectra of I, II, and III dissolved in chloroform
Theoretical considerations:

Assuming a spatial and temporal Gaussian profile for laser pulses and utilizing the open aperture Z-scan theory for
multi-photon absorption (MPA) given by Sutherland et al.>' we have the general equation for open aperture (OA)
normalized energy transmittance given by:

1
TOA(nPA) = v (1)

[1+(n —1)anL(100 (1+(212, )2))"_1}

where a, is the effective MPA coefficient (n =2 for 2PA; n = 3 for 3PA, and so on); and Iy, is the input irradiance. If we
retain only the 2PA term and ignore all other terms, we have an analytical expression for OA Z-scan for merely two-
photon absorbers. Similarly retaining the 3PA term and ignoring the other terms provides us an analytical expression for
OA scans for only three-photon absorbers.

1
1+ a, L,y 1+ (z/2,)))

2)

TOA(2PA) =
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1
TOA(}PA) = A 3

[ 1+2a,L!, (100 /(l+(z/zo)2))2}

with n being the order or absorption process, Iy is the peak intensity, Z is the sample position, zy= n®,*/A is the Rayleigh
range; My is the beam waist at the focal point (Z = 0), A is the laser wavelength; effective path lengths in the sample of

length L for 2PA, 3PA is givenas L = —— , Ll =

Z-scan studies with 800 nm, 100 fsec pulses

The open aperture scans for the samples I, II, and III were recorded at 800 nm using fsec pulses for various
input irradiances and the resulting data is shown in figure 3 (a) — (d). All the samples had a concentration of 5x10° M.
For sample I we observed strong reverse saturable absorption (RSA) kind of behavior in the intensity range of 100-200
GW/cm®. At lower peak intensities noise dominated the signal while at higher peak intensities a smooth reverse
saturable absorption (RSA) kind of behavior was observed. Owing to fsec excitation the obtained experimental data
was fitted using equations 2 and 3 and we found the best fit was achieved with the transmission equation for three-
photon absorption (3PA). However, the fit was not perfect with deviations for the data away from focus. Since the
concentrations used were low we expect contribution from the solvent at these peak intensities. We suppose this
contribution from solvent to be from four-photon absorption (4PA) or even higher NLO process. Further experiments
are necessary to ascertain this which is in progress. We had fitted the data for 3PA coefficient [blue line in figure 3(d)]
assuming solute contribution only. We tried to fit 2PA to the data and it is apparent from the fits (red line) that it fails by
a large margin. We later estimated the solvent contribution, which was found to be <50% of the fit value. The solvent
contribution is over-estimated at this moment and an exact value is being ascertained with a separate study. For
molecule I we obtained a fit value of 8.0x10° em*’/GW? and the final value obtained, minus the solvent part, was
~4.0x10° em*/GW?, which is of the order obtained for alkly and alkoxy phthalocyanines reported recently by our group
(maximum of ~9.1x10™ ¢cm*/GW? for alkyl phthalocyanines and 3.6x10~ ¢cm’/GW? for alkoxy phthalocyanines). Errors
in the values presented here arise from the estimation of peak intensities, fittings, incorrect concentration calculations
and we estimate the overall error bar in our fitted data to be less than 20%.

Figures 4 and 5 depict the open aperture data recorded for II and III, respectively. Similar estimates as in the
case of sample I were obtained for II and II and the magnitudes of 3PA coefficients acquired from the corrections to the
fits were ~2.0x10™ cm*/GW? (for a peak intensity of 600 GW/cm?) and ~1.5x10% em*/GW? (for a peak intensity of 750
GW/cm?). 1t is evident that sample I has superior value of 3PA coefficient and can be attributed to the presence of
porphyrin molecules in the axial regions of the phthalocyanine thereby providing more number of delocalized m-
electrons for participating in the nonlinearity.

Our earlier studies undoubtedly point out that concentration of the sample(s) used and the peak intensities play
a significant role in determining the type of nonlinear absorption with a possibility of switching over from SA to RSA
and much more complex behavior of SA in RSA and vice-versa. At higher concentrations there is a possibility of
aggregation affects which in turn influences the linear and nonlinear absorption properties. At very high peak intensities
prospects of higher order nonlinearities and/or Supercontinuum generation are higher in these complex organic
molecules. An optimum concentration and peak intensity are therefore essential to identify the nonlinear mechanism(s)
without ambiguity. The high nonlinear coefficients obtained with these molecules are important for applications in
femtosecond optical limiting and bio-medical imaging applications. Such materials will have special impact in biology
and medicine through three-photon induced photodynamic therapy (PDT) in cancer treatment. Table 1 presents a
comparison of the nonlinear coefficients of our molecules with those reported recently’”* in literature and except for the
nanomaterials®® our materials exhibit superior performance. A thorough analysis*' based on three level modeling is also
required for estimating the presence of other nonlinear processes at different concentrations and peak intensities enabling
us to tap the potential of these molecules.
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Figure 3 Open aperture Z-scan data for phthalocyanine I obtained at various input intensities. The data was fitted for 2PA and 3PA
(fourth figure). 3PA (solid) fit was better compared to 2PA (dashed).
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Figure 4 Open aperture Z-scan data for phthalocyanine II obtained at various input intensities. Solid line is the 3PA fit while the
dashed line is obtained with 2PA fitting in (d).
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Figure 5 Open aperture Z-scan data for phthalocyanine III obtained at various input intensities. Solid line is the 3PA fit while the

Figure 6 shows the closed aperture Z-scans recorded for all the samples.
possessed positive nonlinearity. The data was fitted with standard closed aperture equations for retrieving the A¢ and
thereby the magnitudes of nonlinear refractive index, n,. The values obtained were 5.0x107"° cm*W for I, 1.8x10™"%
em?/W for 11, and 1.93x10™"5 em?*/W for III, respectively. Again, the nonlinear RI obtained for I is higher than those of
II and IIT implying the role of porphyrin groups in the molecular structure of (H,),SnPc. We also expect the solvent
contribution to the overall fit value. A detailed estimate provided us some insight into the extent of solvent contribution
which was <25%. Separate closed aperture Z-scan experimental studies are in progress with solvent alone to quantify
the exact contribution and will be reported at a later stage. High nonlinear refractive index is useful for optical switching
applications. Figures of merit based on nonlinear and linear absorption, nonlinear refractive index are being estimated

dashed line is obtained with 2PA fitting in (d).

and we expect them to higher when compared to alkyl and alkoxy phthalocyanines.
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Figure 6. Closed aperture Z-scan data for I, 11, and III using 100 fsec pulses near 800 nm.

Proc. of SPIE Vol. 7197 719715-6

I



Wavelength, a; (em’/GW?)
Sample pulse-width < 10° Reference
4,4’-bis(diphenylamino)
stilbene (BDPAS) 1100 nm, 0.51 [37]
dendrimers 150 fsec
Multi-branched 1300 nm,
chromophore 160 fsec 0.385 [38]
R 800 nm,
ZnS NC’s 120 fsee 2400 [39]
Tetra tert-butyl
phthalocyanine j%% ?f;c g'; Eng [16,17]
(Free base and Zn) = P
(H;),SnPc (I) 200 nm 4.0 (8.0) .
Sn(OH),Pc (1) 100 fsec 2.0 (4.0) [This Work]
Sn(Cl),Pc (IIT) 1.5(3.0)

Table 1 Comparison of three-photon absorption coefficient (o3) with other reported values in literature. The values indicated in the
parentheses for I, II, and II are the fit values while the actual values, corrected for solvent contribution, are indicated outside the
parentheses and in bold

Nonlinear optical studies with 633 nm, He-Ne laser:

Figure 7 illustrates the closed aperture and open aperture Z-scan curves obtained for all the samples with cw
excitation at 633 nm. Unambiguous signatures of peak-valley in the closed aperture scans indicate a negative type of
nonlinearity in the cw domain. Saturable absorption (SA) type of behavior, evident from open aperture scan, was
observed for II. However, for the first time, we observed RSA kind of behavior in II and III with stronger dip in the
sample I. The measurements were repeated several times and the outcome was the same. We are analyzing the reason
for this behavior. Our initial estimates suggest the nonlinear refractive index to be very high. These are thermal
nonlinearities which are a result of the heating of the sample through continuous excitation modifying the refractive
index locally. These molecules were also found to be effective optical limiters in the cw domain utilizing the nonlinear
refraction. Our future studies include (a) Combining these materials** with other potential NLO molecules (b)
Incorporation into a suitable polymer/glass matrix and (c) Time-resolved studies for evaluating the response times to
understand and further enhance their NLO performance

Z (cm)

Figure 7 Closed aperture Z-scan data for I, II, and IIT using cw pulses at 633 nm

4. CONCLUSIONS
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We presented our results nonlinear optical properties of (H,),SnPc (I) , Sn(OH),Pc (II), and Sn(Cl),Pc (III) studied
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using Z-scan technique with 800 nm, 100 fsec pulses, and 633 nm continuous wave (cw) laser excitation.. From the fsec
open-aperture Z-scan data we derived that these molecules exhibited strong 3PA coefficient (o;) at moderate input
intensities. The estimates were obtained after deducting the contribution from solvent (in our case chloroform). The
values presented are one of the best amongst the recently reported potential molecules with 3PA. Such molecules find
interesting applications in bio-imaging and optical signal processing. Strong nonlinear refractive index was observed
with cw excitation and for the first time, to the best of our knowledge, we observed RSA in chloroform solutions of I and
III. The reported nonlinearities are primarily thermal in nature owing to the cw excitation. Based on nonlinear
refraction both the samples behaved as good optical limiters even at low powers.

Sample Fsec n, (cm”W) | 3PA coeff (cm*’/GW?) Sign n, (cw) Nonlill;z;)reazz)vsvt;rption
1. (H,),SnPc (I) 2.0x10% 4.0(8.0)x10° Negative RSA
2. Sn(OH),Pc (II) 5.0x10"° 2.0(4.0)x10° Negative SA
3. Sn(Cl),Pc (IIT) 1.8x10™" 1.5(3.0)x107 Negative RSA

Table 2 Summary of the nonlinear coefficients obtained for I, I, and III in the present study. The values indicated in the parentheses
for 3PA is the fit value while the actual value, corrected for solvent contribution, is indicated outside the parentheses and in bold.

ACKNOWLEDGEMENTS

S. Venugopal Rao acknowledges the constant support and encouragement of Prof. S.P. Tewari, Director,
ACRHEM and Prof. D. Narayana Rao, School of Physics, University of Hyderabad. Mr. Kurumurthy is
acknowledged for his assistance in the experimental work. Acknowledgements are also due to Mr. R.S.S. Kumar,

School of Physics, University of Hyderabad for useful technical discussions.

Proc. of SPIE Vol. 7197 719715-8



(1]
(2]
(3]
(4]
(3]

(6]
(7]
(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

REFERENCES

“Phthalocyanines Properties and Applications,” Ed.’s C. C. Leznoff, A. B. P. Lever, 1993, Wiley VCH
publishers, New York.

G. de la Torre, P. Vazquez, F. Agullo-Lopez, T. Torres, “Role of Structural Factors in the Nonlinear Optical
Properties of Phthalocyanines and Related Compounds,” Chem. Rev. 104, 3723-3750 (2004).

M. Hanack, T. Schneider, M. Barthel, J.S. Shirk, S.R. Flom, R.G.S. Pong, “Indium phthalocyanines and
naphthalocyanines for optical limiting,” Coord. Chem. Rev. 219-221, 235-258 (2001).

M. Calvete, G.Y. Yang, M. Hanack, “Porphyrins and phthalocyanines as materials for optical limiting,” Synth.
Met. 141, 231-243 (2004).

D. Dini, M. Barthel, T. Schneider, M. Ottmar, S. Verma, M. Hanack, “Phthalocyanines and related compounds as
switchable materials upon strong irradiation: the molecular engineering behind the optical limiting effect”, Solid
State Ionics 165, 289-303 (2003)

A. Slodek, D. Wohrle, J.J. Doyle, W. Blau, “Metal complexes of phthalocyanines in polymers as suitable
materials for optical limiting,” Macromol. Symp. 235, 9-18 (2006).

Y. Chen, M. Hanack, Y. Araki, O. Ito, “Axially modified gallium phthalocyanines and naphthalocyanines for
optical limiting,” Chem. Soc. Rev. 34(6), 517-529 (2005).

M. O. Senge, M. Fazekas, E. G. A. Notaras, W. J. Blau, M. Zawadzka, O. B. Locos, E. M. Ni Mhuircheartaigh,
“Nonlinear Optical Properties of Porphyrins,” Advanced Materials 19(19), 2737-2774 (2007).

D. Narayana Rao, S. Venugopal Rao, F.J. Aranda, M. Nakashima and J.A. Akkara, “Ultrafast relaxation times of
metalloporphyrins by time-resolved degenerate four-wave mixing with incoherent light,” J. Opt. Soc. Am. B 14,
2710-2714 (1997).

S. Venugopal Rao, N.K.M.N. Srinivas, L. Giribabu, B.G. Maiya, D. Narayana Rao, R. Philip, and G. Ravindra
Kumar, “Studies of third-order optical nonlinearity and nonlinear absorption in tetratolyl porphyrins using
degenerate four wave mixing and Z-scan,” Opt. Commun. 182, 255-264 (2000).

S. Venugopal Rao, N.K.M.N. Srinivas, L. Giribabu, B.G. Maiya, D. Narayana Rao, Reji Philip, and G. Ravindra
Kumar, “Excited state dynamics in tetratolyl porphyrins studied using DFWM with incoherent light and ps
pulses,” Opt. Commun. 192, 123-133 (2001).

S. Venugopal Rao and D. Narayana Rao, “Excited state dynamics of phthalocyanines studied using degenerate
four wave mixing with incoherent light (DFWM-IL),” Journal of Porphyrins and Phthalocyanines 6(3), 234-238
(2002).

N.K.M.N. Srinivas, S. Venugopal Rao, D. Narayana Rao, “Wavelength dependent studies of nonlinear absorption
in ZnmpTBP using Z-scan,” J. Porphy. Phth. 5(7), 549-554 (2001).

S.J. Mathews, S. Chaitanya Kumar, L. Giribabu, S. Venugopal Rao, “Nonlinear optical and optical limiting
properties of phthalocyanines in solution and thin films of PMMA studied using a low power He-Ne laser,” Mat.
Lett., 61(22), 4426-4431 (2007).

S.J. Mathews, S. Chaitanya Kumar, L. Giribabu, S. Venugopal Rao, “Large third order nonlinear optical and
optical limiting properties of symmetric and unsymmetrical phthalocyanines studied using Z-scan,” Optics
Commun., 280(1), 206-212 (2007).

R.S.S. Kumar, S. Venugopal Rao, L. Giribabu, D. Narayana Rao, “Femtosecond and nanosecond nonlinear
optical properties of alklyphthalocyanines studied using Z-scan”, Chem. Phys. Lett. 447, 274-278 (2007).

R.S.S. Kumar, S. Venugopal Rao, L. Giribabu, D. Narayana Rao, “Nonlinear absorption properties of alkyl
phthalocyanines in the femtosecond, nanosecond, and cw regimes” Proc. SPIE 6875, 68751D-1 to 68751D-12
(2008).

R.S.S. Kumar, S. Venugopal Rao, L. Giribabu, D. Narayana Rao, “Ultrafast nonlinear optical properties of alkyl
phthalocyanines investigated using degenerate four-wave mixing technique,” Opt. Mat., In Press, 2009.

N. Venkatram, L. Giribabu, D. Narayana Rao, S. Venugopal Rao, “Nonlinear optical and optical limiting studies
in alkoxy phthalocyanines studied at 532 nm with nanosecond pulse excitation”, Appl. Phys. B 91, 149-156
(2008).

N. Venkatram, L. Giribabu, D. Narayana Rao, S. Venugopal Rao, “Femtosecond nonlinear optical properties of
alkoxy phthalocyanines at 800 nm studied with Z-scan technique,” Chem. Phys. Lett. 464, 211-215 (2008).

S. Venugopal Rao, N. Venkatram, L. Giribabu, D. Narayana Rao, “Ultrafast nonlinear optical properties of
phthalocyanines nanoparticles at 800 nm studied using Z-scan,” J. Appl. Phys., In Press 2009.

Proc. of SPIE Vol. 7197 719715-9



(22]
(23]

(24]

[25]

[26]

(27]

(28]
[29]
[30]
[31]
[32]
[33]
[34]

[35]

[36]

[37]
[38]
[39]
[40]
[41]
[42]

[43]

L. W. Tutt and T. F. Boggess “A review of optical limiting mechanisms and devices using organics, fullerenes,
semiconductors and other materials,” Prog. Quant. Electron. 17, 299-338 (1993).

C. W. Spangler, “Recent development in the design of organic materials for optical power limiting, J. Mat. Chem.
9(9), 2013-2020 (1999)

S.M. O’Flaherty, S.V. Hold, M.J. Cook, T. Torres, Y. Chen, M. Hanack, W.J. Blau, “Molecular Engineering of
Peripherally And Axially Modified Phthalocyanines for Optical Limiting and Nonlinear Optics,” Adv. Mater. 15,
19-32 (2003).

D. Dini, M.J.F. Calvete, M. Hanack, M. Meneghetti, “Indium Phthalocyanines with Different Axial Ligands: A
Study of the Influence of the Structure on the Photophysics and Optical Limiting Properties,” J. Phys. Chem. A,
112(37), 8515-8522 (2008).

Q. Gan, S. Li, F. Morlet-Savary, S. Wang, S. Shen, H. Xu, and G. Yang, “Photophysical properties and optical
limiting property of a soluble chloroaluminumphthalocyanine,” Opt. Express 13, 5424-5433 (2005).

L. De Boni, L. gaffo, L. Misoguti, C.R. Mendonca, “Nonlinear absorption spectrum of ytterbium bis-
phthalocyaine solution measured by white-light continuum Z-scan technique,” Chem. Phys. Lett. 419, 417-420
(20006).

E. Hernandez, S. Yang, E. W. Van Stryland, D. J. Hagan, “High-dynamic-range cascaded-focus optical limiter,”
Opt. Lett. 25, 1180-1182 (2000).

M. Sheik-Bahae, A. A. Said, T. H. Wei, D. J. Hagan, E. W. Van Stryland, “Sensitive measurement of optical
nonlinearities using a single beam,” IEEE J. Quant. Electron. 26, 760-769 (1990).

L. Giribabu, C. Vijay Kumar, P. Yella Reddy, “Axial-Bonding Heterotrimers Based on Tetrapyrrolic Rings:
Synthesis, Characterization, and Redox and Photophysical Properties,” Chem. Asian J. 2, 1574-1580, (2007).

R. L. Sutherland, Handbook of Nonlinear Optics, Second Edition, Revised and expanded (New York, NY: Marcel
Dekker, 2003).

A. Santhi, V.V. Naboodiri, P. Radhakrishnan, V.P.N. Nampoori, “Spectral dependence of third order nonlinear
optical susceptibility of zinc phthalocyanine,” J. Appl. Phys. 100, 053109 (2006).

L. De Boni, E. Piovesan, L. Gaffo, C. R. Mendonca, “Resonant Nonlinear Absorption in Zn-Phthalocyanines,” J.
Phys. Chem. A 112(30), 6803—-6807 (2008).

E.M. Garcia-Frutos, .M. O’Flaherty, E.M. Maya, G. de la Torre, W. Blau, P. Vazquez, T. Torres, “Alkynl
substituted phthalocyanine derivatives as targets for optical limiting,” J. Mater. Chem. 13, 749-753 (2003).

H. Bertagnolli, W.J. Blau, Y. Chen, D. Dini, M.P. Feth, S.M. O’Flaherty, M. Hanack, V. Krishnan, “Synthesis,
characterization and optical limiting properties of a gallium phthalocyanine dimer,” J. Mater. Chem.15, 683-689
(2005)

Auger, W.J. Blau, P.M. Burnham, I. Chambrier, M.J. Cook, B. Isare, F. Nekelson, S.M. O’Flaherty, “Nonlinear
absorption properties of some 1,4,8,11,15,18,22,25-octaalkylphthalocyanines and their metallated derivatives,” J.
Mater. Chem. 13, 1042-1047 (2003).

M. Drobizhev, A. Rebane, , Z. Suo, C.W. Spangler, “One-, two- and three-photon spectroscopy of n-conjugated
dendrimers: cooperative enhancement and coherent domains,” J. Lumin. 111, 291 (2005).

T.C. Lin, G.S. He, Q. Zheng, P.N. Prasad, “Degenerate two-/three-photon absorption and optical power-limiting
properties in femtosecond regime of a multi-branched chromophore ,” J. Mater. Chem., 16, 2490 (2006).

J. He, W. Ji, J. Mi, Y. Zheng and J. Y. Ying, Appl. Phys. Lett., “Three-photon absorption in water-soluble ZnS
nanocrystals” 88, 181114 (2006).

S. Polyaov, F. Yoshino, M. Liu, G. Stegeman, “Observation of Three-Photon Enhanced Four-Photon Absorption”,
Phys. Rev. B 69, 115421 (2004).

S. Venugopal Rao, D. Narayana Rao, J.A. Akkara, B.S. DeCristofano, and D.V.G.L.N. Rao, “Dispersion studies
of nonlinear absorption in Cg, using Z-scan,” Chem. Phys. Lett. 297, 491 (1998).

X. Huang, F. Zhao, Z. Li, Y. Tang, F. Zhang, and C.-H. Tung, “Self-Assembled Nanowire Networks of Aryloxy
Zinc Phthalocyanines Based on Zn-O Coordination” Langmuir 23, 5167 (2007).

N. Venkatram, R. S. S. Kumar, D. N. Rao, “Nonlinear absorption and scattering properties of cadmium sulphide
nanocrystals with its application as a potential optical limiter” J. Appl. Phys. 100, 074309 (2006).

Proc. of SPIE Vol. 7197 719715-10



