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The nanosecond optical-limiting characteristics (at 532 nm) of some rare-earth metallo-phthalocyanines 

(Sm(Pc)2, EU(PC)2' and LaPe) doped in a copolymer matrix of poiy(methyl methacrylate) and methyl-2-
cyanoacrylate have been studied for the first time to our knowledge. The optical-limiting response is attrib
uted to reverse saturable absorption due to excited-state absorption. The performance of LaPc in a copolymer 
host is studied at different linear transmissions. The laser damage thresholds of all the samples are also 
reported. © 2003 Optical Society of America 

OelS codes: 190.0190, 190.4710, 190.4400, 160.4330, 160.5470, 140.3440. 

1. INTRODUCTION 

Intense laser radiation from high-power lasers have be

come more prcvalent in diversc areas of science and tech

nology. However, the extreme optical density is equally 

hazardous to light-sensitive elements such as the human 

eye and light sensors because it can cause irreversible op

tical breakdown unless attenuated to a reasonably low in

tensity level. Thc light attenuation can be achieved by 

utilizing the optical-limiting behavior of different materi

als, and these opticallimitcrs are indispensable devices in 

laboratory and field. A passive means of optical limiting 

is more appreciated, and in l'ccent years, the need for pas

sive opticallimiters has motivated research efforts in the 

development of many optical-limiting materials and con

figurations. To achicve this goal, we have developed 
samples of rare-earth metallo-phthalocyanine (RePc) 
doped in a copolymer matrix of poly{methyl methacrylate) 

and methyl-2-cyanoacrylate. Rare earth is either Eu, 

Sm, or La. Here we report, to our knowledge, the first 
measurements of the optical-limiting response due to re

verse saturable absorption of these RePc's in this particu

lar copolymer host. 

Among the various organometallic compounds studied, 

metallo-phthalocyanines are the most promising molecu

lar materialsl
-
6 for use in the passive opticallimiters be

cause of their relatively low linear absorption and high 

ratios of excited-state to ground-state absorption cross 

section in the 450-600-nm region.? Rare-earth metallo

phthalocyanines arc large planar molecules with D 4h 

symmctry, and the central metal atom is connected with 

the four ligands by nitrogen bridges. There are 18 

'IT-electrons surrounding the core metal atom with large 

delocalization to form a two-dimensional 'IT-electron sys

tem. The large spin-orbit coupling for the rare-earth 

metal orbital of the conjugated ring results in the en-
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hancement of the excited-state absorption by means of in

creased singlet to triplet intersystem crossing.8 

2. EXPERIMENT 

A. Sample Preparation 
All the RePc's were synthesized by the modification of the 

method by Kirin et al.9 and were purified chemically and 
physically. Sm(Pc)2 and Eu(Pc)2 have a diphthalocya

nine structure,to and LaPc has a planar structure. Diph

thalocyanine is a sandwich compound with two phthalo
cyanine (Pc) rings coordinated to a central metal atom. 
The two Pc ligands are rotated 45· with respect to each 
other. Furthermorc, one of the Pc rings is virtually pla
nar, while the other is significantly distorted. l1 All the 

samples in this experiment have the typical features of 
mctallo-phthalocyanines in their electronic absorption 

spectrum, such as a characteristic low-energy Q band, a 
high-energy S band, and an absorption valley around 532 
nm in the visible region.6 In order to fabricate copolymer 

samples impregnated with these molecules, a casting so

lution was first prepared by dissolving the RePe com
pound in a homogeneous mixture of 20% (by volume) of 

methyl-2-cyanoacrylate and 80% (by volume) of methyl 

methacrylate (MMAl monomer. All the RePc's show very 
good solubility in this monomer mixture. This uniform 

solution was filled in a clean glass mold made of optically 

flat glass plates. Large samples, completely free of air 

bubble, were obtained after the eopolymerization rcac
tion. Since the mold was fabricated from optically fiat 

glass plates, the samples had extremely high surface 

quality, so that no polishing was required, and hence 

there was minimum scattering ofthc laser beam at large 

angles from the sample. Thus in the abscnce of scatter

ing at large angles, the system measured change in trans-
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mission due to a change in absorption. The main advan

tages are the ease of sample preparation and the rapid 

copolymerization process in the absence of elevated tem
perature. 

B. Experimental Setup 

The optical-limiting responses of the four RePc-doped co
polymer composite were accomplished with a standard ex

perimental configuration. A laser wavelength at 532 nm 
from a frequency-doubled, Q-switched Nd:YAG laser with 

a pulse width of 9 ns (FWHM) and a repetition rate of 10 

Hz was used to excite the samples. All the samples have 

a thickness of2.2 mm, which is comparable to the sample 
thickness used by different groupS.12-14 The laser pulses 

were focused with a 15-cm focal-length lens, and the 

sample was placed in such a way that it was slightly away 
from the focal plane of the lens. This was to prevent the 

rapid optical breakdown of the sample at the focal plane. 
The Rayleigh range inside the sample was 1.98 mm, 

which is comparable to the sample thickness. The inci
dent and transmitted fiuences were measured with en

ergy detectors after averaging over ten pulses. The de
tector has a large collecting area to measure the total 

light output from the sample. This is important to avoid 

the effect of nonlinear refraction in the measurements. 

The optical-limiting response was studied by varying the 

input fluence with a laser beam attenuator arrangement 

and by monitoring the incident and transmitted fiuence 
with a laser energy meter. The minimum input f1uence 

was chosen to be -0.1 J/cm2 based on the signal-to-noise 
ratio ofthe detected signals. The maximum input energy 

was limited by the damage threshold of the RePc-doped 

copolymer host. 

3. RESULTS AND DISCUSSIONS 

The reverse saturable absorption15 (RSA) of many chro

mophores can be described by a three-level model for the 
situation where the sample medium is excited by picosec

ond laser pulses. However, in this work we use nanosec

ond laser pulses, and therefore the intersystem crossing 

can be used to extend the optical limiting for longer laser 

pulses because ofthe added contribution to the absorption 
by the triplet states. Many authors7,16-18 proposed a 

five-level model to describe the interaction of metallo
phthalocyanines with nanosecond laser pulses, which is 

depicted in Fig. 1. Here 8 nand T n are the singlet and 

triplet states, respectively, where n = 0, 1 or 2 and every 
electronic energy level involves many vibronic sublevels. 

When interacting with a laser pulse at 532 nm, atoms 

from the 8 o( v = 0) level get excited to the upper vibra

tionallevel of 8 l' Through a nonradiative decay, within 
picoseconds, they can relax to the lowest vibrational level 

of 8 1 (v = 0). Since Pc's have very low fI uorescence, 7 the 

transition from 8 1 (v = 0) to 8 0 can be neglected. There 

for the main decay mechanism is the intersystem crossing 

from 8 1(v = 0) to TI(v = 0). Here we assume that the 

intersystem crossing is fast17 compared with the laser 

pulse width (9 ns), and virtually all the atoms excited 

from 8 0 reach first excited triplet state T l' In fact, the 

intersystem crossing is higher for heavy-atom substituted 

Pc's due to large spin-orbit coupling of the metal orbital 

944 

Vol. 20, No. 71July 2003/J. Opt. Soc. Am. B 1487 

and their mixing with the orbitals of the conjugated 

ring. 19 There for under-nanosecond pulse excitation, the 

main contribution to RSA comes from triplet states. 

The ground-state absorption spectra at room tempera

ture of the Sm(Pc)2 in a copolymer matrix and in methyl 
methacrylate (MMA) monomer solution is shown in Fig. 
2. All RePc's do have two absorption bands. The Q band 

at 600-800 nm in the visible region is due to the elec
tronic transitions to the TT-TT· states, and it strongly de

pends on the ligand; the different center metal causes 

only a small change. The Soret band or the B band is It 
the 300-400-nm region in the near-UV region. We olr 

served a small difference in the linear absorption of the 
solution and the composite. This change can be attrilr 

uted to aggregation of the Sm(Pc)2 molecules in the ma
trix as well as the interaction between these molecules 
and the copolymer matrix. In solution, Sm(Pc)2 has 
Q-band peaks at 670 run, indicating the dominant contri

bution of monomer species. In the copolymer host, the 

stronger intermolecular interactions results in a higher 
degree of aggregation, and it replaces the Q-band struc

ture by two broader peaks. The broadening arises as a 

result of the Davydov effect. The other two RePe's 

showed similar absorption behavior with a slight redshift 

of the Q band as the central metal atoms become heaver. 

For all the samples, the intensity of the B band is higher 

Sz 

Fig. 1. Five-level energy-level model for the reverse saturable 
absorption for RePe in copolymer host. 
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tra of Sm(PC)2 in MMA monomcr solution and in a copolymer 
host. 



1488 J. Opt. Soc. Am. B/Vo!' 20, No. 7/July 2003 

0.4 

~ 
~ 
~ 0.3 

Q) 

<..> 

15 0.2 
:> 
u: 
~ 0.1 
::I 

o 
0.0 

0.0 

__ Sm(Pc), doped oc-polymer 

-6- Eu(Pc), doped co-polymer 

-6- LaPc doped co-polymer 

0.4 ~8 12 1~ 2,0 

Input Fluence (J/cm2) 

Fig. 3. Optical-limiting behavior of the RePc-doped copolymer 
samples for excitation at 532 nm. The linear transmission (LT) 

at 532 nm for the Sm(Pc)~-doped sample is 51% and for the 

Eu(Pch- and LaPc-doped samples is 42%. 

than that of the Q band, which is explained elsewhere.2o 

At the valley of the linear absorption spectrum, reverse 

saturable absorption could occur, because in this wave

length region the absorption cross section of the excited 

state is larger than that of the ground state.7 

We have also measured the laser damage thresholds for 

the three RePc-doped copolymer samples. The laser 

damage threshold is defined here to be the fIuence neces

sary to cause a permanent measurable change in the 

sample transmission measurements. The damage 

threshold of the sample is large if the sample is trans

lated laterally after every few shots during testing. The 

damage threshold of the samples ranged between 1.8 and 

2 J/cm2
. The damage threshold for the undoped copoly

mer host was 2 Jlcm2. For the EU(PC)2- and 

Sm(Pc)2-doped samples, the damage threshold was 1.8 

J/cm2
, and for the LaPc-doped sample it was 1.9 Jlcm2

• 

It is found that the presence of Re Pc in the copolymer ma

trix reduces its damage threshold. We suggest that the 

decrease of the laser damage threshold in the doped co

polymer hosts may be related to defects in the microstruc

ture of the copolymer as well as foreign-body microinclu

sions. 
Figure 3 shows the optical-limiting response of the 

three rare-earth metallo-phthalocyanine-doped copolymer 

samples. All the samples have comparable linear trans

mission at 532 nm. At very Iow input fiuence, the trans

mission obeys Ber-Lambert law. At high input fiuence, 

the output fIuence decreases with an increase in input fiu

ence, and we observe an optical-limiting response with a 

saturated or clamped output fIuence. Of the three RePc's 

studied, the LaPc-doped copolymer host shows a better 

optical-limiting property. The EU(PC)2- and 

Sm(Pc)2-doped samples have an almost similar optical

limiting response but less than that of the LaPc-doped 

sample. 

Reverse saturable absorption due to excited-state ab

sorption is the main mechanism for metallo

phthalocyanine molecules to produce an optical-limiting 

eftect. The ratio of effective excited-state to ground-state 

absorption cross section <Jcff/CFO can be used as a figure of 

945 

Aneeshkumar et al. 

merit for optical limiting based on reverse saturable 

absorption. 19 This can be defined as 

(1) 

with 

(2) 

where T jin is the linear transmittance at very Iow excita

tion power, T.at is the saturated transmittance for a high 
degree of excitation, and both parameters are measured 
experimentally from the variation of transmittance with 

input fiuence. No is the total molecular population, and l 
is the length of the laser pass through the doped copoly

mer sample. As shown in Fig. 3, the linear transmit

tance is 0.42 for Sm(Pc)z- and LaPc-doped samples with a 

saturated transmittance of 0.2 and 0.17, respectively. 

For the Eu(Pc)2-doped sample, the linear transmittance 

is 0.51 with a saturated transmittance of 0.19. The esti

mated figures of merit are 2, 1.83, and 1.86 for LaPc, 

Sm(Pc)2, and EU(PC)2, respectively, from Eq. (1). Com

pared with the reported value of -3 for e60 and> 10 for 

phthalocyanine complexes,8.19 the figures of merit for the 

rare-earth metallo-phthalocyanine-doped copolymer sam

ples are not large enough. However, a wide range of 

structural modifications at the molecular level is possible 

in these materials by substituting various functional 

groups at peripheral sites, which can dramatically im

prove the optical-limiting performance of metallo
phthalocya-nines.5,G.21.22 Further study of this influence 

on the optical-limiting properties is deserved. 

The optical-limiting responses of LaPc-doped samples 

with linear transmission (Ur) of 42% and 21% are shown 

in Fig. 4. Both samples have a path length of 2.2 mm. 

The sample with 21% LT has more LaPc concentration 

than the sample with 42% LT. We do not have the exact 

value of the LaPc concentration in the copolymer matrix, 

which is difficult to measure due to the small size reduc

tion of the copolymer matrix after polymerization. From 

Fig. 4, one can sce that a sample with a larger concentra

tion of LaPc has a better optical-limiting response, for ex

ample, the output fIuence saturates at 0.19 J/cm2 for the 

sample with 21% LT, but for the sample with 42% LT, the 

saturation value of the output fiuence increases to 0.36 
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Fig. 4. Variation of output fluencc with respect to input flue nee 
for LaPe·doped copolymer sample for an optical path length of 
2.2 mm for a linear transmission (LT) of 42% and 21%. 
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Fig. 5. Plot ofln(lolI) versus (10 - l) for the RePc-doped copoly

mer samples. The plot for Sm(Pclz and LaPc are up shifted by 
0.5 and 1 unit, respectively, for presentation. The straight line 
is the best linear fit to the data points. 

J/cm2
. This indicates that the number density of La Pc in 

the laser beam is a main factor affecting the clamping 

level. 
Kojima et al.,23 while explaining the optical-limiting 

property of a polyacene-based oligomer using a five-level 

energy diagram, have shown that, in the case of reverse 

saturable absorption due to excited-state absorption, the 

incident laser intensity 10 and the transmitted laser in
tensity 1 obeys the relation 

In(lolI) = kilo - /) + Ag , (3) 

where k is a constant that depends on the absorption 
cross sections and lifetimes of the ground, excited-singlet, 
and excited-triplet states, and Ag is the ground-state ab
sorbance. Equation (3) says that the plot of In(loID ver
sus (Io - 1) should be a straight line with slope k and in
tercept As' Figure 5 shows the plot of In(IoII) versus 
([0 - 1) for the three doped samples. The straight-line 
nature of the graph is a clear indication that RSA is the 
main mechanism causing optical limiting in these 

samples_ The RSA in metallo-phthalocyanines is due to 

the excited-state absorption.7 In Fig. 5, at low (lo - l), 

the plot shows a rolling-off nature. This is because Eq. 
(3) has an approximate linear relation23 between In(loII) 

and (Io - l). 

4. CONCLUSIONS 

In conclusion, the optical-limiting response for Sm(Pc)z, 

Eu(Pc)2, and LaPc doped in a copolymer matrix of poly

(methyl methacrylate) and methyl-2-cyanoacrylate were 

investigated at 532 nm, with nanosecond pulses. The ob

served limiting response is mainly due to the reverse 

saturable absorption, which is caused by the excited-state 

absorption in these samples. Laser damage thresholds 

were also measured for the doped and undoped copolymer 
samples. 
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