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Abstract

Materials with strong reverse saturable absorption have been searched for power limiting applications, and metal-
lophthalocyanine molecules are one of them. Here we report our investigations of reverse saturable absorptive prop-
erties of copper phthalocyanines with three different side substitutions. By dissolving them in toluene or incorporating
them in polymer-silica hybrid material using a sol-gel process with polyvinyl butyral and tetraethyl orthosilicate as
precursors, we found that substitution of copper phthalocyanines influence the optical nonlinearities. Regarding the
preparation process of phthalocyanines in the solids, a new route has been successfully used.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Materials with strong reverse saturable absorp-
tion (RSA) can effectively limit the output energy
of incident light. Such materials are of prime
importance in optical limiting applications [1].
Metallophthalocyanine (MPc) molecules have
become widely-researched because their planar
n-conjugated electron systems are expected to
cause strong RSA effect [2,3]. Recently, organic-
inorganic hybrid materials have attracted much
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attention for their flexibility, high glass transition
temperature, good transparency, and potential as
device substrates.

In this paper, we quantitatively characterized
RSA of copper phthalocyanines (CuPc) with three
different substitutions (a-tetra-cumylphenoxyl,
B-tetra-cumylphenoxyl, and B-tetra-tert-butyl,
dubbed as (a-CP)y, (B-CP)s, and (B-z-butyl),
respectively) in toluene solution and in sol-gel
tetraethyl orthosilicate (TEOS)/polyvinyl butyral
(PVB) hybrid film by using Z-scan technique
with picosecond (ps) laser pulses at 532 nm. As a
result, we found that CuPc (B-z-butyl), shows the
strongest RSA when dissolved in toluene solution;
however, CuPc (a-CP), reveals the strongest RSA
when incorporated in thin films.
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2. Experimental

2.1. Preparation of dyes and organic-inorganic
hybrid films

CuPc (a-CP)4, CuPc (B-CP)4 and CuPc (B-t-
butyl); were prepared from phthalonitriles and
copper chlorides by the procedure reported
previously [5,6] and purified by silicon column
chromatography. The chemical structures of CuPc
(-CP)y4, CuPc (B-CP)4 and CuPc (B-z-butyl), are
shown in Fig. 1.

Sol A was prepared by mixing TEOS, H,O,
ethanol, and 1 N HCl(,q, (1:8:3:10~*=mole ratio)
together. The mixture was stirred at room tem-
perature for 12 h to obtain a homogeneous solu-
tion. Sol B was prepared by dissolving dyes (0.1
wt.%) and polyvinyl butyral (PVB) in propylene
glycol methyl ether acetate. Then Sol A and Sol B
were mixed and stirred at 60 °C for 12 h. By cast-
ing the gel, the hybrid films were made. The films
were dried slowly in air at room temperature for
one day, then the gels were vacuum-dried at 50 °C
for 3 h and 130 °C for 2 h, respectively. Finally,
blue and transparent dried films, whose thickness
were approximately 100 um, were obtained. The
chemical structure of TEOS/PVB matrix is shown
in Fig. 2.

2.2. Z-scan measurements

Comparative Z-scan experiments were executed
on the toluene solutions and hybrid films of CuPc
(a-CP)4, CuPc (B-CP)4, and CuPc (B-t-butyl)y,
respectively. This technique has been introduced
previously [7]. Briefly it hinges on intensity

CuPc(a-CP),

CuPc (B-CP),

(energy per area per time and denoted by 7
henceforth) attenuation of a Gaussian laser beam
after nonlinearly interacting with the samples
located at various positions along the beam pro-
pagation direction (z).We recorded the transmit-
tance (transmitted energy divided by the input
energy) as a function of z. Figs. 3-7 shows the
recording transmittance vs. z curves after normal-
ized to yield a unity transmittance in the linear
regions. These curves, referred to as the Z-scan
curves, all reveal a transmittance minimum at
z=0. While the input energy is fixed at each z
position, this feature reveals transmittance
decreases as I or fluence (defined as time integral
of intensity and denoted by F henceforth) increase.
When transmittance variation is attributed to
absorption change alone, the results further indi-
cates the absorption coefficient o increases with /
or F. This can be explained with the Beer’s law
equation

where z' is the penetration of the light into the
sample. According to Ref. [7], when « increases
with 7 or F, a material’s absorption is referred to
as RSA, in comparison with saturable absorption
(SA) when o decreases as I or F increases and
linear absorption when o maintains unchanged as
I increases or F. In the following we will explain,
for our samples, how « increases with / or F using
the five state model.

In the linear regime, i.e., the regions of large |z|,
the input intensity I, is very low and o is nearly
a constant («p). Under this condition, we can
integrate Eq. (1) and obtain the transmittance

()/C>+<:>

CuPc (B-t-butyl)s

Fig. 1. The chemical structures of CuPc (a-CP)y, CuPc (B-CP)4 and CuPc (B-z-butyl),.
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Fig. 2. The chemical structure of TEOS/PVB matrix.
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Fig. 3. Open aperture Z-scan results of CuPc solution at laser intensity of 1 pJ, rectangle represents CuPc (a-CP),, triangle represents
CuPc (B-CP)4 and star represents CuPc (B-z-butyl),, in each curve, and solid line for theoretical fits.
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Fig. 4. Open aperture Z-scan results of CuPc (a-CP), in hybrid film of input intensity of 1 pJ, triangle represents experimental data,
and solid line for theoretical fits.
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Fig. 5. Open aperture Z-scan results of CuPc (B-CP),4 in hybrid film of laser intensity of 1 pJ, where rectangle represents experimental
data, and solid line for theoretical fits.
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Fig. 6. Open aperture Z-scan results of CuPc (B-z-butyl); in hybrid film of laser intensity of 1 pJ, where rectangle represents
experimental data, and solid line for theoretical fits.
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Fig. 7. The five-energy-level diagram showing optical excitation (upward-pointing arrows), nonradiative relaxation (wiggly lines), and
radiative relaxation (downward-pointing arrows. |v) refers to the vibrational eigenstates involved in the transitions.
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where I, represents the intensity at the rear surface
of the sample and / denotes the sample thickness.
Since log(1/T), referred to as absorption (A),
is found to be proportional to the product of
concentration C and /, i.e.,

1
A= log? =eCl 3)

we have ag=2.303¢C. In Eq. (3) ¢ is the propor-
tional constant (extinction coefficient).

Optical excitation of our samples can be des-
cribed using the five-energy-state scheme [8]. As
shown in Fig. 5, each band, including the asso-
ciated zero-point level |0) and vibronic level
|v #0), is named as S, for the singlet manifold
and T, for the triplet manifold where subscript m
refers to the state formed from certain electronic
configurations in molecular orbitals. At thermal
equilibrium, all the molecules m free electrons
reside on the ground state [Sy(m)]. Pumped by 532
nm laser pulses, some of them are excited to |v)S;
by one-photon absorption or to [v)S, via two-
photon absorption. Those promoted to kv)S; first
relax to the zero point level |0) and then undergo
one of the following process: (i) decay to ground
state radiatively (fluorescence) or nonradiatively
(internal conversion), (ii) intersystem crossing
(with a time constant and denoted by 7. hence-
forth), and (iii) one-photon excitation to .S,. Since
in our investigation, the pulse duration is much
shorter than 1, the electron excitation to triplet
state can be ignored, and the Beer’s law equation
can be written as

dI

== —[osoNso + os1Nsill — BNsoI>  (4)

to express the mechanism of absorption in the ps
regime. In Eq. (4), o and N respectively represent
the absorption cross-section and molecular con-
centration of the states specified by the footnotes.

Associated with Eq. (4), The population change
rates are

dNso _ osoNsol BNsol

dr ho 2hw )

and
dn. Nsol  BNsol? NsiI N

s1_ 0s0Vso +,3 sof”  os1Vs 4 Ns2 6)
dr how 2hw hw )
and
dNs; _osiNsil Ny R
dt = o Ts2

where /4 represents the Planck constant divided by
27 and w is the frequency of laser. At very low
input intensity, « approaches «, and equals
050Nso(—00).

As explained in Ref. [4], when og > o5, @
increases as F increases and thus the sample show
RSA, when og; < o059, a decreases F increases and
thus the sample show SA, and when o = oy, the
sample shows linear absorption with o = «.

In this study, a Q-switched and mode-locked
Nd:YAG laser operated in the TEM, mode at 10
Hz was used. The laser is frequency-doubled to
give an output wavelength (4= 532 nm) and
tightly focused to have a radius of
wy = 28 um
at €2 of maximum intensity at the focus. The
pulse has a half-width of 7 =163 ps at e~! of
maximum intensity (HW e~ M).

In our investigation, all the solution samples are
prepared to have a concentration of 104 M and
contained in a 1 mm quartz cell. The hybrid films
are made to have thickness ranging between 80
and 100 um and have 0.1 wt.%. The films doped
with dyes were put on the side of quartz vessel,
and the laser can penetrate through them.

3. Results and discussion
3.1. Linear spectroscopy

On account of Sy — S; and Sy — S transi-
tions, phthalocyanines usually exhibit two char-
acteristic absorptions [9,10], which are B band
(300400 nm) and Q band (600-800 nm), respec-
tively. For phthalocyanine molecules, the interest-
ing region of optical limiting effect lies in the
highly transparent regime between 450 nm and
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550 nm. Here we focused the region near 532 nm
for instrumental consideration. The linear absorp-
tion spectra of CuPc (a-CP),4), CuPc (B-CP)y4, and
CuPc (B-t-butyl)s in toluene and hybrid film are
shown in Figs. 8-10, respectively. Difference in the
absorption band is due to aggregation taken place
in hybrid film. Aggregation is the result of strong
intermolecular interaction between the dyes and
the matrix, which leads to blue shift and the
broadness of band shape.

3.2. Picosecond Z-scan measurements

Using Egs. (4)~(7), we numerically fit the Z-scan
results (as shown in Figs. 3-7). The best fit (solid
line in the figures) are obtained with the values of
os1 shown in Table 1. og is derived from « based
on Eq. (3) while o is measured in the linear region

of the Z-scan apparatus. In Table 1, we also
summarize ogsj/osy (a parameter to evaluate the
limiting performance). Experimental results reveal
that the og) /059 values of copper phthalocyanines
in hybrid film are lower than those in toluene. It is
postulated that the result of aggregation taken
place in hybrid film doped with copper phthalo-
cyanines. Aggregation causes intermolecular exci-
tion coupling leading to lowering of the excited
state cross-section in the hybrid film.

In toluene, CuPc (B-z-butyl), exhibits the best
optical-limiting effect among these dyes. But in
hybrid film, CuPc (a-CP), exhibits highest oy /0y
value than CuPc (B-t-butyl); and CuPc (B-CP)y,
we surmise that the o-substitution with CuPc
(2-CP)4 has more serious steric hindrance and
prevents the phthalocyanines ring from forming
co-facial dimmers or high-order aggregates.

Table 1
Compound Gy (cm?) o1 (cm?) Gs1/0Cso

Solution Film Solution Film Solution Film
CuPc (a-CP), 4.0x10°18 2.9x10~18 6.9x10~17 4.8x10~17 17.3 3.9
CuPc (B-CP), 5.3%x10718 7.6x10718 11.7%x10717 2.3x10°17 22.2 3.0
CuPc (B-t-but), 4.8x10~18 1.2x10~17 14.1x10717 3.1x10717 29.4 2.5
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Fig. 8. UV-Vis spectra of CuPc (a-CP), in toluene and film: the thick line represents solution and the thin line represents film.
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Fig. 9. UV-Vis spectra of CuPc (B-CP), in toluene and film: the thick line represents solution and the thin line represents film.
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Fig. 10. UV-Vis spectra of CuPc (B-#-butyl), in toluene and film: the thick line represents solution and the thin line represents film.

4. Conclusions

We have successfully prepared organic—inor-
ganic hybrid films doped with copper phthalo-
cyanines. The RSA properties in both solution
and thin film have been investigated by Z-scan

technique with picosecond laser pulse at 532 nm.
In solution, CuPc (B-7-butyl), exhibits the best RSA
performance. But in hybrid films, RSA behavior
of phthalocyanines are reduced due to aggrega-
tion. The hybrid film doped with CuPc (a-CP)y,
exhibits the strongest RSA properties because its
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large steric hindrance property hampers its ability
to aggregate.
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