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Abstract

We report here the study of different peripherally modified palladium phthalocyanine (PdPc) encapsulated in silica gel glass

obtained by sol–gel technique. The resulted composites were transparent and homogeneous with required optical limiting properties.

Trapping effect was checked by UV/Vis absorption spectra and pore structure of the composites. Optical limiting properties were

measured at 532 nm with 8 ns pulses. The results show that all the PdPcs have better optical limiting effect in composite than in

solution, among which, PdPc-C has the best optical limiting effect due to its largest peripheral substituent.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery by Maiman [1] in 1960, laser has

been widely used in many fields, including industry,

medicine, laboratory and military. While making great

progress for our society, it also brings a potential haz-

ard for human eyes and optical sensors. Conse-

quently, there is a strong need of developing optical

limiters which can effectively attenuate intense, poten-
tially dangerous optical beam, allowing only a reduced

transmission to the target area, and therefore protect

human eyes and optical sensors from being damaged.

For the development of such devices, appropriate opti-

cal limiting materials are very important. Many mate-

rials such as metallophthalocyanines (MPcs) [2–4] and

porphyrins [5,6], fullerenes [7,8], carbon black and

carbon nanotubes suspensions [9–11] have been widely
investigated. Among which, MPcs have attracted

much more attention because of their large optical

nonlinearities, ultrafast response times, and ease of

processing [12,13]. The molecular engineering of pe-
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ripherally and axially modified MPcs for optical limit-
ing has been comprehensively studied, which shows

that MPcs optically limit via a nonlinear absorption

process, due to reverse saturable absorption (RSA)

[14–16].

However, up to know, most of the studies were

conducted in liquid state matrix. Despite the studies

being of significant fundamental importance, from the

point of practical application, it would be more impor-
tant to disperse MPc in solid state matrix and fabricate

MPc doped composites for the design of optical limiting

components. One attractive approach is sol–gel tech-

nique which has been widely applied to encapsulate

functional organic and organometallic molecules in in-

organic host, producing solid state materials that exhibit

special properties such as laser action, photochromism

and so on [17–19].
This Letter reports the preparation of different pe-

ripherally modified palladium phthalocyanine (PdPc-A,

PdPc-B and PdPc-C) molecules doped silica gel glass

composites obtained by sol–gel technique. The trap-

ping effect was checked by UV/Vis absorption spectra

and pore structure of the composites. The optical lim-

iting properties of the composites were measured and

studied.
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2. Experimental

2.1. Preparation of PdPc doped silica gel glass composites

Palladium phthalocyanine doped silica gel glass
composites were prepared by hydrolysis and polycon-

densation of tetraethyloxysilane (TEOS) from PdPc

containing precursor. Three kinds of peripherally mod-

ified PdPcs with different peripheral substituent group,

labeled as PdPc-A, PdPc-B and PdPc-C were obtained

from the Institute of Functional Materials of Fuzhou

University. Their structures are shown in Fig. 1, all have

been characterized by UV/Vis, IR, 1H NMR and ele-
ment analysis [20]. PdPc is solved in N–N0 dimethyl

formamide (DMF) previously. DMF was used as both

solvent and drying control chemical additive (DCCA) in

a proportion of 0.3 DMF/ethanol volume ratio. A small

amount of acid was added to the solution to promote

hydrolysis (pH¼ 2). The ultimate molar ratio of

TEOS:ethanol:distilled water is 1:4:4. PdPc was doped

in the concentration of molar ratio 5� 10�5 PdPc/SiO2,
respectively. After being mixed for 2 h at room tem-

perature under vigorous stirring, the mixture was

poured into a plastic container and sealed, left to gel.

After two months, composites with monolithic trans-

parent light green color and consistent thickness of

1.2 mm were resulted.

The solutions of PdPc in DMF with molar concen-

trations of 1� 10�4, 5� 10�5, 1� 10�5 and 5� 10�6 mol
were also made for reference.

2.2. Measurement of UV/Vis absorption spectra

The UV/Vis absorption spectra of PdPc in original

DMF solutions and resulted silica gel glass composites

were recorded with Perkin–Elmer Lambda 900UV/Vis/

NIR spectrophotometer. The liquid samples were
Fig. 1. Structure of PdPc-A (a), PdPc-B (b) and PdPc-C (c).
poured into 5 mm silica cell and carried out UV/Vis

examination, while the solid samples were fixed verti-

cally in the position of silica cell by plasticene and car-

ried out UV/Vis examination directly.

2.3. Measurement of composite’s pore structure

Pore structure of PdPc doped silica gel glass com-

posites were measured by nitrogen absorption isotherm

with Micromeritics ASAP 2010M Surface Area and

Porosimetry Analyzer. The samples were degassed at

120 �C for 24 h before analysis. Mesoporous distribu-

tion and microporous distribution were calculated by
BJH and HK method, respectively.

2.4. Measurement of optical limiting behavior

The optical limiting behaviors of PdPc in DMF so-

lutions and silica gel glass composites were investigated

by fluence-dependence transmittance measurement.

Radiation of 532 nm wavelength provided by a Q-
switched Nd:YAG laser with the pulse duration of 8 ns

was used. The spatial distribution of the pulses was

nearly Gaussian after passing through a spatial filter.

The laser was operated at single shots so that the re-

sponse of the sample to each pulse was monitored and

the effect of thermal defects was avoided. The average

energy value of five pulses was adopted to minimize the

fluctuation. The input pulse energy was varied from
10–180 mJ by using a waveplate–polarizer combination.

The pulse was divided by a beam splitter into two parts.

The reflected part was taken as a reference representing

the incident light energy and the transmitted beam was

focused through the sample by a 30 cm focal length lens.

Both the incident and transmitted pulse energies were

measured simultaneously by two energy detectors (P&E

2000B, Chinese Measure Science Institute). The samples
were fixed at the focus.
3. Results and discussion

3.1. UV/Vis absorption spectra of PdPc in DMF solutions
and gel glass composites

Metallophthalocyanine usually exhibits characteristic

electronic absorption in the visible and near infrared

region (Q-band at 600–800 nm ) and near ultraviolet

region (B-band at 300–400 nm), both arise from p ! p�

transition [12,13]. The present investigation is focused

on the analysis of Q-band, while B-band is almost

screened by the scattering absorption of the developing

pore structure of the gel glass matrix.
Fig. 2a–d show, respectively, the UV/Vis absorption

spectra of 1� 10�4, 5� 10�5, 1� 10�5 and 5� 10�6 mol

PdPc in DMF solutions. All the curves have a promi-



Fig. 2. UV/Vis absorption spectra of PdPc in DMF solutions: (1) PdPc-A; (2) PdPc-B; (3) PdPc-C. (a) 1� 10�4 mol; (b) 5� 10�5 mol; (c) 1� 10�5

mol; (d) 5� 10�6 mol.
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nent band around 700 nm (Q-band) and a less remark-

able band around 640 nm assigned to the vibrational
progression of Q-band. Comparing the spectral profile

of different concentrations PdPc solution in Fig. 2, we

could find that they are exactly the same and 640/700

peak ratios keep constant, which means that the PdPc

molecules all exist in state of monomers. The reason is

that the introduction of peripheral substituent group on

the phthalocyanine macrocycle will result in steric hin-

der effect which offers opportunities to reduce the in-
termolecular interaction, preventing two or more rings
Fig. 3. UV/Vis absorption spectra of PdPc in silica gel glass compos-

ites: (1) PdPc-A; (2) PdPc-B; (3) PdPc-C.
from close proximity and therefore suppress dimeriza-

tion.
Fig. 3 shows the UV/Vis absorption spectra of PdPc

in silica gel glass composites. They have absolutely dif-

ferent spectral profiles from Fig. 2, especially PdPc-A

and PbPc-B. The spectra are strongly broad and could

hardly distinguish between the absorption bands of 640

and 700 nm, indicating the badly aggregation of PdPc

molecules. Violent interaction exists between PdPc

molecules and PdPc molecules with the acidic silica
matrix, which is caused by the badly evaporation of

remaining solvent and the shrinkage of the composite

during the latter stage of sol–gel process.

3.2. Pore structure of PdPc doped gel glass composites

Fig. 4 presents the pore structure of PdPc doped gel

glass composites. Their specific surface area and pore
volume were list in Table 1. The results show that

among the three kinds of PdPc, PdPc-C has the least

pore distribution owing to the filling effect of large di-

mensional PdPc-C molecules. This kind of structure,

together with the crosslinked silica network, have a so

called ‘cage protection effect’, which are expected to ef-

fectively hinder the moving of doped PdPc molecules,

reduce the probability of collision and therefore sup-
press aggregation to a certain extent. That is why



Fig. 4. Pore structure of PdPc doped silica gel glass composites: (a)

isotherm plot; (b) mesoporous distribution and (c) microporous dis-

tribution.

Table 1

Pore structure parameters of PdPc doped silica gel glass composites

PdPc-A PdPc-B PdPc-C

Specific surface area (m2/g) 182.1 189.7 113.2

Specific pore volume (cm3/g) 0.583 0.606 0.477

Fig. 5. Optical limiting results of PdPc in DMF solutions and silica gel

glass composites: (a) DMF solutions; (b) silica gel glass composites.
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comparing with PdPc-A and PdPc-B, PdPc-C has the

least aggregation in Fig. 3.

3.3. Optical limiting behaviors of PdPc in DMF solutions
and gel glass composites

It has been widely accepted that the optical limiting

mechanism of MPcs under 532 nm irradiation is due to

RSA [14–16], which occurs when excited-state absorp-

tion is larger than ground-state absorption. For nano-

second pulse duration, it depends on triplet state

absorption. Comparing with other kinds of metallo-
phthalocyanines, the introduction of palladium ion in

the phthalocyanine cavity can significantly increases the

rate of intersystem crossing from the lowest excited
singlet state S1 to the triplet state T1 and hence incre-

ment the population of the strongly absorbing triplet

state, owing to heavy atom effect [21,22]. Therefore,

RSA is enhanced and optical limiting effect appears.

Fig. 5a,b presents, respectively, the optical limiting
results of PdPc in DMF solutions and gel glass com-

posites. The response of the composites is linear to the

input energy intensity at the beginning, obeying Beer’s

Law. While, as input energy intensity increases, the

transmittance of the composites decreases and a non-

linear relationship occurs between the output and input

energy intensity. All the composites show more re-

markable optical limiting effect than solutions. The
reason may be that after PdPc molecules being intro-

duced into solid-state gel glass, the surrounding rigid

matrix can effectively decrease the probability of non-

radiation relax and therefore increase the population of

S1 followed by the increase of intersystem crossing and

population of T1. The result is the increase of excited

absorption and the improvement of optical limiting

properties.
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Among the three samples, PdPc-C doped composite

has the best optical limiting behavior. The reason maybe

connected with the state of aggregation, originating

from the intense interactions between packed molecules.

Aggregation is deleterious for the optical limiting be-
haviors because molecular interactions can usually add

relaxation pathways, shorten the excited lifetime, and

reduce the effective nonlinear absorptions [23]. PdPc-C

has the least extensive aggregation, therefore the best

optical limiting behavior. Further study on the mecha-

nism of the experimental results is in progress.
4. Conclusion

Three kinds of PdPc with different peripheral sub-

stituent groups were successfully encapsulated in silica

gel glass by sol–gel technique. The resulted composites

were transparent and homogeneously with required

optical limiting properties. Trapping effect was checked

by UV/Vis absorption spectra and pore structure of the
composites. Optical limiting results show that all the

PdPcs have better optical limiting effect in composites

than in solutions, among which, PdPc-C has the best

optical limiting effect due to its largest peripheral sub-

stituent.
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