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A series of peripherally substituted phthalocyanines (Pcs) with different central metals (Al, Ga and In)
and axial chloride ligand were synthesized and their photophysical and optical limiting properties were
investigated. The Q band absorption of the Pc shifts to longer wavelength with the central metals changing
etal phthalocyanine
hotophysics
ptical limiting
xial substituent

from Al to In, and the fluorescence quantum yields of S1 emission decrease remarkably from Al to In.
Transient absorption spectra of the Pcs in THF were measured in determination of the photophysical
parameters. The optical limiting properties were investigated by a nanosecond pulse laser at 532 nm. All
of these compounds exhibit good optical limiting performance, and the optical limiting behaviors of solid
solution in glass obtained by sol–gel technique are much better than that of liquid solution. Several factors

imitin
which affect the optical l
are discussed.

. Introduction

Nonlinear optical materials are continuously attracting atten-
ion for their potential applications in many fields such as optical
torage, optical communications and optical limiting, etc. [1–3].
mong the large number of optical limiters, phthalocyanines (Pcs)
re found to be outstanding optical limiting materials because of
heir special structures of two-dimensional highly conjugated delo-
alized �-electron system and metal-conjugant bond [4–7].

The optical limiting material can effectively attenuate glaring
aser and dangerous optical beam, allowing only a reduced trans-

ission to the target area. Therefore it may protect human eyes and
ptical sensors from being damaged [8–11]. For all favorable optical

imiting materials, strong nonlinear absorption, nonlinear refrac-
ion or nonlinear dispersion are exhibited to reduce the input laser
o suitable output intensity [12,13]. Pcs are typical compounds with
uitable photophysical properties which result in excellent reverse
aturable absorption for optical limiting and nonlinear transmit-
ance application [14–17]. The occurrence of the reverse saturable

bsorption requires that the excited absorption cross section �ex

s greater than that of the ground state �g [18–20]. For the prac-
ical applications of optical limiting and nonlinear transmittance
ffect, it is desirable to have reverse saturable absorbers, which

∗ Corresponding authors. Fax: +86 10 82617315.
E-mail addresses: g1704@iccas.ac.cn (S. Wang), gqyang@iccas.ac.cn (G. Yang).

010-6030/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.jphotochem.2009.04.012
g performance of the Pcs with different central metals and substituents

© 2009 Published by Elsevier B.V.

allow high transmission of light at low optical fields over a large
spectral window [21,22]. For the Pcs, the optical window of tran-
sient absorption occurs from 400 to 600 nm between the Q and B
bands of the Pcs’ ground state absorption. Introduction of central
metals and peripherally substituted groups will effectively enlarge
the optical window for optical limiting and nonlinear transmittance
behaviors [23,24]. Among all investigation of the optical limiting
materials, the essential condition of achieving preferable optical
limiting properties is that the compounds in system could not be
aggregated or only have little aggregation [25,26]. However, most
of the Pcs are easy to be aggregated and have poor solubility in
common solvents because of strong interactions between the Pc
molecules. So reducing the aggregation and improving the solu-
bility of the Pcs are important research works to achieve favorable
optical limiting materials. Introduction of substituted groups is one
of effective ways of improving the solubility of the Pcs, and also dif-
ferent substituents may cause different effects on the photophysical
and optical limiting properties of the Pcs [27,28]. The axially sub-
stituted halogen atom which connect to the central metal could
greatly influence the solubility and optical limiting behaviors of the
Pcs [29,30]. Moreover, the central metals also play important roles
in the properties of Pcs, and change the optical limiting behaviors

[29,31]. The photophysical properties of Pcs can be modulated by
altering the peripheral and axial substituents, central metals as well
as the structures of the macrocyclic rings [32,33].

So far many researches have been focused on the effects of sub-
stituents or the central metals on the photophysical and optical

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:g1704@iccas.ac.cn
mailto:gqyang@iccas.ac.cn
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imiting properties of the Pcs [5,34,35], and provided some useful
uidelines. However, up to now, Pc-based materials are still being
nvestigated to improve their optical limiting performance for the
ractical application. In order to meet this challenge, much more
ystemic and perspicuous studies on the relationships between the
hotophysical properties and the optical limiting behaviors with
ifferent central metals and substituents need to be paid more
ttention. Our group have investigated the optical properties of
-substituted Al Pc and peripherally �- and �-substituted In Pcs

36,37], respectively, and conclude that the �-substituted Pcs have
etter optical limiting behaviors. In this present paper the photo-
hysical and optical limiting properties of �-substituted Al, Ga and

n Pcs have been studied systemically and elaborately, and the rela-
ionship between them has been analyzed, in order to obtain more
ffective guidelines for the practical applications of optical limiting
aterials.

. Experimental

.1. Materials and methods

All organic solvents were commercially available, dried and dis-
illed by appropriate methods before use. 1H NMR spectra were
erformed on a DPX400 Bruker FT-NMR spectrometer with DMSO-
6 as solvent and tetramethylsilane (TMS) as internal standard.
he mass spectra were obtained on a Biflex MALDI-TOF. Elemental
nalyses were performed on a Carlo Erba-1106 elemental analyzer.
V–vis absorption spectra were recorded on a Hitachi U-3010 spec-

rophotometer.
Fluorescence spectra were recorded on a Hitachi F-4500 flu-

rescence spectrophotometer. Fluorescence quantum yield (˚F)
f S1 state were determined by the comparative method using
inc Pc in 1-chloronaphthalene (˚F = 0.30) as reference standard
38,39]. The fluorescence lifetimes of these Pcs were investigated
ith single-photon counting technique with an Edinburgh FL900

pectrophotometer.
Transient absorption at nanosecond time scale was investigated

n argon-saturated THF solution at the concentration of 2 × 10−5 M.
he excitation light was the harmonic of Nd:YAG laser (Contin-
um Surelite II, 355 nm and 7 ns FWHM). The signals were detected
y Edinburgh LP900 and recorded on Tektronix TDS 3012B oscil-

oscope and computer. The triplet-minus-ground state extinction
oefficient (�εT) were calculated by the method of total depletion
r saturation [40,41]. The quantum yields of the triplet state were
etermined by the comparative method [42], using unsubstituted
nPc in 1-chloronaphthalene as reference standard (˚T = 0.65). The
riplet lifetimes were obtained by kinetic analysis of the transient
bsorption.

The optical limiting properties were measured by the standard
etup of our previously reported method [36,37]. All Pcs of 4–9
ere dissolved in THF with the same linear transmittance Tlin, and
laced in a 1.0 cm path length quartz cell and the solutions were
ubbled with pure Argon for about 30 min to remove the dissolved
2. A 532 nm nanosecond Nd:YAG laser (Continuum Surelite II, 7 ns
WHM) was used as the laser source.

.2. Synthetic procedures

.2.1. 3-(4-tert-Butylphenoxyl)phthalonitrile (2)
Compound 2 was synthesized by a similar method in the pub-

ished papers [36,37]. A mixture of 3-nitrophthalonitrile (6.9 g,

0 mmol), 4-tert-butylphenol (6.0 g, 40 mmol) and anhydrous
otassium carbonate (22.0 g, 160 mmol) was added to 30 mL dry
MF and stirred at room temperature for 3 days under nitrogen
ondition. Then the reaction mixture was poured into 100 mL cold
ater, the precipitated crude product was collected by filtration
tobiology A: Chemistry 207 (2009) 58–65 59

and crystallized from toluene to give 7.2 g (yield: 71.8%) of 2. EI-MS:
276.3 (M+); 1H NMR (CDCl3):ı (ppm) = 7.62 (t, 1H), 7.48 (d, 2H), 7.39
(d, 2H), 7.32 (d, 1H), 7.28 (d, 1H), 1.32 (s, 9H).

2.2.2. 3-(iso-Butoxyl)phthalonitrile (3)
Compound 3 was synthesized by a similar method in the pub-

lished papers [36,37]. A mixture of 3-nitrophthalonitrile (6.9 g,
40 mmol), iso-butanol (5.9 mL, 48 mmol) and anhydrous potassium
carbonate (22.0 g, 160 mmol) was added to 30 mL dry DMF and
stirred at room temperature for 3 days under nitrogen condition,
then the reaction mixture was poured into 100 mL cold water, the
precipitated crude product was collected by suction filtration and
crystallized with a little toluene to give 5.4 g (yield: 75.0%) of 3. EI-
MS: 200.1 (M+); 1H NMR (CDCl3, 400 Hz):ı (ppm) = 7.66 (t, 1H), 7.37
(d, 1H), 7.28 (d, 1H), 4.08 (d, 2H), 1.81-1.85 (m, 1H), 1.53 (d, 6H).

2.2.3. Tetra-˛-(4-tert-butylphenoxy) aluminum
phthalocyanine (4)

Compound 2 (2.8 g, 10 mmol) was added to 30 mL dry 1-
pentanol with 1.5 mL 1,8-diazabicyclo[5.4.0]undec-7-ene(DBU) as
a catalyst. The mixture was stirred at 60 ◦C for 1 h under a nitro-
gen atmosphere and then 0.4 g (3 mmol) of anhydrous AlCl3 was
added. The mixture was slowly brought to boiling over 1 h and
then refluxed for 36 h, after the reactant was cooled to room tem-
perature, 60 mL of methanol/water (1/1) mixture was added, the
blue precipitated product was filtered, and washed with hydrochlo-
ric acid (5%, 50 mL), then 50 mL methanol, the crude product
was purified by a silica-gel column chromatography with chloro-
form/ethanol (20:1) as eluent. Then the final product was dried
at 50 ◦C under vacuum overnight to give 1.8 g (yield: 54.0%) of
4 (C72H64N8O4AlCl). UV–vis (THF) �max: 705, 334 nm; MALDI-
OF: 1167.1 (M+), 1132.0 (M+−Cl); 1H NMR (DMSO-d6, 400 Hz): ı

(ppm) = 9.25–9.28 (m, 4H), 8.61–8.70 (m, 4H), 8.19–8.35 (m, 8H),
7.38–7.43 (m, 8H), 7.13–7.24 (m, 4H), 1.26–1.37 (d, 36H); Anal. Calcd.
(%) for C72H64N8O4AlCl: C 74.06, H 5.48, N 9.60; found C 74.01, H
5.64, N 9.85.

2.2.4. Tetra-˛-(4-tert-butylphenoxy) gallium phthalocyanine (5)
Compound 5 was prepared by a similar method to compound 4

in 71.8% yield (C72H64N8O4GaCl). UV–vis (THF) �max: 712, 336 nm;
MALDI-TOF: 1209.6 (M+), 1173.5 (M+−Cl); 1H NMR (DMSO-d6,
400 Hz): ı (ppm) = 9.26–9.40 (m, 4H), 8.72–8.86 (m, 4H), 8.25–8.45
(m, 8H), 7.35–7.44 (m, 8H), 7.11–7.13 (m, 4H), 1.27–1.37 (d, 36H);
Anal. Calcd. (%) for C72H64N8O4GaCl: C 71.43, H 5.29, N 9.26; found
C 71.49, H 5.51, N 9.39.

2.2.5. Tetra-˛-(4-tert-butylphenoxy) indium phthalocyanine (6)
Compound 6 was prepared by a similar method to compound 4

in 64.0% yield (C72H64N8O4InCl). UV–vis (THF) �max: 720, 351 nm;
MALDI-TOF: 1254.7 (M+), 1219.7 (M+−Cl); 1H NMR (DMSO-d6,
400 Hz): ı (ppm) = 9.16–9.33 (m, 4H), 8.55–8.70 (m, 4H), 7.91–7.22
(m, 8H), 7.32–7.38 (m, 8H), 7.09–7.15 (m, 4H), 1.24–1.35 (d, 36H);
Anal. Calcd. (%) for C72H64N8O4InCl: C 68.88, H 5.10, N 8.92; found
C 68.96, H 5.45, N 8.53.

2.2.6. Tetra-˛-(4-iso-butoxyl) aluminum phthalocyanine (7)
Compound 3 (1.7 g, 5 mmol) was added to 30 mL dry 1-pentanol

with 1.5 mL 1,8-diazabicyclo[5.4.0]undec-7-ene(DBU) as a catalyst.
The mixture was stirred at 60 ◦C for 1 h under a nitrogen atmo-
sphere and then 0.27 g (2 mmol) of anhydrous AlCl3 was added. The
mixture was slowly brought to boiling over 1 h and then refluxed

for 36 h, after the reactant was cooled to room temperature, 30 mL
of methanol/water (1:1) mixture was added, the precipitated blue
product was filtered, and washed with hydrochloric acid (5%,
50 mL), then 50 mL methanol, the crude product was purified by
a silica-gel column with chloroform/ethanol (20:1) as eluent. Then
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The UV–vis absorption spectra of 4–9 were measured in THF
solutions at 4 × 10−6 M. As metal Pcs, the ground state absorptions
of 4–9 have an intense S0–S1 transition with a small shoulder (Q
Scheme 1. Synthe

he final product was dried at 50 ◦C under vacuum overnight to give
.72 g (yield: 66.9%) of 7 (C48H48N8O4AlCl). UV–vis (THF) �max: 711,
23 nm; MALDI-TOF: 862.3 (M+), 826.1 (M+−Cl); 1H NMR (DMSO-
6, 400 Hz): ı (ppm) = 8.89–9.13 (d, 4H), 8.11–8.25 (t, 4H), 7.77–7.98
d, 4H), 4.34–4.46 (d, 8H), 2.68–2.79 (m, 4H), 1.43–1.49 (d, 24H);
nal. Calcd. (%) for C48H48N8O4AlCl: C 66.78, H 5.56, N 12.98; found
67.08, H 5.61, N 13.14.

.2.7. Tetra-˛-(4-iso-butoxyl) gallium phthalocyanine (8)
Compound 8 was prepared by a similar method to com-

ound 7 in 78.0% yield (C48H48N8O4GaCl). UV–vis (THF) �max: 718,
25 nm; MALDI-TOF: 905.1 (M+), 869.5 (M+−Cl); 1H NMR (DMSO-
6, 400 Hz): ı (ppm) = 8.85–8.98 (d, 4H), 8.18–8.32 (t, 4H), 7.79–8.01
d, 4H), 4.54–4.56 (d, 8H), 2.72–2.85 (m, 4H), 1.45–1.58 (d, 24H);
nal. Calcd. (%) for C48H48N8O4GaCl: C 63.61, H 5.36, N 12.37; found
63.92, H 5.37, N 12.54.

.2.8. Tetra-˛-(4-iso-butoxyl) indium phthalocyanine (9)
Compound 9 was prepared by a similar method to com-

ound 7 in 71.0% yield (C48H48N8O4InCl). UV–vis (THF) �max: 724,
25 nm; MALDI-TOF: 949.6 (M+), 914.6 (M+−Cl); 1H NMR (DMSO-
6, 400 Hz): ı (ppm) = 9.10–9.13 (d, 4H), 8.28–8.32 (t, 4H), 7.80–7.91
d, 4H), 4.55–4.58 (d, 8H), 2.81–2.88 (m, 4H), 1.61–1.66 (d, 24H);
nal. Calcd. (%) for C48H48N8O4InCl: C 60.63, H 5.05, N 11.80; found
60.71, H 4.63, N 11.93.

.3. Preparation of glass matrix samples doped with Pcs

The glass matrixes were prepared by sol–gel technique with our
mproved methods. A mixture of tetraethyl orthosilicate (TEOS),
,3-epoxypropoxy propyltrimethoxysilicane (KH560), and water
pH 2) in a weighing bottle was stirred at room temperature for 2 h,
hen a selected volume of MPcs in CH2Cl2 was added and stirred
nsealed for another 4 h. Then it was transferred to a desiccator
nd degassed, then dried for 2 weeks to give a homogeneous and
ransparent MPc glass matrix.

. Results and discussion
.1. Synthesis

As shown in Scheme 1, three different central metal (Al, Ga
nd In) Pcs with two type of peripheral substituents (R1 and R2)
tes of the Pcs 4–9.

were synthesized. A mixture of 3-nitrophthalonitrile 1 and 4-
tert-butylphenol or iso-butanol in dry DMF was stirred at room
temperature in the presence of K2CO3, to obtain the substituted
dinitriles 2 or 3. The cyclization of the dinitriles resulted in the
corresponding Pcs in 1-pentanol solvent at 130 ◦C using DBU as
catalyst under N2 atmosphere. The obtained Pcs were purified by
silica-gel column and then sublimated under vacuum. All obtained
Pcs were characterized by elemental analysis and spectroscopic
methods including UV–vis, 1H NMR and MALDI-TOF, which are con-
sistent with the proposed structures. Due to the two different (3-
or 6-) substitutional positions, the Pcs obtained are actually a kind
of mixtures of four constitutional isomers for each compound, and
the 1H NMR spectra of some compounds show multiplets signals.
Its difficult to separate these isomers with column chromatogra-
phy or high performance liquid chromatography (HPLC). However,
the photophysical and optical limiting properties will not be differ-
ent between these isomers [43]. Its worth to point out that these
Pcs exhibit excellent solubility in most of organic solvents such
as ethanol, methanol, THF, chloroform, DMF and DMSO, which is
suitable for the investigation of photophysical and optical limiting
properties in solution.

3.2. Ground state absorption and fluorescence emission
Fig. 1. Ground state absorption spectra of 4–9 in the range of 600–800 nm (Q bands).
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Table 1
Photophysical parameters of 4–9.

� (Q) (nm) � (B) (nm) ε (Q) (M−1 cm−1) ε (B) (M−1 cm−1) Emission (S1) (nm) Emission (S2) (nm) ˚F(S1) �F(S1) (ns)

4 705 334 2.6 × 105 5.7 × 104 719 431 0.197 5.85
5 712 336 2.3 × 105 5.2 × 104 726 432 0.078 2.98
6 5 4

7
8
9
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w
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720 351 1.8 × 10 5.1 × 10
711 323 1.7 × 105 4.8 × 104

718 325 1.5 × 105 4.6 × 104

724 325 1.1 × 105 4.3 × 104

and) in the red region and a broad Soret band at 320–360 nm
B band). Fig. 1 shows that the Q band absorptions shift to longer
avelength with the central metals changing from Al to In. Further-
ore, the Q bands of 4-iso-butoxy substituted Pcs 7–9 display much

reater red shifts than that of 4-tert-butylphenoxy substituted Pcs
–6.

The Q band absorption can be directly ascribed to the transition
rom the HOMO to the LUMO [33], its red shift can be explained
n terms of a decrease of the energy gap (�E) between HOMO and
UMO which lies on the �-electron density of the conjugation sys-
em [27,44]. In the metal Pcs the four equatorial donor atoms are
rovided by the monoanionic Pcs ligand, the central metal atom

s an electron acceptor, the intensity of the formed coordination
onds, M–N, should dependent on the bound metal atoms. With

ncreasing the atomic number of the metals in a same family, such
s from Al to In, their electron negativity suffers little change, but
he M–N bonds become more and more weaker, and therefore the
igher �-electron density of the system and the lower energy gap
�E) between HOMO and LUMO are observed for the heavier cen-
ral metal Pcs [27,44]. The fact indicates that the S1 state energy get
ower with the central metals changing from Al to In. In addition,

he difference of the Q band between the two different peripheral
ubstituted Pcs can be ascribed to their electron donor abilities.
or the two different substituents, the 4-tert-butylphenoxy group
isplays weaker electron donor ability than that of 4-iso-butoxy
roup, which result in lower �-electron density of the conjugation

Fig. 2. The fluorescence emission spectra of 4–9 in argon-saturated T

Fig. 3. Decay profiles of S1
732 430 0.008 0.51
720 433 0.314 5.62
724 430 0.080 2.90
731 430 0.033 0.39

system and higher HOMO/LUMO energy positions of S1 state for the
4-tert-butylphenoxy substituted Pcs (also shown in Fig. 6).

All the Pcs 4–9 exhibit good solubility in most solvents and their
molar extinction coefficient (ε) of Q band (in THF) were estimated
(Table 1). Pcs of 4–6 display better solubility than 7–9, due to the
larger volume of the 4-tert-butylphenoxy group which enhances
the molecular mutual repellency and makes the Pc rings difficult to
be aggregated. For different central metals, the ε values of Q band
follow the trend of Al > Ga > In. This fact suggests that Al-Pc have
the lowest linear transmittance than Ga and In Pcs. In addition, for
the two different substituted Pcs, 4–6 possess higher values of ε (Q
band) than that of 7–9.

The fluorescence emission spectra (�ex = 610 nm) were mea-
sured in THF solutions, which is summarized in Fig. 2 and Table 1
and indicate that changing the central metal from Al to In led to
remarkable reduction of the fluorescence emission quantum yields.
Moreover, the ˚F(S1) values of Pcs (4–6) are a bit smaller than
that of (7–9). All Pcs 4–9 present short lifetimes of the S1 state
at nanosecond scale as shown in Fig. 3 and Table 1. Similar change
is observed for the S1 state lifetimes of different central metals,
decreasing remarkably from Al to In.
The values of ˚F(S1) vary much upon the central metals, which is
attributed to the heavy atom effect. Because of different spin–orbit
coupling for different metals, the heavier the central metal is,
the stronger the spin–orbit coupling and the shorter the energy
gap between S1 and T1 states, and therefore the more probability

HF solutions at 4 × 10−6 M with excited wavelength at 610 nm.

fluorescence for 4–9.
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Fig. 4. Transient absorption spectra of 4–9, the spectra of 4–8 were recorded at 22.0 �s after excitation, and 9 was recorded at 24.0 �s after excitation.

Table 2
Photophysical parameters of triplet state.

Compounds �max (Tn) (nm) ε0 (M−1 cm−1) �εT (M−1 cm−1) �T (�s) kST (s−1) ˚T

4 560 7.4 × 102 4.8 × 104 251.9 6.4 × 108 0.74
5 570 9.8 × 102 1.7 × 105 87.3 3.9 × 109 0.76
6 2 1. 5 11

7 6
8 1.
9 2
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590 5.9 × 10
570 3.1 × 103

580 7.6 × 102

590 1.4 × 103

f intersystem crossing from S1 to T1 states. Concerning the Pcs
–6, the presence of 4-tert-butylphenoxy substituted bulky group
nhances the internal vibration of Pc molecules, which increases
he internal conversion (IC), and shows a bit lower values of ˚F(S1)
han that of 4-iso-butoxyl substituted Pcs 7–9.

.3. Transient absorption

Transient absorption excited at 355 nm was investigated in
rgon-saturated THF solutions. As shown in Fig. 4, the broad pos-
tive signals are the absorption from the excited state and the
egative signals are the results of bleaching due to the transition

rom the ground state. All the Pcs 4–9 show a broad transient
bsorption of T1–Tn transition from 450 to 620 nm. The �max of
ransient absorption are 560, 570 and 590 nm for 4, 5 and 6, and
70, 580 and 590 nm for 7, 8 and 9, respectively. Moreover, the
riplet-minus-ground state extinction coefficients (�εT) [37] and
he molar extinction coefficients of ground state absorption (ε0) at
32 nm were obtained and summarized in Table 2. The values of
εT are much higher than ε0, which would result in reverse sat-

rable absorption and produce optical limiting effect. With regard

o different central metals, In-Pcs have the highest value of �εT
han that of Al and Ga-Pcs. This indicates that the In-Pc is the eas-
est to achieve the absorption from T1 to Tn than Al and Ga-Pcs,

hich would effectively cause the difference of optical limiting
erformance.

Fig. 5. Decay profiles of t
8 × 10 21.8 2.3 × 10 0.90
.6 × 104 140.9 3.5 × 108 0.62
3 × 105 71.3 2.8 × 109 0.65
.0 × 105 19.2 5.6 × 1010 0.73

The decay profiles of triplet state were investigated and shown in
Fig. 5. The triplet lifetimes obtained by kinetic analysis of the tran-
sient absorption are summarized in Table 2. Similar dependence of
triplet state lifetimes on the different central metals were observed
for 4–9, shortening remarkably from Al to In. In addition, 4-tert-
butylphenoxy substituted Pcs 4–6 have longer lifetimes than that
of 4-iso-butoxyl substituted Pcs 7–9.

The quantum yield of triplet state formation ˚T is assumed to
be equal to the quantum yield of intersystem crossing (ISC) from
S1 to T1 states ˚ST. The ˚T and the rate of intersystem crossing kST
were evaluated [37] and summarized in Table 2. The ˚T values are
0.74, 0.76 and 0.90 for 4, 5 and 6, and 0.62, 0.65 and 0.73 for 7, 8
and 9, respectively. For different central metal Pcs, the values of ˚T
and kST follow the trend of In > Ga > Al, while for the two series of
peripherally substituted Pcs, 4–6 possess higher values of ˚T and
kST than that of 7–9. The results can be explained by the four-level
model as shown in Fig. 6. On the one hand, the energy gap between
S1 and T1 states follows the trend of Al > Ga > In. On the other hand,
the different central metals produce different spin–orbit couplings
due to the heavy atom effect. The kisc values of the �-electron states
increase with the atomic number of the central metal, permitting

more efficient population of the triplet states [5,29]. This is the rea-
son why In-Pc has the highest values of ˚T and kST than those of
Al-Pc and Ga-Pc.

Comparison of the two series of peripherally substituted Pcs,
the S1 state levels of 4-tert-butylphenoxy substituted Pcs (4–6) are

riplet state of 4–9.
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Fig. 6. The photophysical process model of the three different central metals (Al, Ga, In) Pcs (left) and two different substituted Pcs (4-tert-butylphenoxy and 4-iso-butoxyl)
(right).
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Fig. 7. Optical limiting respons

little higher than that of 4-iso-butoxyl substituted Pcs (7–9) as
hown in Fig. 6. However, compounds 4–6 display higher values
f ˚T and kST than that of 7–9, which can be explained in terms
f changes in the conjugation of the Pc � system. The presence of
henyl group disturbs the � system of the Pc ring, which increases
he intersystem crossing from S1 to T1 state [33].

The decay of molecules in T1 state undergoes two pathways, one
s intersystem crossing from T1 to S0 state in a nonradiative transi-
ion, another is going back to S0 state via phosphoresce in a radiative
ransition. Because of the heavy atom effect, the consequence of
ncreased intersystem crossing should shorten the triplet state life-
ime [45]. This results in the remarkably decrease of �T in the order
rom Al to In. In addition, the 4-tert-butylphenoxy substituted Pcs
ave longer triplet lifetimes than that of 4-iso-butoxyl substituted
cs, which are due to the larger volume weakens the interactions
f the Pc rings.
.4. Optical limiting properties

Several parameters are introduced to evaluate the optical lim-
ting characters. The linear transmittance Tlin which is the initial

able 3
arameters of optical limiting properties.

ompounds C/M Tlin Tlim

1.72 × 10−4 74.6% 4.9%
1.28 × 10−4 74.8% 5.6%
2.29 × 10−4 74.3% 4.3%
4.29 × 10−4 73.8% 11%
1.73 × 10−4 73.9% 7.2%
9.70 × 10−5 73.6% 5.1%
7 ns pluses at 532 nm for 4–9.

transmittance of the sample, the limiting transmittance Tlim which
is the lowest transmittance at the high input fluence, and the non-
linear attenuation factor (NAF) which is the ratio of the linear
transmittance to the limiting transmittance Tlin/Tlim [36]. A high
value of NAF gives a better optical limiting performance, and the
nonlinear attenuation factors (NAF) can effectively reflect the opti-
cal limiting capability [46].

The optical limiting behaviors of 4–9 were investigated in argon-
saturated THF solutions with the same linear transmittance (Tlin)
of 74%. Fig. 7 shows that all the Pcs 4–9 exhibit outstanding optical
limiting properties, the transmittance decrease remarkably with
the increase of the input fluence. All the optical limiting parame-
ters were estimated by the published method [36,37] as shown in
Table 3. The Pcs 4–9 have the same linear transmittance but dif-
ferent limiting transmittance. The optical limiting capability of 4–9
followed the same sequence with NAF, i.e. 6 is a little better than 4

and 5, and 9 is better than 8 and 7. The optical limiting behav-
iors of two different substituted Pcs are shown in Fig. 8, which
indicates that the 4-tert-butylphenoxy substituted Pcs 4–6 have
higher values of NAF than those of 4-iso-butoxyl substituted Pcs
7–9, which suggests better optical limiting behaviors for 4-tert-

NAF �0 (cm2) �T
ex (cm2) �T

ex/�0

15.2 2.82 × 10−18 2.11 × 10−17 7.5
13.3 3.71 × 10−18 2.58 × 10−17 7.0
17.2 2.24 × 10−18 1.69 × 10−17 7.6
6.65 1.17 × 10−18 4.09 × 10−18 3.5

10.2 2.94 × 10−18 2.15 × 10−17 7.3
14.0 5.37 × 10−18 3.94 × 10−17 7.4
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Fig. 8. Nonlinear transmittance responses of 4–6 (deep black) and 7
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ig. 9. Diagram description of the mechanism of reverse saturable absorption.

utylphenoxy substituted Pcs than that of 4-iso-butoxyl substituted
cs.

The distinction of optical limiting behaviors of 4–9 is attributed
o the difference of their photophysical properties such as ˚T, �εT,
0 and �T, etc. In which the values of ˚T and �εT are key param-
ters. In Pcs 6 and 9 have the shortest lifetimes of triplet state �T
nd highest values of ˚T and �εT, thus leading to the best optical
imiting behaviors. Nevertheless, Al Pcs 4 and 7 have the longest �T
ut the lowest ˚T and �εT, which cause not so good optical limit-

ng behaviors in contrast to In Pcs. In addition, 4-tert-butylphenoxy
ubstituted Pcs display better optical limiting behaviors than 4-iso-
utoxyl substituted Pcs are the results of higher values of ˚T, �εT
nd �T. The longer lifetime of triplet state �T of the optical limit-
ng material is necessary, but it is not determinant, the lifetime of
riplet state �T on the scale of microseconds is good enough for the
anosecond optical limiting materials [36,37].

A five-level model (Fig. 9) is introduced to illustrate the mecha-

ism of achieving optical limiting effect. The molecules at S0 state
bsorb the first photon to S1 state, then part of the S1 state molecules
ndergo fast intersystem crossing to the T1 state. When the irradi-
tion is strong enough, the molecules continue to absorb another
hoton to reach the higher excited state Sn or Tn. When the excited

Fig. 10. Nonlinear transmittance responses of 5 and 6 in THF solutions and glass mat
–9 (light gray) to incident fluence at 532 nm, for 7 ns pulses.

absorption cross section �ex is greater than that of the ground state
�g, the progress is the so-called reverse saturable absorption, which
is the origin of the optical limiting performance. However, for the
nanosecond scale optical limiting, the S1 to Sn absorption is weak
enough to be ignored compared to the absorption of T1 to Tn state
[23]. Thus, the optical limiting behaviors of 4–9 greatly depend
on the triplet state absorption from T1 to Tn state. Accordingly,
the ground state absorption cross section �0 and the triplet state
absorption cross section �T

ex are also potent parameters to deter-
mine the optical limiting behaviors, a high ratio of �T

ex/�0 give a
good optical limiting behavior [5,34]. The ratios �T

ex/�0 of 4–9 were
estimated [36] as summarized in Table 3. Compounds 4, 5, 6, 8 and
9 have similar ratios of �T

ex/�0, while the 7 has a smaller ratio of the
�T

ex/�0. All of the results are in consistent with the optical limiting
behaviors of 4–9.

All the studies above were investigated in THF solutions. The
results indicate that 4-tert-butylphenoxy substituted In-Pc exhibits
the best optical limiting behavior. For the application of optical
limiting behavior of Pcs, compounds 4–9 were solidified in glass
matrix by sol–gel technique. The glass matrixes embed in the
tailor-made quartz utensil are highly transparent, mechanically and
thermodynamically stable, which is suitable for the investigation of
photophysical and optical limiting properties. Most of important,
the glass matrixes obtained by our improved methods are stable
enough to stand against high laser fluence, about 30 J cm−2 in our
experiment.

Fig. 10 shows the optical limiting behaviors of 5 and 6 in THF
solutions and in glass matrixes. Both samples of 5 and 6 have the
linear transmittance of 70% and 51%, respectively. The values of
NAF for 5 and 6 are 22.6 and 25.9 in glass matrixes and 14.0 and
13.5 in THF solutions, respectively. In addition, the optical lim-

iting thresholds for 5 and 6 are 0.31 and 0.21 (J cm ) in glass
matrixes and 0.55 and 0.61 (J cm−2) in THF solutions. It is obvi-
ous that the optical limiting performance is greatly improved in
solid matrix, which renders the Pc-based materials for practical
application.

rixes of 70% and 51% linear transmittance, respectively, to the incident fluence.
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. Conclusions

Six soluble of 4-tert-butylphenoxy and 4-iso-butoxyl substi-
uted metal (Al, Ga and In) Pcs were synthesized, and their
hotophysical properties and optical limiting performance were
valuated and analyzed. Photophysical properties vary according
o the different central metals and peripheral substituents, accord-
ngly cause the difference of optical limiting behaviors. Taking the
ractical application of optical limiting into account, the promis-

ng optical limiting behaviors of Pcs are dependent on the ratio of
T
ex/�0, quantum yield of triplet state formation ˚T and the triplet-
inus-ground state extinction coefficient (�εT). Over all of these

actors, the absorption of triplet state is one of the most important
actors for a good optical limiting performance. By comprehensive
nvestigation of the relationship between photophysical properties
nd optical limiting performance of the Pcs with different cen-
ral metals and peripheral substituents, its concluded that the Pcs
ith heavier central metals may have better optical limiting perfor-
ance owing to the enhanced spin–orbit coupling by heavy atom

ffect. The peripheral substituent with bulky group cannot only
mprove the solubility, but also weaken the intermolecular �–�
nteraction of Pc molecules and decrease the effect of internal con-
ersion, which is significant to explore promising optical limiting
aterials. Moreover, solidified Pcs doped in the glass matrix which

an greatly improve the optical limiting performance, and would
e useful for the practical application of optical limiting materials.
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