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The effect of the number of bromide substituents on the photophysical and nonlinear optical properties of the
tetrabrominated naphthalocyanine Br4(tBu2PhO)4NcSi[OSi(Hex)3]2 (1) and the octabrominated naphthalocyanine
Br8NcSi[OSi(Hex)3]2 (2) has been investigated through various spectroscopic techniques. Absorption and
emission of1 and2 have been studied at room temperature and 77 K to determine the spectral properties of
the ground and the excited states and the lifetimes and quantum yields of formation of the excited states.
There is a moderate increase of the quantum yield of the triplet excited-state formation (ΦT ) 0.10 vs 0.13)
and a decrease of the triplet excited-state lifetime (τT ≈ 70 vs 50µs) from1 to 2. These can be attributed to
the stronger heavy atom effect produced by the larger number of peripheral bromide substituents in2 considering
that an excited state with a triplet manifold is involved in the excitation dynamics of both complexes1 and
2. The quantum yields of the singlet oxygen formation (Φ∆) upon irradiation of1 and2 at 355 nm were also
evaluated, and a value ofΦ∆(1) ) Φ∆(2) ) 0.16 was obtained. In addition to that, octabrominated complex
2 displays a larger decrease of nonlinear optical transmission for nanosecond pulses at 532 nm with respect
to the tetrabrominated complex1. The nanosecond Z-scan experiments reveal that1 and 2 exhibit both a
reverse saturable absorption and a nonlinear refraction at 532 nm. However, both the sign and the magnitude
of the nonlinear refraction change from1 to 2. For picosecond Z-scan in the visible spectral region, these two
complexes exhibit only reverse saturable absorption, and the excited-state absorption cross-section increases
at longer wavelengths.

Introduction

Naphthalocyanines (Nc’s) are complexes that possess an
extended network of 56 conjugatedπ-electrons and display a
sharp absorption peak with large values of the molar extinction
coefficient (on the order of 105 M-1 cm-1) within the spectral
range of 700-1000 nm.1 Nc’s have found numerous applications
in materials science and advanced technologies, e.g., as nonlinear
optical materials,2 semiconducting materials,3 photosensitizers
for photodynamic therapy (PDT) of cancers,4 electrocatalysts
for water reduction,5 photoconductors,6 NIR-emitting materials,7

and active materials in NIR-readable inks8 and in thin film
applications.9 More recently, Nc’s have also been employed in
holographic storage10 and high-resolution IR imaging.11 Such
a variety of applications is owed to the versatility, high yields,
and ease of the synthesis of Nc’s,12 which lead to various
structural variations that differ in the central atom, the axial
ligands, and the nature and numbers of peripheral substituents.
As a consequence, the chemical-physical properties of the
resulting Nc’s can be largely modulated depending on the choice
of the predefined structural factors.

In this work we have synthesized two new silicon naphtha-
locyanines (Chart 1), namely, [3(4),12(13),21(22),30(31)-tetra-
bromo-4(3),13(12),22(21),31(30)-tetrakis(3,5-di-tert-butylphe-
noxy)naphthalocyaninato]bis(trihexylsiloxy)silane{Br4(tBu2PhO)4

NcSi[OSi(Hex)3]2} (1) and (3,4,12,13,21,22,30,31-octabromo-
naphthalocyaninato)bis(trihexylsiloxy)silane{Br8NcSi[OSi-
(Hex)3]2} (2), which contain different numbers of bromide as
the peripheral substituent.13 The aim of this work is to evaluate
how the number of heavy bromide substituents affects the
excited-state characteristics of these two complexes and how
these parameters influence their nonlinear optical properties and
their efficiency to generate singlet oxygen.

The design of brominated naphthalocyanines1 and2 has been
inspired by the favorable role that bromine plays in the kinetics
of photoexcitation during the process of nonlinear absorption
as recently verified with a peripherally brominated indium
chloride naphthalocyanine.13a,e This study demonstrated that
peripheral bromination in chloroindium(III) 3(4),12(13),21(22),-
30(31)-tetrabromo-4(3),13(12),22(21),31(30)-tetrakis(3,5-di-tert-
butylphenoxy)naphthalocyanine enhanced the photostability,
accelerated the intersystem crossing rate, and increased the yield
of excited-state formation upon irradiation with nanosecond laser
pulses.13aAn additional effect of peripheral bromination on the
photophysical properties of this complex was the shortening of
the triplet excited-state lifetime.13a

In contrast to the previously reported poorly soluble octabro-
minated naphthalocyanines with zinc and lead as the central
metal (on the order of 10-5-10-4 mol/L),13c,d the synthesized
octabrominated complex2 has achieved a much better solubility,
being on the order of 10-2 mol/L in common organic solvents
despite the presence of eight polar atoms in the structure of2
(Chart 1). This feature would prevent the formation of long-
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lived excited species due to molecular aggregation,14 which
could consequently reduce the excited-state absorption.15 How-
ever, the molecular aggregation could be reduced by the
presence of two bulky axial ligands such as-OSi(C6H13)3. As
a result, a stabilization of the excited state is expected for
naphthalocyanine2 with respect to the other reported octabro-
minated naphthalocyanines with no axial substituents. In this
framework silicon complex2 can be considered as the first
example of soluble octabrominated naphthalocyanine. In the
structure of tetrabrominated silicon naphthalocyanine1 (Chart
1), four bromide groups have been replaced by four di-tert-
butylphenoxy groups to further increase the solubility. The
presence of these bulky di-tert-butylphenoxy groups is also
expected to further reduce the degree of aggregation even at a
high concentration range (>10-3 mol/L).13a

Experimental Section

Materials. Reference compounds silicon 2,3-naphthalocya-
nine bis(trihexylsilyl oxide) (SiNc) and zinc tetraphenylpor-
phyrin (ZnTPP) were purchased from Aldrich and Alfa Aesar,
respectively, and were used without further purification.

Synthesis. Naphthalocyanines1 and 2 were synthesized
through the direct reaction of the corresponding dihydroxy
silicon complexes dihydroxysilicon(II) 3(4),12(13),21(22),30-
(31)-tetrabromo-4(3),13(12),22(21),31(30)-tetrakis(3,5-di-tert-
butylphenyloxy)naphthalocyanine [Br4(tBu2PhO)4NcSi(OH)2, 3]
for 1 and dihydroxysilicon(II) 3,4,12,13,21,22,30,31-octabro-
monaphthalocyanine [Br8NcSi(OH)2, 4] for 2, with an excess
of tri-n-hexylchlorosilane in DMF.

Synthesis of3. 6-Bromo-7-[(3,5-di-tert-butyl)phenoxy]-1,3-
diiminobenzo[f]isoindoline (5) was prepared from 6-bromo-7-

[(3,5-di-tert-butyl)phenoxy]-2,3-dicyanonaphthalene by reaction
with NH3 in NaOCH3/CH3OH according to a previously
reported procedure.13a5 (1.5 g, 3 mmol) and silicon tetrachloride
(510.0 mg, 3 mmol) were mixed in dry chinoline (5 mL) and
heated at 195°C for 6 h (Scheme 1). After cooling, the reaction
mixture was poured into methanol (200 mL) and stirred.
Successive water (20 mL) was added, and the precipitates were
collected and washed with methanol. The crude dark yellow-
green solid was dissolved in 30 mL of a pyridine/water mixture
(5:1, v/v) and heated at 100°C for 30 min. The mixture was
then poured into methanol (200 mL) and stirred. The precipitates
were collected to give 0.40 g of3 as a dark yellow green solid
(yield 55%). MS-FAB (m/z): 1907.7 (M+), 1817.5 (M+ - Br).
1H NMR (THF-d8): δ 1.33 (s, br, 72H, CH3), 7.06, 7.39 (br,
12H, phenoxy), 8.17, 8.28 (br, 8H on C-2), 10.81 (br, 8H on
C-4) ppm.13C NMR (THF-d8): δ 30.7 (CH3), 34.9 (CCH3),
114.6 (br, C-8, C-10), 118.9 (br, C-2,C-4), 134.2 (br, C-3, C-5),
135.3 (br, C-6), 153.3 (br, C-7), 155.5 (br, C-1) ppm.

Synthesis of1. A mixture of 3 (190 mg, 0.1 mmol), tri-n-
hexylchlorosilane (96 mg, 0.3 mmol), imidazole (20 mg), and
DMF (3 mL) was stirred at room temperature for 24 h. The
resultant mixture was concentrated under vacuum with a rotary
evaporator. The residue was chromatographed on silica gel using
a mixture of dichloromethane/tetrahydrofuran (98:2, v/v) as the
eluent. The first green fraction was collected, vacuum-dried,
and weighed. A 180 mg portion of1 was obtained (yield 72%).
Tetrabrominated naphthalocyanine1 thus prepared is actually
a mixture of regioisomers that differ in the relative position of

CHART 1: [3(4),12(13),21(22),30(31)-Tetrabromo-
4(3),13(12),22(21),31(30)-tetrakis(3,5-di-tert-butylphenoxy)-
naphthalocyaninato]bis(trihexylsiloxy)silane
{Br4(tBu2PhO)4NcSi[OSi(Hex)3]2, 1} and (3,4,12,13,21,
22,30,31-Octabromonaphthalocyaninato]bis(trihexyl-
siloxy)silane{Br8NcSi[OSi(Hex)3]2, 2}

SCHEME 1
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the two substituents (bromide and 3,5-di-tert-butylphenoxy).
However, further chromatographic separation of these isomers
was not conducted since the photophysical properties investi-
gated should not be affected by the relative position of the
substituents at the naphthalocyanine ring. MS-FAB (m/z):
2472.9 (M+). 1H NMR (THF-d8): δ 0.56 (br, 12H, CH2Si),
0.90 (br, 18H, CH3), 1.30 (br, 48H, CH2), 1.38 (s, br, 72H,
phenoxy CH3), 7.08, 7.38 (br, 12H, phenoxy), 8.18, 8.26 (br,
8H on C-2), 10.83 (br, 8H on C-4) ppm.13C NMR (THF-d8):
δ 14.0-32.1 (hexyl C), 30.7 (CH3), 34.9 (C-CH3), 114.6 (br,
C-8, C-10), 118.9 (br, C-2, C-4), 134.2 (br, C-3, C-5), 135.3
(br, C-6), 153.3 (br, C-7), 155.5 (br, C-1) ppm.

Synthesis of4. Silicon tetrachloride (114µL, 1 mmol) was
added to a solution of 6,7-dibromo-1,3-diiminobenzo[f]isoin-
doline (6) (433 mg, 1.3 mol)13a in freshly distilled chinoline (2
mL) under an argon atmosphere (Scheme 2). The mixture was
heated to 210°C and stirred for 2 h. The resultant product was
slowly cooled and refluxed in 2 mL of water for 20 min. The
mixture was cooled, washed with ether (4 mL), and filtered.
The solid was then washed with 2 mL of ether twice. The dark
green solid4 was vacuum-dried and weighed (0.57 g, yield
73%). MS-FAB (m/z): 1406.2 (M+), 1327.1 (M+ - Br). 1H
NMR (THF-d8): δ 7.06, 8.17, 8.28 (br, 8H on C-2), 10.81 (br,
8H on C-4) ppm.13C NMR (THF-d8): δ 118.9 (br, C-2, C-4),
134.2 (br, C-3, C-5), 135.3 (br, C-6), 155.5 (br, C-1) ppm.

Synthesis of2. A mixture of 4 (280 mg, 0.2 mmol), tri-n-
hexylchlorosilane (160 mg, 0.5 mmol), imidazole (40 mg), and
dimethylformamide (5 mL) was stirred at room temperature for
24 h. The resultant mixture was concentrated under vacuum
with a rotary evaporator. The residue was chromatographed on
silica gel with a mixture of dichloromethane/tetrahydrofuran (95:
5, v/v) as the eluent. The first green fraction was collected,
vacuum-dried, and weighed to give 280 mg of2 (yield 71%).
MS-FAB (m/z): 1972.9 (M+). 1H NMR (THF-d8): δ 0.56 (br,

12H, CH2Si), 0.90 (br, 18H, CH3), 1.30 (br, 48H, CH2), 8.18,
8.26 (br, 8H on C-2), 10.83 (br, 8H on C-4) ppm.13C NMR
(THF-d8): δ 14.0-32.1 (hexyl C), 118.9 (br, C-2, C-4), 134.2
(br, C-3, C-5), 135.3 (br, C-6), 155.5 (br, C-1) ppm.

Photophysical Measurements.UV-vis spectra were mea-
sured with an Agilent 8453 UV-vis spectrophotometer using
a 10 mm thick quartz cuvette. Benzene was used as the solvent.
Steady-state fluorescence spectra at room temperature and 77
K were measured on a SPEX Fluorolog-3 fluorimeter and
phosphorimeter. The excitation wavelength was selected in
correspondence to the Q-band of each naphthalocyanine.
Benzene was used as the solvent and was purged with argon
for 30 min before each measurement.

The emission spectra at 77 K, the time-resolved triplet
transient difference absorption spectra, and the lifetime of the
triplet excited state were measured using an Edinburgh LP920
laser flash photolysis spectrometer. The third harmonic output
(λ ) 355 nm) of a Quantel Brilliant Nd:YAG laser was used
as the excitation beam. The laser pulse width was 4.1 ns, and
the frequency of the laser was adjusted to 3.3 Hz. The average
energy of a single pulse was∼3 mJ. The concentrations of
complexes1 and2 in benzene were typically on the order of
several micromoles per liter, which provided an absorptivity of
0.4 in a 10 mm thick quartz cuvette at 355 nm. All samples
were purged with argon before each experiment.

The molar extinction coefficients of the triplet excited state
(εT) for Nc’s 1 and2 in benzene were measured by the singlet
depletion method and calculated using the following equation:
16

where ∆ODS and ∆ODT are the absorbance of the triplet
transient difference absorption spectrum at the minimum of the
bleaching band and the maximum of the positive band,
respectively, andεS is the ground-state molar extinction coef-
ficient at the absorption band maximum.

The quantum yields of the triplet excited-state formation (ΦT)
for Nc’s 1 and 2 were determined using the comparative
method.17 SiNc in benzene (ΦT ) 0.20( 0.03,εT,590 ) 53 400
M-1 cm-1) was used as the reference.4h All the samples were
optically matched at the excitation wavelength, and the triplet
excited-state quantum yields were calculated using the following
equation:

where ∆ODT
s and ∆ODT

ref are the maximum optical density
changes during transient absorption due to the triplet-triplet
transition of the studied sample and the reference, respectively,
εT

ref andεT
s are the molar extinction coefficients of this transi-

tion at the wavelength where ODT is observed for the reference
and the sample, respectively, andΦT

ref is the triplet excited-
state quantum yield of the reference.

Singlet Oxygen Quantum Yield Measurement.The emis-
sion of singlet oxygen produced during the sample excitation
process was measured using a LP900 singlet oxygen spectrom-
eter. All measurements were carried out at room temperature
in air-saturated benzene solutions. A liquid-nitrogen-cooled
germanium (Ge) detector was used to monitor the emission
signal in the NIR spectral range. Sample excitation was provided
by the third-harmonic output (355 nm) of the Nd:YAG laser

SCHEME 2

εT )
εS[∆ODT]

∆ODS
(1)

ΦT
s ) ΦT

ref
∆ODT

s

∆ODT
ref

εT
ref

εT
s

(2)
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described in the previous section with the repetition rate set at
1 Hz. The average energy of a single laser pulse was 2 mJ. The
concentrations of all samples were adjusted to obtain the same
absorbance (A) value of 0.5 at 355 nm. The singlet oxygen
quantum yield was then determined by the comparative method.4h

The integrated singlet oxygen emission intensity of1 and2 was
compared to that of the optically matched reference sample
(SiNc, Φ∆ ) 0.19( 0.02),4h and the singlet oxygen quantum
yield was then calculated according to the following equation:

whereG∆ is the integrated singlet oxygen emission intensity
andA is the absorbance at 355 nm. The suffixes “s” and “ref”
refer to the sample and the reference, respectively.

Nonlinear Transmission Measurements.The experimental
setup for nonlinear transmission measurements has been de-
scribed previously.18 The second harmonic of a 4.1 ns, Q-
switched Quantel Brilliant Nd:YAG laser (λ ) 532 nm) was
used as the light source. The frequency was set at 10 Hz. The
laser beam was focused by anf ) 30 cm planoconvex lens to
the center of a 2 mm thick quartz cuvette that contained the
sample solution. The radius of the beam waist was ap-
proximately 75µm. Two Molectron J4-09 pyroelectric probes
and an EPM2000 energy/power meter were used to monitor
the incident and output energies.

Z-Scan Measurements. The Z-scan experimental setup has
been described previously.19 The Quantel Brilliant Nd:YAG
laser with a pulse width of 4.1 ns and a repetition rate of 10 Hz
and an EKSPLA PG401 optical parametric generator (OPG)
pumped by a PL2143A passively model-locked, Q-switched Nd:
YAG laser with a pulse width of 27 ps and a repetition rate of
10 Hz were used as the light source for the nanosecond and
picosecond experiments, respectively. The laser beam was
focused by a 30 cm focal length planoconvex lens for the
nanosecond measurement and by a 25 cm focal length plano-
convex lens for the picosecond measurement, which gave rise
to beam waists of 33 and 42µm at the focal point, respectively.
These beam waists result in Rayleigh lengths (z0 ) πω0

2/λ,
whereω0 is the radius at the beam waist) of 6.4 and 10.4 mm,
respectively. Therefore, a 1 mm cuvette was used for the
nanosecond Z-scan measurements and a 2 mmcuvette for the
picosecond measurements. The energies used for the nanosecond
and picosecond Z-scan measurement were 6.0 and 1.8µJ/pulse,
respectively.

Results and Discussion

Electronic Absorption Spectra. 1and2 exhibit similar UV-
vis absorption spectra (shown in Figure 1). The Q-band displays
a vibronic progression with the most intense peak appearing at
782 nm for1 and 781 nm for2. The maximum of the B-band
is located at 358 and 361 nm for1 and 2, respectively. Both
complexes obey Beer’s law in dilute solutions, i.e., 7.4× 10-6

to 2.4× 10-4 mol/L for 1 and 4.0× 10-6 to 4.5× 10-5 mol/L
for 2. Octabrominated complex2 displays a broadening of the
Q(0,0) band and a decrease of theε value when the concentra-
tion is increased from 4.5× 10-5 to 2.3× 10-4 mol/L (Figure
1b). This indicates the occurrence of molecular aggregation for
naphthalocyanine2 even at these concentration values.13a,14A
similar phenomenon is observed for complex1, but at much
higher concentrations, i.e.,C g 2.4 × 10-4 mol/L.

Emission.Figure 2 displays the steady-state emission spectra
of 1 and2 at room temperature. Both spectra exhibit a vibronic

structure with a progression spacing of 611 cm-1 for 1 and 629
cm-1 for 2. The shape of the emission spectra is almost a mirror
image of the Q-band of the UV-vis absorption spectra, and
the vibronic progression spacing of the emission spectra
coincides with the spacing separation between the Q(0,0) band
and the Q(0,1) band. These features imply that the emission
observed at room temperature originates from the first singlet
excited state; namely, it is fluorescence. This notion is supported
by the emission lifetime measurement of these two complexes.
As listed in Table 1, the emission for both complexes exhibits
a biexponential decay, with a shorter lifetime of∼2 ns and a
longer one of∼6 ns.

The time-resolved emission spectra at 77 K were obtained
by using the spectral mode of the LP920 laser flash photolysis
spectrometer, and the samples were excited at 355 nm. Figure
3 shows the spectra of1, which exhibit a clear vibronic

Figure 1. (a) UV-vis absorption spectra of1 and2 in benzene. (b)
Spectral variation ofε with concentration (C) for 2 in benzene:C )
2.3× 10-4 mol/L (solid line);C ) 1.6× 10-5 mol/L (dashed line);C
) 4.0 × 10-6 mol/L (dashed-dotted line).

Figure 2. Normalized fluorescence spectra of1 and 2 at room
temperature in benzene. The excitation wavelength is 695 nm for1
and 696 nm for2.

Φ∆
s ) Φ∆

ref
G∆

s

G∆
ref

Aref
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progression and a mirror image shape of that of the Q-band in
its UV-vis spectrum. The emission peaks are almost identical
to those measured at room temperature. Therefore, the low-
temperature emission is also attributed to fluorescence. However,
due to the reduced nonirradiative decay at 77 K, the emission
lifetime is significantly increased. It is about 30.7µs for 1. The
octabrominated complex2 exhibits similar features with a
lifetime of 28.3µs (see Table 1) at 77 K.

Triplet Excited-State Characteristics. The time-resolved
triplet transient difference absorption spectra of1 and 2 in
degassed benzene were obtained with an Edinburg LP920 laser
flash photolysis spectrometer. As shown in Figure 4,1 exhibits
a positive band between 390 and 690 nm, while the positive
band of2 is broader, extending from 375 to 730 nm. On the
other hand, both complexes show similar negative bands from
680 to 820 nm, which are due to the bleaching of the Q-band.
From the decay of the transient absorption, the lifetime of the
lowest triplet excited-state is extrapolated. Complex1 exhibits
a monoexponential decay with a lifetime of 67µs atλT1-Tn )
610 nm. In contrast, complex2 exhibits a biexponential decay
at 610 nm, with a longer lifetime of 49µs (94%) and a shorter
one of 2.3µs (6%). The shorter lifetime of2 could possibly
arise from the aggregated species that is more feasible to form
in 2 due to the lack of bulky phenoxyl peripheral substituents
and the higher polarity of the C-Br bonds.2g,14 The presence
of eight heavy peripheral bromides also leads to a rapid
intersystem crossing from the first singlet excited state to the
first triplet excited state and thus a rapid transition from the
triplet excited state back to the ground state as well. Subse-
quently, the lifetime of the triplet excited state decreases as the
number of peripheral bromide substituents increases, which is
known as the heavy-atom effect.13f,20 Similar results have been
observed for octabrominated porphyrins as well.13e

The extinction coefficient for the triplet-triplet absorption
(εT) was measured and calculated using the singlet depletion
method.16 The measurement of the depopulation was made in
correspondence with the Q-band, where the extinction coef-
ficients of the excited states (both singlet and triplet) are
reasonably assumed to be negligible compared to that of the

ground state. This method has been used successfully for group
IA phthalocyanines, group IA naphthalocyanines,21 and group
IIIA phthalocyanines.22 The extinction coefficients and the triplet
excited-state quantum yields (ΦT) are listed in Table 2. It is
clear that the triplet quantum yield for2 is larger than that of
1. This is likely the result of the heavy-atom effect. The large
number of heavy bromine atoms in the peripheral ring induces
the fast intersystem crossing and thus increases the quantum
yield of formation of the triplet excited state.

Singlet Oxygen Generation.Many metallophthalocyanines
and metallonaphthalocyanines have been reported to generate
singlet oxygen (1∆g), which is generally recognized as a key
intermediate in photodynamic therapy (PDT), through energy
transfer from their triplet excited states to the ground-state
oxygen (3Σg

-). This process enables these complexes to be
promising photosensitizers for PDT applications.4h,23The singlet
oxygen quantum yield (Φ∆) measures the efficiency of a
photosensitizer to generate singlet oxygen. It usually relates to
the triplet quantum yieldΦT, triplet lifetime τT, triplet energy
ET, and energy transfer efficiency from the triplet excited state
of the sensitizer to the ground state of molecular oxygen.4h

As described in the Experimental Section, the singlet oxygen
generation was monitored by measuring the emission of the
singlet oxygen at 1270 nm. As shown in Figure 5, a weak signal
was observed in an air-saturated benzene solution of complex
2 at 1270 nm. This signal disappears upon degassing with argon.
A similar phenomenon was also found for complex1 in a
benzene solution. Therefore, the generation of singlet oxygen

TABLE 1: Emission Data of 1 and 2 in Benzene

complex λem/nm (τs/ns)a (298 K) λem/nm (τs/µs)b (77 K)

1 789 (2.50, 75%;
6.47, 25%), 829

785 (34.0), 830 (28.0),
890 (30.0)

2 787 (2.16, 73%;
5.76, 27%), 828

782 (30.0), 830 (27.0),
884 (28.0)

a The excitation wavelength is 695 nm for1 and 696 nm for2 in
benzene.b The excitation wavelength is 355 nm.

Figure 3. Time-resolved emission spectra of1 at 77 K in glassy
benzene. The excitation wavelength is 355 nm.

Figure 4. Time-resolved triplet transient difference absorption spectra
of 1 and2 in benzene. The time listed in the figures is the time delay
after the 355 nm excitation.

TABLE 2: Triplet Excited-State Parameters of Complexes 1
and 2 in Benzene

complex λT1-Tn/nm τT/µs εT/M-1 cm-1 ΦT Φ∆

1 610 67 99960 0.10 0.16
2 610 49 (89%), 2.3 (11%) 94220 0.13 0.16
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is clearly evident. The singlet oxygen quantum yield (Φ∆) was
then measured by a comparative method as described in the
Experimental Section, and the results are listed in Table 2.
Complex2 exhibits the same quantum yield of singlet oxygen
generation as complex1 although the triplet excited-state
quantum yield of2 is higher than that of1. This indicates that
the variation of the number of peripheral bromides has a
negligible effect on theΦ∆ value and the energy transfer
efficiency (S∆ ) Φ∆/ΦT) from the triplet excited state to ground-
state oxygen for2 is lower than that of1.

It is worthy of mention that the calculatedS∆ values for these
two complexes are larger than 1, which is unexpected. This is
possibly due to the error in the triplet extinction coefficient
measurement, which was subsequently used for calculatingΦT.
The singlet depletion method usually gives a high limit for the
value ofεT.16,24The higher value beyond expectation is probably
due to the ground-state extinction coefficients that are not
negligible at the transient absorption spectrum band maximum
(λ ) 610 nm). Nevertheless, the near-unity value ofS∆ for these
two complexes suggests that the energy transfer efficiency from
the triplet excited state to the ground-state oxygen is quite high.

Nonlinear Transmission. The triplet-triplet transient dif-
ference absorption spectra (Figure 4) of1 and2 exhibit a positive
absorption at 532 nm, indicating that the excited-state absorption
of both complexes is stronger than that of the ground state. In
addition, both complexes possess a long-lived triplet excited
state. In this case, reverse saturable absorption,2,13,15 i.e., the
increase of absorbance with the increase of incident energy, is
expected for nanosecond laser pulses.

As shown in Figure 6, the transmittance of1 and2 decreases
with the increase of the incident fluence at 532 nm. The
threshold of the nonlinear transmission, defined as the incident
fluence at which the transmittance starts to deviate from the
linear transmittance, is 0.4 J/cm2 for 2 and 0.8 J/cm2 for 1. The
transmittance drops to 56% when the incident fluence increases
to 1.8 J/cm2 for 2 and 70% for1 at a similar incident fluence.
Octabrominated naphthalocyanine2 shows stronger nonlinear
transmission than tetrabrominated complex1 at 532 nm, which
coincides with the larger triplet excited-state quantum yield.
Although complex1 has a longer triplet lifetime than complex
2, this lifetime is not the determining factor for the nonlinear
transmission of nanosecond laser pulses as long as the excited-
state lifetime is longer than the laser pulse width. The stronger
nonlinear transmission observed for2 is probably due to the
larger ratio of excited-state absorption to ground-state absorption
cross-sections at 532 nm, although the slightly larger triplet
excited-state quantum yield of2 could also contribute to its

stronger nonlinear transmission. Due to the larger ground-state
absorption of1 and 2 at 532 nm, the nonlinear transmission
behavior of these two complexes becomes much weaker at this
wavelength compared to that of the corresponding unsubstituted
SiNc.

Z-Scan. It is well-known that both nonlinear absorption and
nonlinear refraction contribute to the third-order nonlinearities.
The nonlinear transmission experiment discussed in the previous
section only measures the contribution from the nonlinear
absorption. It has been reported that some phthalocyanines and
naphthalocyanines exhibit both nonlinear absorption and non-
linear refraction when irradiated with nanosecond and shorter
laser pulses.13a To measure the contribution from nonlinear
refraction of1 and2 and to quantitatively determine the excited-
state absorption cross-sections, Z-scan25 experiments are con-
ducted.

In a Z-scan experiment, the nonlinear absorption and non-
linear refraction can be measured simultaneously. Nonlinear
refraction is measured through a closed-aperture Z-scan, and
nonlinear absorption is obtained through an open-aperture
Z-scan. The closed-aperture Z-scan measures the on-axis
phase change (∆Φ0) of a laser beam when it propagates through
a nonlinear medium, which is related to the nonlinear refractive
index (n2) and the nonlinear refractive cross-section (σr)
of a third-order nonlinear optical material by the following
equation:25,26

whereLeff ) (1 - eRL)/R is the effective beam path withR as
the linear absorption coefficient andI0 is the on-axis (r ) 0),
peak (t ) 0) irradiance with the nonlinear medium at the focal
plane (Z ) 0). For a Gaussian spatial and temporal distribution,
I0 ) 4(ln 2)1/2Etotal/(π3)1/2ω0

2τ andF0 ) 2Etotal/πω0
2, whereEtotal

is the incident energy on the sample after the reflection from
the front surface of the cell is taken into account,ω0 is the radius
of the beam waist at the focal point, andτ is the pulse width
(full width at half-maximum). For a Gaussian beam Z-scan,∆Φ0

can be obtained from the fitting of the normalized nonlinear
refraction curve (closed-aperture/open-aperture) using the fol-
lowing equation:25

Figure 5. Emission spectrum of singlet oxygen generated by2 in
benzene at room temperature: Ar-saturated solution (solid line); air-
saturated solution (dashed line).

Figure 6. Nonlinear transmission curves of1 and2 for nanosecond
pulses at 532 nm. The linear transmission at 532 nm for both solutions
is adjusted to 80%. The cuvette used is 2 mm.

n2(m
2/W) ) (∆Φ0)λ/2πLeffI0 (4)

∆Φ0 ) R
2hν

σrF0Leff (5)

T(z,∆Φ) ) 1 -
4(∆Φ)(z/z0)

[(z/z0)
2 + 1][(z/z0)

2 + 9]
(6)
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whereT is the normalized transmission,z is the distance of the
sample relative to the focal plane, andz0 is the Rayleigh
length.

As shown in Figure 7 for a nanosecond Z-scan, the pure
nonlinear refraction curve displays a peak-valley shape for1
and a valley-peak shape for2, indicating that1 is a self-
defocusing material and2 is a self-focusing material for
nanosecond laser pulses at 532 nm. By fitting this curve with
eq 6, the on-axis phase change can be obtained. The nonlinear
refractive index,n2, is then calculated to be-2.3× 10-17 m2/W
for 1 and 3.3× 10-17 m2/W for 2, and the molecular nonlinear
refractive cross-section is obtained to be-1.6× 10-18 cm2 for
1 and 2.2× 10-18 cm2 for 2. Therefore, variation of the number
of peripheral bromide substituents changes not only the sign of

the nonlinear refractive index, but also the magnitude of the
nonlinear refraction.

From the open-aperture Z-scan data, a significant transmission
drop was observed for both complexes when the sample was
moved toward the focal plane. This indicates a reverse saturable
absorption. For a Gaussian beam Z-scan, the excited-state
absorption cross-section can then be deduced from the fitting
of the open-aperture curve using eq 7,27 whereq0 ) σesR[F0(r

) 0)]Leff/2pω, with Leff ) (1 - e-RL)/R andF0 ) 2Etotal/πω0
2.

This gives rise toσex ) 2.7× 10-18 cm2 for 1 andσex ) 1.9×

Figure 7. Nanosecond Z-scan curves of complexes1 and2 at 532 nm: (A) closed-aperture/open-aperture curve of1; (B) open-aperture curve of
2; (C) closed-aperture/open-aperture curve of2; (D) open-aperture curve of2. The pulse energy used in the experiment is 6.0µJ, and the path
length of the cuvette is 1 mm.

Figure 8. Open-aperture Z-scan curves for complexes1 and2 using picosecond laser pulses. The pulse energy is 1.8µJ, and the cuvette used is
2 mm.

T ) ln(1 +
q0

1 + x2)/( q0

1 + x2) (7)
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10-18 cm2 for 2, whereσ0 is determined byR ) 10-3σ0NAC.
For nanosecond laser pulses, the nonlinear absorption is usually
dominated by the triplet excited-state absorption. Therefore, the
resultingσex should mainly be attributed toσT. It is noteworthy
that the theoretical curve does not fit well to the experimental
data of2, especially for the data points obtained at the vicinity
of the focal plane. This could arise from the contribution of
higher excited states,13a or alternatively, it could be due to a
dynamic of excited-state formation that is not taken into account
in eq 7. To obtain a better fitting, a model that considers the
decay and population of multiple excited states should be built
up.

The picosecond Z-scan has also been carried out for these
two complexes at several different wavelengths. As shown in
Figure 8 for1 and 2 at 550 and 600 nm, respectively, both
complexes exhibit reverse saturable absorption for picosecond
laser pulses. However, nonlinear refraction was not observed
for either of these two samples. Fitting of the open-aperture
curves with eq 7 produces a value ofσex that mostly depends
on the absorption cross-section of the singlet excited state (σs).
Theσs values for1 and2 at different wavelengths are listed in
Table 3. It is evident that the singlet excited-state absorption
cross-section increases with the wavelength in the wavelength
range examined.

Conclusions

The photophysical parameters and nonlinear optical properties
of two newly synthesized silicon naphthalocyanines, namely,
tetrabrominated Br4(tBu2PhO)4NcSi[OSi(Hex)3]2 (1) and oc-
tabrominated Br8NcSi[OSi(Hex)3]2 (2), have been investigated.
In particular, the molar extinction coefficients of the ground
and excited states, the quantum yield of the excited-state
formation, the lifetime of the triplet excited state, the singlet
oxygen generation quantum yield, and the transient absorption
spectra of1 and2 were measured and calculated. The increased
number of peripheral bromides from1 to 2 results in the
shortening of the triplet excited-state lifetime and the increase
of the quantum yield of the triplet excited-state formation, as
expected on the basis of the heavy-atom effect. The enhanced
nonlinear transmission behavior of the octabrominated complex
2 could be ascribed to the increased ratio of the triplet excited-
state absorption to ground-state absorption cross-sections,
although the slightly increased triplet excited-state quantum yield
of 2 could also play a role. In addition, the variation of the
peripheral bromide substituents influences both the sign and the
magnitude of the nonlinear refraction of these two complexes
for nanosecond laser pulses at 532 nm.
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