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The effect of the number of bromide substituents on the photophysical and nonlinear optical properties of the
tetrabrominated naphthalocyaning@8u,PhO)NcSi[OSi(Hex}]. (1) and the octabrominated naphthalocyanine
BrgNcSi[OSi(Hex}]. (2) has been investigated through various spectroscopic techniques. Absorption and
emission ofl 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 formbtien @.10 vs 0.13)

and a decrease of the triplet excited-state lifetimex 70 vs 50us) from1 to 2. These can be attributed to

the stronger heavy atom effect produced by the larger number of peripheral bromide substi2ieatssidering

that an excited state with a triplet manifold is involved in the excitation dynamics of both complexes

2. The quantum yields of the singlet oxygen formatidmf upon irradiation ofl and2 at 355 nm were also
evaluated, and a value df,(1) = ®A(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 complelx The nanosecond Z-scan experiments reveal Ihetd 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 fratrio 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 NcSi[OSi(Hex}]2} (1) and (3,4,12,13,21,22,30,31-octabromo-
naphthalocyaninato)bis(trihexylsiloxy)silangBrgNcSi[OSi-
(Hex)]2} (2), which contain different numbers of bromide as
the peripheral substitueft.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
ese parameters influence their nonlinear optical properties and
eir efficiency to generate singlet oxygen.

Naphthalocyanines (Nc's) are complexes that possess an
extended network of 56 conjugatedelectrons and display a
sharp absorption peak with large values of the molar extinction
coefficient (on the order of B0M~1 cm™1) within the spectral
range of 706-1000 nmt Nc’s have found numerous applications
in materials science and advanced technologies, e.g., as nonlineat{‘I
optical material2, semiconducting materiafsphotosensitizers t

for photodynamic therapy (PDT) of cancérslectrocatalysts ~ The design of brominated naphthalocyanibesid2 has been
for water reductiort,photoconductoré NIR-emitting materialg, inspired by the favorable role that bromine plays in the kinetics
and active materials in NIR-readable iBkand in thin film of photoexcitation during the process of nonlinear absorption

applicationg More recently, Nc’s have also been employed in as recently verified with a peripherally brominated indium

holographic storagé and high-resolution IR imaging. Such chloride naphthalocyanirié2© This study demonstrated that

a variety of applications is owed to the versatility, high yields, peripheral bromination in chloroindium(lll) 3(4),12(13),21(22),-

and ease of the synthesis of Néswhich lead to various 30(31)-tetrabromo-4(3),13(12),22(21),31(30)-tetrakis(3, -

structural variations that differ in the central atom, the axial butylphenoxy)naphthalocyanine enhanced the photostability,

ligands, and the nature and numbers of peripheral substituentsaccelerated the intersystem crossing rate, and increased the yield

As a consequence, the chemical-physical properties of theof excited-state formation upon irradiation with nanosecond laser

resulting Nc's can be largely modulated depending on the choice pulses'®@An additional effect of peripheral bromination on the

of the predefined structural factors. photophysical properties of this complex was the shortening of
In this work we have synthesized two new silicon naphtha- the triplet excited-state lifetim&a

locyanines (Chart 1), namely, [3(4),12(13),21(22),30(31)-tetra- | contrast to the previously reported poorly soluble octabro-
bromo-4(3),13(12),22(21),31(30)-tetrakis(3, 5telit butylphe- minated naphthalocyanines with zinc and lead as the central
noxy)naphthalocyaninato]bis(trinexylsiloxy)silaf@ra(tBu,PhO) metal (on the order of 16—10-% mol/L),13¢dthe synthesized
octabrominated compleXhas achieved a much better solubility,

* To whom correspondence should be addressed. E-mail: wenfang.sun@being on the order of 1@ mol/L in common organic solvents
”d?‘;;?,?tﬁ' Dakota State University. despite the presence of eight polar atoms in the structuge of

* University of Tibingen. (Chart 1). This feature would prevent the formation of long-
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CHART 1: [3(4),12(13),21(22),30(31)-Tetrabromo- SCHEME 1
4(3),13(12),22(21),31(30)-tetrakis(3,5-dert-butylphenoxy)- HN
naphthalocyaninato]bis(trihexylsiloxy)silane Br
{Br4(tBu,PhO),NCcSI[OSi(Hex)}], 1} and (3,4,12,13,21, N ’OO (5)
22,30,31-Octabromonaphthalocyaninato]bis(trinexyl- o
siloxy)silane{BrgNcSi[OSi(Hex)],, 2} HN

SiCly

quinoline, 195 °C

o Br
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lived excited species due to molecular aggregatfowhich g*
3)

could consequently reduce the excited-state absorftidow-
ever, the molecular aggregation could be reduced by the

presence of two bulky axial ligands such-a®Si(CsHig)s. As [(3,5-di-tert-butyl)phenoxy]-2,3-dicyanonaphthalene by reaction

a result, a stalbiliza.tion of the excited state is expected for | ., NHs in NaOCH/CH;OH according to a previously
naphthalocyanin@ with respect to the other reported octabro- on5teqd procedur?5 (1.5 g, 3 mmol) and silicon tetrachloride

minated naphthalocyanines with no axial substituents. In this (510.0 mg, 3 mmol) were mixed in dry chinoline (5 mL) and
framework silicon complexX2 can be considered as the first heated at 195C for 6 h (Scheme 1). After cooling, the reaction
example of soluble octabrominated naphthalocyanine. In the ... .o \was poured into methanol (200 mL) and stirred.
structure of tetrabrominated silicon naphthalocyari€hart  g,ccessive water (20 mL) was added, and the precipitates were
1), four bromide groups have b"te” replaced by fogt_edl— collected and washed with methanol. The crude dark yellow-
butylphenoxy groups to fu.rther increase the S°|Ub'_|'ty' The green solid was dissolved in 30 mL of a pyridine/water mixture
presence of these bulky tt-butylphenoxy groups 1S also (5:1, viv) and heated at 100 for 30 min. The mixture was
expected to further reduce the3 degreelgof aggregation even at gnqany poyred into methanol (200 mL) and stirred. The precipitates
high concentration range-(L0™> mol/L).™* were collected to give 0.40 g Gfas a dark yellow green solid
. . (yield 55%). MS-FAB (/2): 1907.7 (M), 1817.5 (M — Br).

Experimental Section 1H NMR (THF-dg): ¢ 1.33 (s, br, 72H, Ch), 7.06, 7.39 (br,

Materials. Reference compounds silicon 2,3-naphthalocya- 12H, phenoxy), 8.17, 8.28 (br, 8H on C-2), 10.81 (br, 8H on
nine bis(trinexylsilyl oxide) (SiNc) and zinc tetraphenylpor- C-4) ppm.13C NMR (THF-dg): 6 30.7 (CH), 34.9 (CCH),
phyrin (ZnTPP) were purchased from Aldrich and Alfa Aesar, 114.6 (br, C-8, C-10), 118.9 (br, C-2,C-4), 134.2 (br, C-3, C-5),
respectively, and were used without further purification. 135.3 (br, C-6), 153.3 (br, C-7), 155.5 (br, C-1) ppm.

Synthesis. Naphthalocyanined. and 2 were synthesized Synthesis ofl.. A mixture of 3 (190 mg, 0.1 mmol), triz-
through the direct reaction of the corresponding dihydroxy hexylchlorosilane (96 mg, 0.3 mmol), imidazole (20 mg), and
silicon complexes dihydroxysilicon(ll) 3(4),12(13),21(22),30- DMF (3 mL) was stirred at room temperature for 24 h. The
(31)-tetrabromo-4(3),13(12),22(21),31(30)-tetrakis(3, edi- resultant mixture was concentrated under vacuum with a rotary
butylphenyloxy)naphthalocyanine [BBu,PhO}NcSi(OH), 3] evaporator. The residue was chromatographed on silica gel using
for 1 and dihydroxysilicon(ll) 3,4,12,13,21,22,30,31-octabro- a mixture of dichloromethane/tetrahydrofuran (98:2, v/v) as the
monaphthalocyanine [BNcSi(OH), 4] for 2, with an excess eluent. The first green fraction was collected, vacuum-dried,
of tri-n-hexylchlorosilane in DMF. and weighed. A 180 mg portion dfwas obtained (yield 72%).

Synthesis 08. 6-Bromo-7-[(3,5-ditert-butyl)phenoxy]-1,3- Tetrabrominated naphthalocyanifighus prepared is actually
diiminobenzof]isoindoline 6) was prepared from 6-bromo-7-  a mixture of regioisomers that differ in the relative position of
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SCHEME 2 12H, CHSi), 0.90 (br, 18H, Ch), 1.30 (br, 48H, CH), 8.18,
HN 8.26 (br, 8H on C-2), 10.83 (br, 8H on C-4) ppAiC NMR
Br (THF-dg): 0 14.0-32.1 (hexyl C), 118.9 (br, C-2, C-4), 134.2
HN |OO (6) (br, C-3, C-5), 135.3 (br, C-6), 155.5 (br, C-1) ppm.
Br Photophysical MeasurementsUV —vis spectra were mea-
HN sured with an Agilent 8453 U¥vis spectrophotometer using

a 10 mm thick quartz cuvette. Benzene was used as the solvent.
Steady-state fluorescence spectra at room temperature and 77

SiCly K were measured on a SPEX Fluorolog-3 fluorimeter and
o phosphorimeter. The excitation wavelength was selected in
quinoline, 195 °C 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
(A = 355 nm) of a Quantel Brilliant Nd:YAG laser was used
as the excitation beam. The laser pulse width was 4.1 ns, and

@
A
@

B /N/ N or'xﬁ 54 321 g the frequency of the laser was adjusted to 3.3 Hz. The average
N_E‘;(_N energy of a single pulse was3 mJ. The concentrations of
Br ~ho”} ) Br complexesl and2 in benzene were typically on the order of

N~"y-N 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
(e7) for Nc’s 1 and2 in benzene were measured by the singlet

OO

Br B depletion method and calculated using the following equation:
16
(4)
e AODy]
the two substituents (bromide and 3,5telit-butylphenoxy). “r = TAOD; 1)

However, further chromatographic separation of these isomers

was not conducted since the photophysical properties investi-\yhere AODs and AOD; are the absorbance of the triplet
gated should not be affected by the relative position of the transient difference absorption spectrum at the minimum of the
substituents at the naphthalocyanine ring. MS-FAB/Z: bleaching band and the maximum of the positive band,
2472.9 (M"). *H NMR (THF-dg): ¢ 0.56 (br, 12H, CHSi), respectively, ands is the ground-state molar extinction coef-
0.90 (br, 18H, CH), 1.30 (br, 48H, CH), 1.38 (s, br, 72H, ficient at the absorption band maximum.

phenoxy CH), 7.08, 7.38 (br, 12H, phenoxy), 8.18, 8.26 (br,  The quantum yields of the triplet excited-state formatidr)

8H on C-2), 10.83 (br, 8H on C-4) pprt’C NMR (THF-dg): for Nc's 1 and 2 were determined using the comparative
0 14.0-32.1 (hexyl C), 30.7 (Ch), 34.9 (C-CHg), 114.6 (br,  method!” SiNc in benzenedt = 0.204 0.03,e1.500= 53 400
C-8, C-10), 118.9 (br, C-2, C-4), 134.2 (br, C-3, C-5), 135.3 -1 cm1) was used as the refererfeAll the samples were

(br, C-6), 153.3 (br, C-7), 155.5 (br, C-1) ppm. optically matched at the excitation wavelength, and the triplet
Synthesis of. Silicon tetrachloride (114L, 1 mmol) was  excited-state quantum yields were calculated using the following

added to a solution of 6,7-dibromo-1,3-diiminoberilispin- equation:

doline @) (433 mg, 1.3 moB?ain freshly distilled chinoline (2

mL) under an argon atmosphere (Scheme 2). The mixture was AODS

heated to 210C and stirred for 2 h. The resultant product was P = CD?f r;% (2)

slowly cooled and refluxed in 2 mL of water for 20 min. The AOD;" €7

mixture was cooled, washed with ether (4 mL), and filtered.
The solid was then washed with 2 mL of ether twice. The dark Where AOD} and AODY" are the maximum optical density
green solid4 was vacuum-dried and weighed (0.57 g, yield changes during transient absorption due to the trigigplet
73%). MS-FAB (m/2: 1406.2 (M), 1327.1 (M — Br). H transition of the studied sample and the reference, respectively,
NMR (THF-dg): 6 7.06, 8.17, 8.28 (br, 8H on C-2), 10.81 (br, €f' andéS are the molar extinction coefficients of this transi-
8H on C-4) ppm13C NMR (THF-dg): 6 118.9 (br, C-2, C-4), tion at the wavelength where QIis observed for the reference
134.2 (br, C-3, C-5), 135.3 (br, C-6), 155.5 (br, C-1) ppm. and the sample, respectively, adﬂff is the triplet excited-
Synthesis o2. A mixture of 4 (280 mg, 0.2 mmol), tria- state quantum yield of the reference.
hexylchlorosilane (160 mg, 0.5 mmol), imidazole (40 mg), and  Singlet Oxygen Quantum Yield Measurement.The emis-
dimethylformamide (5 mL) was stirred at room temperature for sion of singlet oxygen produced during the sample excitation
24 h. The resultant mixture was concentrated under vacuumprocess was measured using a LP900 singlet oxygen spectrom-
with a rotary evaporator. The residue was chromatographed oneter. All measurements were carried out at room temperature
silica gel with a mixture of dichloromethane/tetrahydrofuran (95: in air-saturated benzene solutions. A liquid-nitrogen-cooled
5, v/v) as the eluent. The first green fraction was collected, germanium (Ge) detector was used to monitor the emission
vacuum-dried, and weighed to give 280 mg2ofyield 71%). signal in the NIR spectral range. Sample excitation was provided
MS-FAB (m/2: 1972.9 (M). IH NMR (THF-dg): 6 0.56 (br, by the third-harmonic output (355 nm) of the Nd:YAG laser
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described in the previous section with the repetition rate set at 1.2x10°
1 Hz. The average energy of a single laser pulse was 2 mJ. The
concentrations of all samples were adjusted to obtain the same )
absorbanceA) value of 0.5 at 355 nm. The singlet oxygen £ 9.0x10
: - . £
guantum yield was then determined by the comparative méthod. )
The integrated singlet oxygen emission intensityt @hd2 was 3 4
) g 6.0x10
compared to that of the optically matched reference sample 3
(SiNc, @, = 0.194 0.02)#" and the singlet oxygen quantum -
yield was then calculated according to the following equation: 3.0x10°
S
@y = o s e © e T
GrAef 300 400 500 600 700 800 900
Wavelength (nm)
where G, is the integrated singlet oxygen emission intensity
andA is the absorbance at 355 nm. The suffixes “s” and “ref’ 1240 ©
refer to the sample and the reference, respectively. ’
Nonlinear Transmission MeasurementsThe experimental 9,0x10"
setup for nonlinear transmission measurements has been de- ~
scribed previously® The second harmonic of a 4.1 ns, Q- 5
switched Quantel Brilliant Nd:YAG laseil (= 532 nm) was 'Lg 6.0x10"
used as the light source. The frequency was set at 10 Hz. The |
laser beam was focused by &irr 30 cm planoconvex lens to % :
the center ba 2 mmthick quartz cuvette that contained the 3.0x10°
sample solution. The radius of the beam waist was ap-
proximately 75um. Two Molectron J4-09 pyroelectric probes 00 ) , X ) )
and an EPM2000 energy/power meter were used to monitor 300 400 500 700 800
the incident and output energies. Wavelength ( nm)

Z-Scan Measurements The Z-scan experimental setup has  figyre 1. (a) Uv—vis absorption spectra df and2 in benzene. (b)
been described previously.The Quantel Brilliant Nd:YAG Spectral variation o€ with concentration@) for 2 in benzene:C =
laser with a pulse width of 4.1 ns and a repetition rate of 10 Hz 2.3 x 10~* mol/L (solid line); C = 1.6 x 1075 mol/L (dashed line)C
and an EKSPLA PG401 optical parametric generator (OPG) = 4.0 x 107 mol/L (dashee-dotted line).
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 4in at the focal point, respectively.
These beam waists result in Rayleigh lengths= w2,
wherewy is the radius at the beam waist) of 6.4 and 10.4 mm,
respectively. Thereforea 1 mm cuvette was used for the
nanosecond Z-scan measurements @ar2 mmcuvette for the

298 K ., —1

=
s
N

Normalized Fluorescence Intensity

0.0 T T T T T
picosecond measurements. The energies used for the nanosecond 760 780 800 820 840
and picosecond Z-scan measurement were 6.0 andlip8lse, Wavelength (nm)
respectively. Figure 2. Normalized fluorescence spectra dfand 2 at room
) ) temperature in benzene. The excitation wavelength is 695 nm for
Results and Discussion and 696 nm for.
Electronic Absorption Spectra. 1and2 exhibit similar UV— structure with a progression spacing of 611 ¢rfor 1 and 629

vis absorption spectra (shown in Figure 1). The Q-band displays cm™ for 2. The shape of the emission spectra is almost a mirror
a vibronic progression with the most intense peak appearing atimage of the Q-band of the UWis absorption spectra, and

782 nm forl and 781 nm fo2. The maximum of the B-band  the vibronic progression spacing of the emission spectra
is located at 358 and 361 nm fdrand 2, respectively. Both coincides with the spacing separation between the Q(0,0) band
complexes obey Beer’s law in dilute solutions, i.e., ¥.4076 and the Q(0,1) band. These features imply that the emission
to 2.4 x 1074 mol/L for 1 and 4.0x 107 %to 4.5x 1072 mol/L observed at room temperature originates from the first singlet
for 2. Octabrominated compleX displays a broadening of the  excited state; namely, it is fluorescence. This notion is supported
Q(0,0) band and a decrease of thealue when the concentra- by the emission lifetime measurement of these two complexes.

tion is increased from 4.5 107°to 2.3 x 10~* mol/L (Figure As listed in Table 1, the emission for both complexes exhibits
1b). This indicates the occurrence of molecular aggregation for a biexponential decay, with a shorter lifetime-e2 ns and a
naphthalocyanin® even at these concentration valdés!4A longer one of~6 ns.

similar phenomenon is observed for complexbut at much The time-resolved emission spectra at 77 K were obtained
higher concentrations, i.eG = 2.4 x 10~ mol/L. by using the spectral mode of the LP920 laser flash photolysis

Emission.Figure 2 displays the steady-state emission spectra spectrometer, and the samples were excited at 355 nm. Figure
of 1 and2 at room temperature. Both spectra exhibit a vibronic 3 shows the spectra of, which exhibit a clear vibronic
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TABLE 1: Emission Data of 1 and 2 in Benzene
COMPIEX  en/nM (tyNSF (298 K)  Jen/nm (dusy (77 K) 0.04
1 789 (2.50, 75%); 785 (34.0), 830 (28.0), 0.02
6.47, 25%), 829 890 (30.0) ’
2 787 (2.16, 73%); 782 (30.0), 830 (27.0),
5.76, 27%), 828 884 (28.0) 8 000
|
aThe excitation wavelength is 695 nm f@rand 696 nm for2 in
benzene® The excitation wavelength is 355 nm. -0.02
0.016
77K —O0us -0.04
—_ 1 L 1 " 1 " 1 " 1
3 o012l 400 500 600 700 800
E ' Wavelength (nm)
.‘2‘
2 0.008}
£
c
k]
2
2 0004
w
0.000 -

750 800 850 900 950 1000
Wavelength (nm)

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

-0.06 : L L
progression and a mirror image shape of that of the Q-band in 400 300 600 700 800

its UV—vis spectrum. The emission peaks are almost identical Wavelength (nm)

to those measured at room temperature. Therefore, the low-Figure 4. Time-resolved triplet transient difference absorption spectra
temperature emission is also attributed to fluorescence. However,g]fctéri?]‘zzs'gsbggzgzgi't;?oent'me listed in the figures is the time delay
due to the reduced nonirradiative decay at 77 K, the emission )

lifetime is significantly increased. It is about 3Q:g for 1. The TABLE 2: Triplet Excited-State Parameters of Complexes 1
octabrominated comple® exhibits similar features with a  and 2 in Benzene

lifetime of 28.3us (see Table 1) at 77 K. complex Ari_t/nm s e/M-lemrl dr @,
Triplet Excited-State Characteristics. The time-resolved 1 610 67 99960 010 0.16

triplet transient difference absorption spectralofind 2 in 2 610 49 (89%),2.3 (11%) 94220  0.13 0.16

degassed benzene were obtained with an Edinburg LP920 laser

flash photolysis spectrometer. As shown in Figuré éxhibits ground state. This method has been used successfully for group

a pOSitiVG band between 390 and 690 nm, while the positive 1A phtha|0cyaninesi group IA naphtha|ocyaniﬁéand group
band of2 is broader, extending from 375 to 730 nm. On the |||A phthalocyanineg? The extinction coefficients and the triplet
other hand, both complexes show similar negative bands from excited-state quantum yield$>¢) are listed in Table 2. It is
680 to 820 nm, which are due to the bleaching of the Q-band. clear that the triplet quantum yield f@is larger than that of
From the decay of the transient absorption, the lifetime of the 1. This is likely the result of the heavy-atom effect. The large

lowest triplet excited-state is extrapolated. Complexhibits number of heavy bromine atoms in the peripheral ring induces
a monoexponential decay with a lifetime of 6% atAri—mn = the fast intersystem crossing and thus increases the quantum
610 nm. In contrast, compleXexhibits a biexponential decay vyield of formation of the triplet excited state.

at 610 nm, with a longer lifetime of 49s (94%) and a shorter Singlet Oxygen Generation Many metallophthalocyanines

one of 2.3us (6%). The shorter lifetime o2 could possibly  and metallonaphthalocyanines have been reported to generate
arise from the aggregated species that is more feasible to formsinglet oxygen 1Ag), which is generally recognized as a key
in 2 due to the lack of bulky phenoxyl peripheral substituents intermediate in photodynamic therapy (PDT), through energy
and the higher polarity of the €Br bonds?%* The presence  transfer from their triplet excited states to the ground-state
of eight heavy peripheral bromides also leads to a rapid oxygen £3,7). This process enables these complexes to be
intersystem crossing from the first singlet excited state to the promising photosensitizers for PDT applicatidhd3The singlet
first triplet excited state and thus a rapid transition from the oxygen quantum yield #,) measures the efficiency of a
triplet excited state back to the ground state as well. Subse-photosensitizer to generate singlet oxygen. It usually relates to
quently, the lifetime of the triplet excited state decreases as thethe triplet quantum yieldb+, triplet lifetime 7+, triplet energy
number of peripheral bromide substituents increases, which iSg;, and energy transfer efficiency from the triplet excited state
known as the heavy-atom efféét2° Similar results have been  of the sensitizer to the ground state of molecular oxytjen.
observed for octabrominated porphyrins as W#ll. As described in the Experimental Section, the singlet oxygen
The extinction coefficient for the triplettriplet absorption generation was monitored by measuring the emission of the
(er) was measured and calculated using the singlet depletionsinglet oxygen at 1270 nm. As shown in Figure 5, a weak signal
method!® The measurement of the depopulation was made in was observed in an air-saturated benzene solution of complex
correspondence with the Q-band, where the extinction coef- 2 at 1270 nm. This signal disappears upon degassing with argon.
ficients of the excited states (both singlet and triplet) are A similar phenomenon was also found for compléxn a
reasonably assumed to be negligible compared to that of thebenzene solution. Therefore, the generation of singlet oxygen
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Figure 5. Emission spectrum of singlet oxygen generated2biy Figure 6. Nonlinear transmission curves &fand?2 for nanosecond
benzene at room temperature: Ar-saturated solution (solid line); air- Pulses at 532 nm. The linear transmission at 532 nm for both solutions
saturated solution (dashed line). is adjusted to 80%. The cuvette used is 2 mm.

stronger nonlinear transmission. Due to the larger ground-state
bsorption ofl and 2 at 532 nm, the nonlinear transmission
ehavior 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 pulsed3 To measure the contribution from nonlinear
refraction ofl and2 and to quantitatively determine the excited-
state absorption cross-sections, Z-gaxperiments are con-
ducted.

In a Z-scan experiment, the nonlinear absorption and non-
ear refraction can be measured simultaneously. Nonlinear
refraction is measured through a closed-aperture Z-scan, and
o complexss suggets ht he cnergy ranstr ffieny rom 211" "SI 5 “hianss, v 20 openseerre
the trlp!et excited staFe tp the grou_nd-statg oxygen |_3 qwtg high. phase change\®g) of a laser beam when it propagates through
Nonlinear Transmission. The triplet-triplet transient dif- 3 nonlinear medium, which is related to the nonlinear refractive

ference absorption spectra (Figure 4)Laind2 exhibit a positive  index (1) and the nonlinear refractive cross-sectiom) (
absorption at 532 nm, indicating that the excited-state absorptiongf 5 third-order nonlinear optical material by the following

of both complexes is stronger than that of the ground state. In gqyatior?s:26
addition, both complexes possess a long-lived triplet excited

is clearly evident. The singlet oxygen quantum yieleh] was
then measured by a comparative method as described in th
Experimental Section, and the results are listed in Table 2.
Complex2 exhibits the same quantum yield of singlet oxygen
generation as complet although the triplet excited-state
quantum yield o is higher than that of. This indicates that
the variation of the number of peripheral bromides has a
negligible effect on the®, value and the energy transfer
efficiency G = ®A/Pr) from the triplet excited state to ground-
state oxygen fo® is lower than that ofl.

It is worthy of mention that the calculaté&d 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 calculding
The singlet depletion method usually gives a high limit for the
value ofet.1624The higher value beyond expectation is probably
due to the ground-state extinction coefficients that are not lin
negligible at the transient absorption spectrum band maximum
(4 = 610 nm). Nevertheless, the near-unity valu&ofor these

state. In this case, reverse saturable absorg#iéii.e., the AW =
' e n = (ADHA27L 4l 4
increase of absorbance with the increase of incident energy, is ATIW) = (ADy) eff’0 “)
expected for nanosecond laser pulses. a
As shown in Figure 6, the transmittancelofind2 decreases Ad, = %orFOLeﬁ (5)

with the increase of the incident fluence at 532 nm. The
threshold of the nonlinear transmission, defined as the incidentwhereLey = (1 — e€*)/a is the effective beam path with as
fluence at which the transmittance starts to deviate from the the linear absorption coefficient arglis the on-axis ( = 0),

linear transmittance, is 0.4 J/érfor 2 and 0.8 J/crhfor 1. The peak ¢ = 0) irradiance with the nonlinear medium at the focal
transmittance drops to 56% when the incident fluence increasesplane Z = 0). For a Gaussian spatial and temporal distribution,
to 1.8 J/cm for 2 and 70% forl at a similar incident fluence. lo = 4(In 2)Y2E 4o/ (13)Y2wo?r andFo = 2Ealmwo?, WhereEpal

Octabrominated naphthalocyani@eshows stronger nonlinear s the incident energy on the sample after the reflection from
transmission than tetrabrominated complea¢ 532 nm, which the front surface of the cell is taken into accouny;s the radius
coincides with the larger triplet excited-state quantum yield. of the beam waist at the focal point, ands the pulse width
Although complexi has a longer triplet lifetime than complex  (full width at half-maximum). For a Gaussian beam Z-sasfb,

2, this lifetime is not the determining factor for the nonlinear can be obtained from the fitting of the normalized nonlinear
transmission of nanosecond laser pulses as long as the excitedrefraction curve (closed-aperture/open-aperture) using the fol-
state lifetime is longer than the laser pulse width. The stronger lowing equatiorg®

nonlinear transmission observed fris probably due to the

larger ratio of excited-state absorption to ground-state absorption 4(AP)(Zz,)

cross-sections at 532 nm, although the slightly larger triplet T(zA®) =1~- > >
excited-state quantum vyield & could also contribute to its [(Z7)" + 1][(Z2)" + 9]

(6)
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Figure 7. Nanosecond Z-scan curves of completend?2 at 532 nm: (A) closed-aperture/open-aperture curve; ¢B) open-aperture curve of
2; (C) closed-aperture/open-aperture curvep{D) open-aperture curve &. The pulse energy used in the experiment is/&l0and the path
length of the cuvette is 1 mm.

Normalized Transmittance

1.10

1
550 nm
1.05
1.00 -
0.95
0.90
o
0.85 1 1 1 1 1
-60 -40 -20 0 20 40 60
Z (mm)

Normalized Transmittance

08} o

-60 -20 0

Z (mm)

60

Figure 8. Open-aperture Z-scan curves for completemd?2 using picosecond laser pulses. The pulse energy igJ,.&nd the cuvette used is

2 mm.

whereT is the normalized transmissionis the distance of the
sample relative to the focal plane, amg is the Rayleigh

length.

nonlinear refraction curve displays a pealalley shape fol
and a valley-peak shape foR, indicating thatl is a self-
defocusing material an@ is a self-focusing material for
nanosecond laser pulses at 532 nm. By fitting this curve with of the open-aperture curve using e§’Zyheredo = gegt[Fo(r
eq 6, the on-axis phase change can be obtained. The nonlinear
refractive indexn,, is then calculated to be2.3 x 107" m?Ww
for 1 and 3.3x 10~ m4W for 2, and the molecular nonlinear
refractive cross-section is obtained to-b#&.6 x 10718 cn¥ for
land 2.2x 10718 cn? for 2. Therefore, variation of the number
of peripheral bromide substituents changes not only the sign of This gives rise t@ex = 2.7 x 10718 cnm? for 1 andoex = 1.9 x

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

From the open-aperture Z-scan data, a significant transmission
As shown in Figure 7 for a nanosecond Z-scan, the pure 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

%

T=In(1+

o
1+ xz)/(l + xz)

(7)

= 0)]Lef/2hw, With Leg = (1 — e7Y)/a andFo = 2Eiotalmwo?.
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TABLE 3: Singlet Excited-State Absorption Cross-Sections 57, 4513-4518. (c) Kobayashi, N.; Nakajima, S. I.; Osa,lfiorg. Chim.
of 1 and 2 at Different Wavelengths Measured by Acta 1993 210 131-133. (d) Yousaf, M.; Lazzouni, MDyes Pigments
Picosecond Z-Scans 1995 28, 69-75. (e) Guyon, F.; Pondaven, A.; Kerbaol, J.-M.; L'Her, M.
Inorg. Chem1998 37, 569-576. (f) Andzelm, J.; Rawlett, A. M.; Orlicki,
A (nm) 05 (1078 cn®) J. A.; Snyder, J. F.; Baldridge, K. K. Chem. Theory Compl2007, 3,
1 532 80 870-877.

(2) (a) Wang, N. Q.; Cai, Y. M.; Heflin, J. R.; Wu, J. W.; Rodenberger,

550 12.0 D. C.; Garito, A. F.Polymer1991 32, 1752-1755. (b) Wiliams, G. R. J.
2 532 4.3 J. Mol. Struct.: THEOCHEM.995 332, 137-140. (c) Swatton, S. N. R.;
570 11.0 Welford, K. R.; Hollins, R. C.; Sambles. J. Rppl. Phys. Lett1997 71,
600 21.0 10-12. (d) Shirk, J. S.; Pong, R. G. S.; Flom, S. R.; Bartoli, F. J.; Boyle,
650 29.0 M. E.; Snow, A. R.Pure Appl. Opt1996 5, 701—707. (e) Nalwa, H. S.;
Hanack, M.; Pawlowski, G.; Engel, M. KChem. Phys1999 245 17-26.
10718 cn? for 2, whereoy is determined byt = 10730gNAC. (f) Pittman, M.; Plaza, P.; Martin, M. M.; Meyer, Y. HOpt. Commun.

For nanosecond laser pulses, the nonlinear absorption is usuall%9_9'§| 158 SZOé—?éZ- (Q)Fz'iagag, Md; Séﬁ,‘”e”gé géoBarthel'zl\:;lé;—Szgigr;k’ J.
dominated by the triplet excited-state absorption. Therefore, the Roborteon 1 - et - Dg&én T iom o Bgurhi” o,

resultingoex should mainly be attributed tor. It is noteworthy Phys. Lett.2001 78, 1183-1185. (i) Unnikrishnan, K. P.; Thomas, J.;
that the theoretical curve does not fit well to the experimental ;llaénr(’jt)mdh \‘/k P-hN-: Vzllfsllobh«’_:lrr;‘ C. P-JGIi:\lem- Phy_S»Z\?OF% ?\I?&VZ?F—bh
H H H HRC . nnikrisnnan, K. P.; omas, J.; Nampoori, V. P. N.; Vallabhan,
data of2, especially for_ the data p_omts obtained at the v_|cm|ty C. P. G.Opt. Commun2002 204 385390, (k) Chen, Y. O'Flaherty, S.
of the focal plane. This could arise from the contribution of = Fyjitsuka, M.; Hanack, M.; Subramanian, L. R.; Ito, O.; Blau, WCHem.
higher excited state/$2 or alternatively, it could be due to a  Mater. 2002 14, 5163-5168. (I) Yang, G. Y.; Hanack, M.; Lee, Y. W.;
; itad- i i i Chen, Y.; Lee, M. K. Y.; Dini, D.Chem—Eur. J. 2003 9, 2758-2762.

ijnarryc_(l?f exgtlte.d St%tetroqu.gpon that Isdn?ttLalien mt(.)daccotl;]nt (m) Fu, G.; Yoda, T.; Kasatani, K.; Okamoto, H.; Takenak&gith. Met.
ineq /. 1o obtain a better htung, a model that considers the 5005 155 68-72. (n) Chen, Y.; Hanack, M.; Araki, Y.; Ito, CChem.
decay and population of multiple excited states should be built Soc. Re. 2005 34, 517-529. (0) Nalwa, H. S.; Kakuta, A.; Mukoh, A.
up. Phys. Chem1993 97, 1097-1100. (p) Sun, W.; Wang, G.; Li, Y.; Calvete,

; _ : . J. F.; Dini, D.; Hanack, MJ. Phys. Chem. R007, 111, 3263-3270.
The picosecond Z-scan h_as also been carried out for thgs o) De I Torre, G.; Vazquez, P.; Agullo-Lopez, F.: ToresChem. Re.
two complexes at several different wavelengths. As shown in 2004 104 3723-3750. (1) O'Flaherty, S. M.; Hold, S. V.; Cook, M. J.;
Figure 8 forl and 2 at 550 and 600 nm, respectively, both Torres, T.; Chen, Y.; Hanack, M.; Blau, W.Adv. Mater. 2003 15, 19~
complexes exhibit reverse saturable absorption for picosecond3?-

- . (3) (a) Hanack, M.; Deger, S.; Keppeler, U.; Lange, A.; Leverenz, A;

Iaser_ pulses. However, nonlinear r(_ef!ractlon was not observedRem’ M. Synth. Met1987, 19, 739-744. (b) Hanack, M.; Linge, A.; Rein,
for either of these two samples. Fitting of the open-aperture M.; Behnisch, R.; Renz, G.; Leverenz, Synth. Met1989 29, 1-8. (c)
curves with eq 7 produces a value @f that mostly depends Bo.uvet, M,; S!mon, JChem. Phys. Letfl99Q 172, 299-302. (d) Hanack,
on the absorption cross-section of the singlet excited stgfe ( '\S/I ,hgﬂgﬁimg;?,fﬁh";‘,l";ﬁgftg'zMzeﬁfgég,“s' 59-70. (e) Hayashida,
The g, values forl and2 at different wavelengths are listed in " (4) (a) Darwent, J. R. Douglas, P.; Harriman, A.; Porter, G.; Richoux,
Table 3. It is evident that the singlet excited-state absorption M. C. Photochem. Photobioll987, 45, 535-538. (b) Zuk, M. M.; Rihter,

cross-section increases with the wavelength in the wavelengthB: D.; Kenney, M. E.; Rodgers, M. A. J.; Kreimer-Birnbaum, M.
9 9 Chromatogr., BL991, 568 437—444. (c) Jori, GJ. Photochem. Photobiol.,

range examined. A 1992 62, 371-378. (d) Krasnovsky, A. A.; Rodgers, M. A.; Galpern,
C uSi M. G.; Rihter, B.; Kenney, M. E.; Lukjanetz, E. Rhotochem. Photobiol.
onclusions 1992 55, 691-696. (e) Zuk, M. M.; Rihter, B. D.; Kenney, M. E.; Rodgers,

The photophysical parameters and nonlinear optical properties?]{')- Qr-;stiTe’\fl'BiL”baLé”Sv _’F"-fholfg%h‘lfgﬁs- F;]Otgbglﬁgéz 59Mg?;n720- S
. " . seur, N.; Nguyen, T. L, glois, R.; Ou Ry g0, S
of two newly synthesized silicon naphthalocyanines, namely, 1y, 4e b .: Van'Lier, J. £J. Med. Chem1994 37, 415420 (g) Ford.
tetrabrominated B(tBu,PhO}NcSi[OSi(Hex}]. (1) and oc- W. E.; Rihter, B. D.; Kenney, M. E.; Rodgers, M. A.Z.Am. Chem. Soc.
tabrominated BNcSi[OSi(Hex}]. (2), have been investigated. 1989 111, 2362-2363. (h) Firey, P. A.; Ford, W. E.; Sounik, J. R.; Kenney,

; I s M. E.; Rodgers, M. A. JJ. Am. Chem. Sod.988 110, 7626-7630. (i)
In particular, the molar extinction coefficients of the ground Marengo, S.: Houde, D.. Brasseur, N.: Nguyen, T. L.: Ouellet, R.. Van

and excited states, the quantum vyield of the excited-state jer, 3 E.J. Chim. Phys. Phys.-Chim. Bidl994 91, 1211-1218.
formation, the lifetime of the triplet excited state, the singlet (5) (a) Darwent, J. R.; Douglas, P.; Harriman, A.; Porter, G.; Richoux,

oxygen generation quantum yield, and the transient absorptionM. C. Coord. Chem. Re 1982 44, 83-126. (b) Dieng, M.; Contamin, O.;

spectra ofL. and2 were measured and calculated. The increased E‘?Vé’oméaﬁf”gc.h'sr%afgﬁgzaé .3g’a%,21_,v|1.2§'/éﬁ) d'if:]oﬂéﬁ;'; gc.)o;\;gg 3

number of peripheral bromides frorh to 2 results in the Verbist, J. JJ. Electroanal. Chem199Q 289, 189-201.
shortening of the triplet excited-state lifetime and the increase  (6) (a) Hayashida, S.; Hayashi, Bynth. Met1991 41, 1243-1248.

of the quantum yield of the triplet excited-state formation, as () ?7a)y?/s()r|](i:clj(z‘rSA.; %‘{?Ehh "J':hesrzhm%tteg?%lraie?ﬁg%hem Phys
expected on the basis of the heavy-atom effect. The enhanceq o 1959 159 103-108. T o ' '

nonlinear transmission behavior of the octabrominated complex  (8) Yousaf, M.; Lazzouni, MDyes Pigmentd 995 27, 297—303.
2 could be ascribed to the increased ratio of the triplet excited-  (9) Hisao, Y.; Takashi, K.; Michio, AJ. Appl. Phys1993 73, 3812~

state absorption to ground-state absorption cross-sections?S%fd) Turukhin. A. V.- Gorokhovsky. A. A Moser. C.- Solomatin. |
although the slightly increased triplet _e_xcned-state quantum yield V.: Psaltis, D.J. Lumin.200Q 86, 399_3’;105;. N T T
of 2 could also play a role. In add|t|0n, the variation of the (1]_) Waddell, E.; Wang, Y.; Stryjewski’ W.; McWhorter, S.; Henry, A.
peripheral bromide substituents influences both the sign and thegé;ll;vans, D.; McCarley, R. L.; Soper, S. Anal. Chem200Q 72, 5907~
][nagthde of tgel non“nelar refrascélgn of these two complexes (1é) (a) Wheeler, B. L.; Nagasubramanian, G.; Bard, A. J.; Schechtman,
or nanosecond laser pulses at nm. L. A.; Kenney, M. E.J. Am. Chem. S0d.984 106 7404-7410. (b) Ford,
. . W. E.; Rodgers, M. A. J.; Schechtman, L. A.; Sounik, J. R.; Rihter, B. D.;
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