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Photophysical and two-photon-dependent nonlinear absorption properties of two chloroindium(IIT)
phthalocyanines bearing pyrene units have been investigated. The tetra- (3) and the tri- (4) pyrene-
substituted phthalocyanines exhibit strong triplet absorption with high triplet yields (®1) of 0.79 and
0.83, respectively. The measured nonlinear optical data, such as the two photon absorption
cross-sections, the third- and second-order nonlinearities were found to be comparable with those of
literature, thus, making the compounds promising candidates for a broad range of nonlinear optical
applications.

Keywords: Indium phthalocyanine; Pyrene; Two-photon absorption; Limiting threshold; Z-scan;
Nonlinear optics

1. Introduction

Metallophthalocyanines (MPcs) have been a subject of extensive study because of their
diverse applications in areas such as dye-sensitized solar cells [1], photodynamic therapy of
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cancer [2], electrocatalysis [3], optical sensors [4, 5], and nonlinear optics [6, 7]. Most of
the properties exhibited by this family of compounds are dependent on their extensive
delocalized 18z-electron systems which can bring about interesting photophysical properties
[8, 9].

In the current work, we prepared from the previously reported tetraaminophenoxy indium
(IIT) Pc (1) [10], tetra- (3) and tri- (4) substituted indium(III)-based phthalocyanines, bearing
pyrene moieties (scheme 1). Phthalocyanines bearing pyrene substituents are known
[11, 12], however, their nonlinear optical (NLO) behaviors have not yet been reported.

reflux |dry EtOH
80-85°C
4 days

Scheme 1. Synthesis of pyrenophenoxy InPcs, 3 and 4.
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Improved photophysical properties of pyrene monosubstituted Zn phthalocyanine with an
imine bridge separating the Pc ring and the pyrene moiety has been reported [13]. An
improvement in photophysical properties is expected to result in enhanced NLO behavior.
In 3 and 4, the pyrene moieties are separated by phenoxy bridges. Owing to the higher
number of pyrene moieties in the current Pcs compared to earlier reported pyrene monosub-
stituted Zn phthalocyanine, which has only one pyrene unit [13], significant enhancement
in the photophysical properties than what was previously observed [13] is expected. A good
understanding of the photophysical behaviors of these complexes, such as the singlet- and
the triplet-state behaviors, would be useful in understanding their NLO properties. The past
work showed the importance of asymmetry on the photophysical, photochemical, and opti-
cal limiting properties of phthalocyanines [13—15]. Hence in this work, we compared the
NLO and the photophysical properties of symmetrical (3) and asymmetrical (4) pyrene-
substituted indium(IIT) Pcs (scheme 1). Both Pcs possess heavy indium(III), thus giving an
efficient intersystem crossing (ISC) from the singlet to the triplet state as a consequence of
strong spin—orbit coupling [16, 17], which also improves their optical limiting properties
[7, 18, 19]. Our aim, therefore, is to investigate the photophysical and nonlinear optical
properties of these new phthalocyanine derivatives and compare the results with those of
previously reported, 1 to show their relative suitability for applications in optical limiting.

2. Experimental

2.1. Materials

The synthesis of 2(3),9(10),16(17),23(24)-tetrakis-(4-aminophenoxy)-phthalocyaninato
indium(III) chloride (1) has been reported [10]. Zinc phthalocyanine (ZnPc), spectroscopic
dimethyl sulphoxide (DMSO), chloroform and pyrene-1-carboxaldehyde (2) were obtained
from Sigma Aldrich. Deuterated DMSO-ds was obtained from Merck. Absolute ethanol
(abs. EtOH), n-hexane, methanol (MeOH), and acetone were purchased from SAARCHEM.
All solvents were of reagent grade and dried before use.

2.2. Equipment

Infrared spectra were collected on a Perkin-Elmer universal ATR sampling accessory spec-
trum 100 FT-IR spectrometer. 'H NMR spectra were obtained using a Bruker AVANCE
600 MHz NMR spectrometer in DMSO-ds. Elemental analyses were done using a Vario-
Elementar Microcube ELIII, while mass spectral data were collected on a Bruker Auto-
FLEX III Smart-beam TOF/TOF mass spectrometer using a-cyano-4-hydrocinnamic acid as
the matrix in the positive ion mode.

All Z-scan experiments described in this study were performed using a frequency-
doubled Nd: YAG laser (Quanta-Ray, 1.5 J/10 ns fwhm pulse duration) as the excitation
source. The laser was operated in a near Gaussian transverse mode at 532 nm (second
harmonic), with a pulse repetition rate of 10 Hz and energy range of 0.1 uwJ-0.1 mJ, as lim-
ited by the energy detectors (Coherent J5-09). The low repetition rate of the laser prevents
cumulative thermal nonlinearities. The beam was spatially filtered to remove the higher
order modes and tightly focused with a 15 cm focal length lens. The Z-scan system size
(I x w x h) used was 600 mm x 300 mm x 350 mm (excluding the computer, energy meter,



Downloaded by [Institute Of Atmospheric Physics] at 15:20 09 December 2014

2914 K. Sanusi and T. Nyokong

translation stage driver, and laser system). The liquid samples were placed in a cuvette
(internal dimensions: 2 mm X 10 mm x 55 mm, 0.7 mL) and a path length of 2 mm (Starna
21-G-2).

The nanosecond laser flash photolysis set-up to investigate the excited-state properties
comprised of coupled laser systems, a Nd-YAG laser (already described above) pumping
Lambda-Physik FL3002 dye (Pyridin 1 dye in methanol) laser. The analyzing beam source
was a Thermo Oriel 66902 xenon arc lamp. A Kratos Lis Projekte MLIS-X3 photomulti-
plier coupled with a monochromator allows for selective excitation at wavelengths between
400 and 850 nm when required. Signals were recorded with a two-channel, 300 MHz digi-
tal real time oscilloscope (Tektronix TDS 3032C).

Ground state electronic absorption spectra were recorded on a Shimadzu UV-2550 spec-
trophotometer. Fluorescence emission spectra were recorded on a Varian Eclipse spectroflu-
orimeter. Fluorescence decay times were measured using a time correlated single photon
counting (TCSPC) technique (FluoTime 200, Picoquant GmbH). The excitation source was
a diode laser (LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz repetition rate, 44 ps
pulse width, Picoquant GmbH). The details of the set-up have been previously described
[20].

2.3. Synthesis

2.3.1. 2(3),9(10),16(17),23(24)-Tetrakis-(4-((pyren-1-yl)methyleneamino)-phenoxy)-
phthalocyaninato indium(III) chloride (3) (scheme 1). A mixture of 1 (0.10 g,
0.092 mmol) and 2 (0.094 g, 0.41 mmol) was refluxed in 3 mL dry EtOH at 80-85 °C
under an inert atmosphere for 4 days. The crude product was cooled to room temperature
and washed, respectively, in methanol, ethanol, n-hexane, and acetone by centrifugation,
and was allowed to dry in air. The product was thereafter purified over a silica gel column
using a DMF/EtOH mixture (2:1). Final purification of the compound was achieved by
Soxhlet extraction using ethanol, water, and acetone in succession. The product was thereaf-
ter dried, ground, and characterized.

Complex 3 yield: (65%). UV—vis (DMSO): An.x/nm (loge): 697 (5.16), 627 (3.47), 369
(5.18). FT-IR [ATR (Via/cm )]: 3039, 2916, 2856 (C—H aromatic), 1668 (C=N imine),
1602, 1471 (C=C aromatic), 1222, 1195 (C-0O-C), 945, 889, 822, 742, 714 (Pc-Skeleton).
"H NMR (600 MHz, DMSO-dg): 0 ppm: 7.00-7.20 (8H, m, phenyl-H), 7.50-7.56 (2H, m,
Pc-H), 8.10-8.25 (8H, m, phenyl-H), 8.27-8.30 (4H, m, Pc-H), 8.50-8.52 (4H, m, Pc-H),
8.63-8.68 (16H, m, pyr-H), 8.71-8.73 (8H, m, pyr-H), 8.75-8.78 (2H, m, Pc-H), 8.81-8.85
(8H, m, pyr-H), 8.87-8.90 (4H, d, pyr-H) 8.93-8.98 (4H, s, imine-H). Anal. Calcd for
C124HggN1,04ClIn (6H,0): C, 72.71; H, 3.94; N, 8.21. Found: C, 71.94; H, 3.97; N, 8.12.
MS (MALDI-TOF) m/z: Caled 1938; Found: 1936 [M—2H]".

2.3.2. 2(3),9(10),16(17)-Trikis-(4-((pyren-1-yl)methyleneamino)phenoxy)-2(3)-amino-

phenoxy phthalocyaninato indium(IIl) chloride (4) (scheme 1). The synthesis of 4 was
as outlined for 3, except that 0.060 g (0.26 mmol) of the pyrene (2) was employed for
0.10 g (0.092 mmol) of 1. The fraction of interest was obtained following a systematic
chromatographic separation using a 5:1 mixture of DMF/MeOH on a silica gel column.
The final purification of this fraction was done following the method described for 3 above.
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Complex 4 yield: (37%). UV—vis (DMSO): Ap./nm (loge): 699 (5.11), 632 (3.49), 365
(5.06). FT-IR [ATR (Va/cm ™ D)]: 3206 (N—H), 3043, 2922, 2856 (C-H aromatic), 1670
(C=N imine), 1604, 1497, 1473 (C=C aromatic), 1266, 1223, 1115 (C-O-C), 946, 890,
827, 742, 716, 681 (Pc-Skeleton). "H NMR (600 MHz, DMSO-dg): 6 ppm: 6.36-6.42 (2H,
br. s, -NH,), 7.11-7.14 (2H, m, phenyl-H), 7.18-7.21 (2H, m, phenyl-H), 7.32-7.38 (6H,
m, phenyl-H), 7.41-7.47 (2H, m, Pc-H), 7.63-7.68 (4H, m, Pc-H), 7.72-7.87 (6H, m, phe-
nyl-H), 7.89-8.19 (3H, m, Pc-H), 8.23-8.34 (12H, m, pyr-H), 8.38-8.44 (6H, m, pyr-H),
8.48-8.53 (3H, m, Pc-H), 8.57-8.63 (6H, m, pyr-H), 8.67-8.70 (3H, br. s, imine-H), 8.73—
8.75 (3H, d, pyr-H). Anal. Calcd for C;o7HgoN1,04ClIn (4H,0): C, 71.40; H, 3.81; N,
9.34. Found: C, 71.47; H, 3.35; N, 9.64. MS (MALDI-TOF) m/z: Calcd 1728; Found: 1730
[M + 2H]".

2.4. Photophysical parameters

Fluorescence (®r) and triplet (®1) quantum yields were determined in DMSO by the com-
parative methods described before [21-24] using ZnPc in DMSO as a standard. @ = 0.2
[22] and @1 = 0.65 [24] for ZnPc standard in DMSO. Fluorescence emission spectra were
obtained by exciting both the sample and standard at 610 nm. Triplet absorption and singlet
depletion curves were observed at 400 ps time delay. To ensure the two samples and stan-
dard absorb the same amount of photons, the wavelength of the source laser beam was set
at 680 nm, which is the position of intersection of the spectra of samples and standard, i.e.
the 4 at which they all have the same ground state absorption.

2.5. Z-scan measurements

The Z-scan experiment was performed according to the method described by Sheik-Bahae
et al. [25-27]. Assuming a Gaussian spatial and temporal pulse, and using the open aperture
(OA) Z-scan theory for multi-photon absorption (nPA) by Sutherland [28], the general equa-
tion for OA normalized transmittance can be written as [29],

1
1+ BoLeir (Too/ (1 + (z/20)°))

(1

Toa(2pa) =

where Iy is the on-focus incident peak intensity, 5, is the two photon absorption (2PA)
coefficient, L., z, and z, are the effective path length in the sample of length L, translation
distance of the sample relative to the focus, and Rayleigh length, respectively. Rayleigh
length is defined as mw? /A, where 4 is the wavelength of the laser beam and w is the beam
diameter at the focus (z = 0). L is given by equation (2):

1 — efacL

Lefr = 2)
where a is the linear absorption coefficient.

Equation (1) is an analytical expression for OA transmittance for two-photon absorbers,
where other terms such as three-photon absorption are ignored. The good agreement
between the experimental and theoretical 2PA transmittance was further substantiated by
plotting 1/T (1/transmittance) versus I, (incident intensity), equation (3), which is a standard
expression for a pure 2PA process in wavelength regions where there is no linear absorption
[30, 31],
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/T =1+ prg® L 3)

where f, is the 2PA coefficient as defined above, g is the degree of second-order coherence
of the laser pulses, I, is the incident intensity, L is the sample path length, and 7 is the trans-
mittance. The /3, values are those obtained from the fittings using equation (1).

The molecular 2PA cross-section o, (in units of cm®*sphoton™') is calculated from the
2PA coefficient (f3,) using equation (4) [30]:

~ 1000AvB,

NAC (4)

P
where Ny is the Avogadro number, C is the sample concentration, and /v is the energy of
an incident photon in joules.

The imaginary component of the third order susceptibility (/,.[x*)]) is given by equation

(5) [32]:
In[xY] = n*eocipy /2m (5)

where n and ¢ are the linear refractive index and the speed of light, respectively, ¢ is the
permittivity of free space, 4, and /3, terms are as described above.

Second-order hyperpolarizability (y) of the material was determined using equation (6)
[33]:

[m[X(3)]

B f4 CmolNA (6)

where N4 is the Avogadro constant as defined above, C is the concentration of the active
species in the triplet state per mole, and f is the Lorentz local field factor given as
f=@n*+2)3.

3. Results and discussion

3.1. Characterization of Pc complexes

Each of the pyrene-derivatized phthalocyanines, 3 or 4 was prepared according to the reac-
tion pathway shown in scheme 1. The compounds were characterized with spectroscopic
techniques such as the UV—vis, MALDI-TOF MS, IR, '"H NMR, and elemental analysis.
The complete disappearance of the —NH, vibrations at 3337 and 3233 cm' [10] in 3
clearly indicates the successful conversion of the four terminal amino groups in 1 to imine
functionalities. For the asymmetric 4, a weak broad band at ~3206 cm™' may be attributed
to the vibrational band of the only single terminal amino group in the molecule. Further-
more, the appearance of imine bands at 1668 and 1670 cm™' in the final products 3 and 4,
respectively [34], clearly indicate the formation of the target compounds.

The '"H NMR spectra of 3 and 4 in deuterated DMSO solution were observed as multi-
plets for the phenoxy protons between 7.00-8.25 and 7.11-7.87 ppm, respectively, which
on integrating gave 16 protons. The proton signals of the Pc rings for 3 and 4 were
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observed between 7.50-8.78 and 7.41-8.53 ppm, respectively, as multiplets, and which on
integrating gave 12 protons. The pyrene protons were observed between 8.63—8.90 for 3
and 8.23-8.75 ppm for 4, giving 36 and 27 protons, respectively, on integrating. A broad
singlet integrating for 4 and 3 protons, respectively, was observed for 3 and 4 and is attrib-
uted to the imine protons at 8.93—8.98 and 8.67-8.70 ppm, respectively. A broad singlet
attributed to the —-NH, protons around 6.36—6.42 was observed in 4. On addition of a small
amount of D,O to the sample, the —NH, protons for 4 were rapidly exchanged with the
added D,0, resulting in the disappearance of this peak from the spectrum, and thus con-
firming the assignment of this peak to the —NH, signal. In the mass spectra of 3 and 4, m/z
at 1936 and 1730 were observed, corresponding to [M —2H]" and [M + 2H]" molecular
ions, respectively. MPc complexes have been observed to fragment with molecular ion
peaks [M]", [M + #nH]" or [M —#H]" [35], hence the observed mass spectral data. The mea-
sured C, H, and N elemental data are consistent with hydrated Pcs, with 3 and 4 found to
contain 6 and 4 molecules of water, respectively. The measured elemental results are in
agreement with observations in the chemical literature that Pcs are often isolated as hydrates
[36], hence, confirming the purity of the final products.

The electronic absorption spectra of 3 and 4 are presented in figure 1. Typical of MPcs,
the characteristic Q-bands and B-bands were observed. The Q-bands of 3 and 4 were
observed at 697 and 699 nm, respectively (table 1). The B-band of 3 is almost as intense as
its Q-band because of the pyrene absorption in the B-band region (figure 1). Complex 3 has
more pyrene groups than 4, hence, has a more intense B-band absorption. The complexes
obeyed Beer’s law for concentrations ranging from 1x 1077 to 1 x 10>, confirming lack of
aggregation.

Absorbance (a.u)

300 400 500 600 700 800
Wavelength (nm)

Figure 1. Electronic absorption spectra of 3 (green) and 4 (black) in DMSO, conc. ~1.0 x 10~> M. Overlaid on
the graph are the starting Pc, 1 in DMSO (blue) and the pyrene, 2 in ethanol (red) (see http://dx.doi.org/10.1080/
00958972.2014.959509 for color version).

Table 1. Properties of 3 and 4 in DMSO at room temperature in comparison with some photophysical properties
of 1. Excitation / for fluorescence emission studies = 610 nm. 7 were determined at the emission maxima.

Compound  Aq-band (nm) F (ns) TR(av) (NS) Or 7 (MUS)  Tiscav) (08)  Pic

3 697 3.71+0.15 (1.1%) 0.27+£0.06 0.79 83 0.34+0.08 ~0.21
0.23+0.01 (98.9%)

4 699 3.16+0.12 (1.2%) 0.26+0.05 0.83 85 0.31+£0.08 ~0.17
0.23+0.01 (98.8%)

1? 698 0.29+0.01 (55.2%) 1.46+0.05 0.72 52 2.03+0.03 ~0.28

2.91£0.04 (44.8%)

“Data from Ref. [10].
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3.2. Photophysical properties

The heavy atom effect promotes ISC to the triplet manifold, hence discouraging fluores-
cence and promoting the population of the triplet state [37]. The low fluorescence
quantum yields (®f) for 3 and 4 (<0.01 in both samples) are typical of Pcs with heavy
atom centers, such as InPcs [10, 16, 38]. The fluorescence decay times (zz) from
TCSPC were determined by fitting the luminescence decay data to a biexponential
function (table 1). The presence of two lifetimes in phthalocyanines has been explained
in terms of the presence of aggregates which quench fluorescence resulting in quenched
and unquenched fluorescence [39]. The quenched fluorescence lifetimes were in higher
abundance.

The high triplet yields (®r) obtained for 3 and 4, 0.79 and 0.83, respectively (table 1),
showed evidence of the enhancement of triplet absorption by the presence of pyrene units
when compared to MPcs in general [40]. As shown in table 1, the values obtained for 3
and 4 are larger than for 1. Thus pyrene promotes population of the triplet state. The higher
@1 value of 4 relative to 3 may well be explained using the concept of symmetry. Previous
reports [19] have shown that less symmetric Pc molecules show higher excited triplet
absorption. The triplet lifetimes 71 obtained for these molecules, 83 and 85 ps for 3 and 4,
respectively (table 1), are short, corresponding to the observed high triplet quantum yields
[41]. The lifetimes are however improved for 3 and 4 compared to 1 (table 1). Thus, pyrene
improves both the triplet state quantum yields and lifetimes. Similarly, the ISC times (tis¢)
estimated using the equation tisc = 7¢/®r [42] decreased with increasing triplet yields as
expected (table 1), thus showing that the transitions from the excited singlet state to the trip-
let state is faster in 4 than 3, which corroborate the observed triplet data.

The quantum yields of internal conversion (®jc) obtained from the equation
®;c = 1 — (Of + ®r) are summarized in table 1. This equation assumes that only three pro-
cesses (fluorescence, ISC, and internal conversion) jointly deactivate the excited singlet
states of the complexes. More energy was lost via internal conversion in 3 than in 4, judg-
ing by the higher yield of internal conversion (®ic) of ~0.21 for 3 compared to ~0.17 in 4
(table 1).

3.3. Nonlinear optical parameters

3.3.1. 2PA (B,) coefficients and cross-sections (c,). Figure 2A shows the representative
open-aperture Z-scans of 3 and 4 obtained at 532 nm using 10 ns pulses. Absorbance of the
samples was kept at ~1.5, corresponding to ~1.04 x 107> M of 3 and ~1.20 x 107> M of 4
in DMSO. The on-axis peak input intensity was ca. 310 MW cm ™ for each measurement.
Measurements for each sample were done in triplicate, and the reported 2PA coefficients
(B>) are the average. All measurements revealed strong nonlinear absorption (NLA) behav-
iors in both samples, with the shapes of the Z-scan profile exhibiting reverse saturable
absorption (RSA) signature [28]. Analyses of the Z-scan results to obtain £, were done by
fitting the data to the 2PA function described above, equation (1). The representative fitting
plot is shown in figure 2B. Further analyses to obtain the other NLO parameters were car-
ried out using the methods described in the literature [30—33]. The results of the measure-
ments are summarized in table 2.
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Figure 2. (A) Representative open-aperture Z-scan signatures of the investigated compounds at absorbance of 1.5,
ie. ([3]~1.04 x 107> M, [4]~1.20 x 10>M). Peak input intensity (Ioo) ~310 MW cm 2. (B) Open-aperture Z-
scan for the solution of 4 in DMSO showing the fitting. The black solid curve is the theoretical fit.

The measured /8, values for 3 and 4 were 9.9 cm GW ™' and 53.8 cm GW ™', respectively
(table 2). We have earlier reported for 1 in DMSO, a much higher NLA coefficient of
221.6 em GW™! at ~260 MW cm 2 [10] (table 2). However, the ®r value reported for this
molecule was lower compared to those of 3 and 4 as shown in table 1. These results were
not expected since it is generally believed that increase in triplet-state populations should
lead to improved NLO properties [43]. To explain this observation, we obtained at varying
on-focus peak intensities (/yo), a series of S, values. The measured £, were then plotted
against the corresponding /yy (figure 3A). The plot showed an exponential decrease in f,
with increasing Iy,. Interestingly, at a much lower [y, of ~137 MW em 2, ~223 cm GW ™!
and ~273 cm GW ™! f, values were obtained for 3 and 4, respectively. These values are
higher than 221.6 cm GW ™! earlier reported for 1 at ~260 MW cm 2 [10]. At a higher Io,
of ~302 MW cm ™2, the measured f, values dropped drastically to ~20.65 cm GW ™' and
~65.87 cm GW " for 3 and 4, respectively. The trend observed in 3 and 4 may be explained
on account of an increase in the rate of depletion of two-photon absorbers (2PAs) in the
triplet state, as the on-focus intensity increases. Therefore, we assume for these complexes,
a continuous increase in the rate of depletion of 2PAs from the S, state by linear absorption
process to the S; state as Iy increases. The instantaneous depletion rate of 1 is thus
assumed to be less than those of 3 and 4. This assumption may be justified by the 7g,y, val-
ues recorded for the studied compounds (~0.26 ns), table 1, which are shorter than 1.46 ns
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Figure 3. Plots showing the (A) peak intensity (/yo) dependence of S, and (B) the concentration (absorbance)
dependence of f, for the two Pcs (3 and 4) in DMSO. Each data point represents an independent open-aperture
Z-scan in A and B. Absorbance = 1.5 for each sample in A. Peak intensity (Ioo) ~ 310 MW cm 2 for each indepen-
dent measurement in B.

Table 2. Nonlinear optical properties of 3 and 4 in DMSO at an absorbance of 1.5 A. All data were obtained by
pumping 10 ns pulses at 532 nm wavelength. The peak intensity for each measurement was ~310 MW cm 2.

Compound S, (cmGW ™) I, [x®] (esu) y (esu) o> (em*sphoton™")  g® (%) L (Jem )
1? 221.6 780 x 107" 3.90x107% - 0.28
3 9.9 349x107'2 2.63x107% 7.40x 1074 8.4 2.93
4 53.8 1.89x 1071 1.02x107% 2.89x 10742 9.1 0.54

“Data from Ref. [10].

reported for 1. The implication of this is that 3 or 4 spent less time in the S; state compared
to 1 (higher S; depletion rates in 3 and 4 were observed), before undergoing a spin forbid-
den transition to the excited triplet state where they got depleted by a different process
known as nonlinear absorption.

Similarly, a plot of 5, versus the sample concentration (absorbance) showed an exponen-
tial increase in f3, with increasing absorbance values (figure 3B). We have earlier reported
for a series of lead pyridyloxy Pcs, the dependence of 5, on the number of statistically
available 2PAs in the excited state [16], with the resultant effect being an increase in the
2PA cross-section (o) as the sample concentration increases. For the molecules under
investigation (3 and 4), the observed NLA is also predominantly dependent on the number
of the available 2PAs.
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The two important analyses for confirming a 2PA-dependent RSA are shown in figure 4.
An exponential decrease in transmittance with increasing input fluence (/y) is characteristic
of a 2PA induced RSA [44, 45]. In figure 4A, 3 showed a negative linear curve devoid of
any region of saturation. This observation is different from the commonly observed expo-
nential decrease in transmittance with increasing /; as observed here for 4 and the previous
literature reports [16, 44, 45]. Since both samples showed similar ISC time (715c) to the
triplet state, it is expected that both would show similar NLA behavior. An tgc that is
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Figure 4. (A) Transmittance vs. input fluence (/) curves for 3 and 4. (B) Intensity-dependent transmission of 3
and 4. (C) Output fluence (I, vs. input fluence (Iy) curves for 3 and 4. All measurements were taken at 1.5
absorbance and Ipg~310 MW cm 2.
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much less than the pulse duration of the laser system employed, i.e. Tisc < 10 ns (table 1),
as is the case for 3 and 4, should promote efficient ISC to the triplet state.

A good fit obtained for the two samples with equation (3) (figure 4B) further confirms
the dependence of the observed RSA on a 2PA mechanism. The smaller slope obtained for
3 also suggests that the excited state is sparsely populated by two-photon absorbers, unlike
4 with a relatively bigger slope, which implies a larger population of the two-photon
absorbers in the excited triplet state. Another important parameter from equation (3) is the
g® value, which may be interpreted as the degree to which other processes apart from the
speculated 2PA have contributed to the observed NLO is presented in table 2; g® values of
8.4% and 9.1% were found, respectively, for 3 and 4. The measured o5, 7.40 x 10~ for 3
and 2.89 x 10™* for 4 (in units of cm*s photon™") are within the range of the reported
values for most organic-based nonlinear optical materials [30]. However, it is worth noting
that the observed o, for 3 and 4 are greater than those reported for polymer matrices of
2,5-benzothiazole-3,4-didecyloxy thiophene [44], 4-[p-(N-ethyl-N-hydroxyethylamino)sty-
ryl]-N-methylpyridinium tetraphenylborate [45], and stilbene-based dyes [30] by three to
four orders of magnitude, hence showing the importance of the pyrene units. It thus appears
that the presence of the highly aromatic pyrene units in these molecules enhance the dipole
moment vector which causes increase in the NLA at relatively lower incident energy. We
expect the NLA performance to be much less, if the phenyl analogs of these pyrene deriva-
tives are investigated under similar experimental conditions since they are less aromatic.
The increase observed in 8, of 3 and 4 (when compared to 1) at a higher absorbance is due
to increase in the number of the statistically available 2PAs as mentioned above.

3.3.2. Second-order (y) and third-order I,,[®]) nonlinearities. Several mechanisms
giving rise to NLO responses can operate in a system. A small perturbation of the electronic
distribution in a material as a response to the electric field of the incident light results in
normal linear polarization. At high intensities, the electronic distribution no longer follows
the applied field, resulting in both second- and third-order nonlinearities. The estimated y
and (I,5[3®)]) values for the samples are given in table 2. In general, the values of y and
(Im[£®)]) vary as expected in the same trend as the measured 2PA coefficients (8,). The
larger the value of y, the better is the molecule as a nonlinear optical material. The absence
of symmetry induces a dipole moment within the molecule. The larger the dipole moment
within a molecule, the larger the y value as observed for the asymmetric compound 4, when
compared to its tetra-substituted derivative 3. The imaginary component of the third-order
nonlinear susceptibility (I, [}5<3)]) values estimated for the complexes are presented in
table 2. These values are required to be sufficiently large as they determine the fastness of
an optical material in responding to the perturbation initiated by an intense laser beam. The
values obtained in this study are within the range of the previously reported values for most
phthalocyanine-based nonlinear optical materials [29].

3.3.3. Optical limiting threshold. Optical limiting is an important application of nonlinear
optics, useful for the protection of human eyes and sensitive optical equipment from intense
laser beams. An important parameter in optical limiting measurement is the limiting thresh-
old intensity or fluence (/). It may be defined as the input fluence (or energy) at which
the nonlinear transmittance is 50% of the linear transmittance [46]. The lower the [, value,
the better is the material as an optical limiter. A good optical limiter must strongly attenuate
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high intensity and potentially damaging light (such as focused laser beams), while still
allowing high transmission of ambient light. The optical limiting curves obtained for the
studied samples at an absorbance of 1.5 and ca. 310 MW cm ™2, I are presented in figure
4C. The relatively weak NLA behavior of 3 can be seen in the I, versus Iy curve, where
the slope prior to the critical point is only slightly bigger than the slope after it, which thus
results in output fluence not clamped at a constant value after the abrupt change. At
310 MW cm 2 value of Iy, the estimated I;;, value was high, ~2.93 ] cm 2. At the same
Iyo, 4 showed greater clamping of the output fluence to a relatively constant value compared
to 3. The estimated [j;,, value for 4 was ~0.54 J cm_z, which falls within the range of the
previously reported values for most phthalocyanine-based optical limiters [19, 47]. Complex
1 however shows a smaller /j;,, compared to 3 and 4, but at a lower input fluence.

4. Conclusion

The photophysical and 2PA-dependent optical limiting properties of two indium(III) phthlo-
cyanines bearing pyrene appendages have been investigated. The new molecules, tetra-
substituted-3, and tri-substituted-4, with pyrene moieties showed faster ISC rate to the
excited triplet manifold with increased triplet yields and lifetimes compared to the previ-
ously reported values for 1, i.e. 2(3),9(10),16(17),23(24)-tetrakis-(4-aminophenoxy)phtha-
locyaninato indium(IIl) chloride. At lower on-focus beam intensities, the NLO response of
the samples was more efficient than at higher intensities. However, increase in the sample
concentration was found to increase the NLO behavior exponentially. The two molecules
(3 and 4) showed similar relationship between the f, values and the sample concentration.
The measured 2PA cross-section, second-order hyperpolarizability and third-order suscepti-
bility values are within the range of earlier reported values for phthalocyanines, hence,
making them important molecules for consideration in a broad range of photonics and
optoelectronics applications.
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