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nanoparticles have been investigated using open aperture Z-scan techniques using 532 nm nanosecond
pulses. The nonlinear optical response demonstrated that the studied complex and the nanoconjugates
exhibit higher excited state absorption cross-section compared to ground state absorption. Enhanced

optical limiting performance was observed when complex 6 was conjugated to nanoparticles with
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Introduction

The potential applications of nonlinear optical materials in
diverse areas such as in optical information processing, optical
computing, harmonic generation, optical switching, and optical
limiting (OL)" have drawn the attention of researchers towards
developing optical materials with enhanced nonlinear optical
(NLO) responses. Optical limiters strongly attenuate intense
optical beams while exhibiting high transmittance for low-
intensity ambient light levels. It has been shown that materials
with strong reverse saturable absorption (RSA) can be effectively
employed in limiting the output energy of incident light, and
hence such materials are of vital interest in optical limiting
applications.>?

The NLO and OL properties of phthalocyanines (Pcs) have
received considerable attention,"*™ due to their thermal stability
and extensive delocalized two-dimensional n-systems. Moreover,
the relatively higher ratio of excited state to ground state absorp-
tion cross-section and low linear absorption at some wavelengths
such as 532 nm make Pcs a potential material of choice for
nonlinear applications.

Recent years have witnessed a gradual research focus on OL
properties of metallic nanoparticles (NPs) due to their surface
plasmon resonance (SPR) bands which can be tuned to enhance
their optical properties.®® Conjugates of metallophthalocynines
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6CB-AuNPs (CB = covalent bond) showing the highest optical limiting threshold of 0.36 J cm

-2

(MPcs) with AuNPs, AgNPs and AuAgNPs have been employed
for NLO,” ™" and AgNPs were found to perform worse than
AuNPs since the SPR band for the former is not resonant with
532 nm."" The NLO behaviour of nanoparticle-Pcs conjugates
depends on the type of link between them. Metal-S'>'* and
amide bonds® have been employed. This work reports in detail
on the linking of phthalocyanines through possibly both amide
and metal-nitrogen bonds (self-assembly), and the NLO behav-
iour of the resulting conjugate.

The MPc complex employed is 4-(2,4-bis(4-aminophenoxy)-
phenoxy)phthalocyinato zinc(u) (6) and it is linked to AuNPs
and AgNPs. The rotational flexibility of the (4-aminophenoxy)
phenoxy substituents is expected to provide polarizability
which will enhance the optical limiting properties. The amino
groups of complex 6 will be linked to the COOH groups of
glutathione (GSH) capped AuNPs and AgNPs through an amide
bond. The possibility of metal-nitrogen bonds in addition to
amide bonds will also be explored.

Experimental

Materials

Zinc acetate dihydrate, 2,4-dichlorophenol (1), 4-nitrophthalonitrile
(2), 4-aminophenol (3), absolute ethanol (EtOH), dicyclohexyl-
carbodiimide (DCC), 1-pentanol, dimethylaminopyridine (DMAP),
1,8-diazabicyclo[5.4.0] undec-7-ene (DBU), dimethyl sulphoxide
(DMSO), DMSO-dg, and 1, 3-diphenylisobenzofuran (DPBF) were
obtained from Sigma Aldrich. Tetrahydrofuran (THF), chloroform,
dimethylformamide (DMF), dichloromethane (DCM) and methanol
were purchased from SAARCHEM®. Glutathione (GSH) capped
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AuNPs and AgNPs were synthesized as reported in the
literature.”'* Oleamine (OA) capped AuNPs and AgNPs were
also synthesized as reported in the literature.™

Equipment

Infrared spectra were recorded on a Bruker spectrum 100 with
the universal attenuated total reflectance (ATR) sampling acces-
sory. '"H NMR spectra were recorded on Bruker® AVANCE II
400 MHz NMR spectrometer using tetramethylsilane (TMS) as
an internal reference. Elemental analyses were done using a
Vario-Elementar Microcube® ELIII while mass spectral data
were collected on a Bruker™ AutoFLEX III Smart-beam TOF/TOF
mass spectrometer using o-cyano-4-hydrocinnamic acid as the
matrix in the positive ion mode. Ground state electronic absorp-
tion spectra were recorded on a Shimadzu®™ UV-2550 spectro-
photometer. Fluorescence excitation and emission spectra were
measured on a Varian Eclipse® spectrofluorimeter using a
360-1100 nm filter. Fluorescence lifetimes were measured
using a time-correlated single photon counting setup (TCSPC)
(FluoTime 300, Picoquant® GmbH) with a diode laser (LDH-P-
670, Picoquant GmbH, 20 MHz repetition rate, 44 ps pulse
width). X-ray diffraction (XRD) patterns were measured on a
Bruker® D8 Discover diffractometer, equipped with a Lynx Eye
detector, under Cu-Ko radiation (4 = 1.5405 A). Data were
collected in the range from 20 = 10 to 100°, scanning at
0.010° min~"' and 192 s per step. The samples were placed on a
zero background silicon wafer slide. Magnetic circular dichroism
(MCD) spectra were measured with a Chirascan plus spectro-
dichrometer equipped with a 1 T (tesla) permanent magnet by
using both the parallel and antiparallel fields. The triplet decay
kinetics were determined using a laser flash photolysis system.
The excitation pulses were produced by a tunable laser system
consisting of a Nd:YAG laser (355 nm, 135 mJ/4-6 ns), pumping
an optical parametric oscillator (OPO, 30 mJ/3-5 ns). Triplet
lifetimes were determined by the exponential fitting of the kinetic
curves using the ORIGIN® 8 Professional software. Transmission
electron microscope (TEM) images were obtained using a Zeiss
1210 TEM operated at 100 kV accelerating voltage. Energy-
dispersive X-ray spectroscopy (EDS) was done on an INCA PENTA
FET coupled to the VAGA TESCAM using 20 kV accelerating
voltage. Illumination for singlet oxygen and photodegradation
quantum yields was performed using a general electric quartz
lamp (300 W). A 600 nm glass cut-off filter (Schott®) and water
filter were employed to filter off ultra-violet and infrared radiation,
respectively. An interference filter, 700 nm with a band of 40 nm,
was placed just before the sample chamber. Light intensities were
measured with a POWER MAX 5100 (Molelectron®™ detector
incorporated) power meter and were found to be 3.8 X
10" photons cm ™2 s~ for singlet oxygen and photodegradation
studies. X-ray photoelectron spectroscopy (XPS) analysis was
done using an AXIS Ultra DLD, with an Al (monochromatic)
anode equipped with a charge neutralizer, supplied by Kratos
Analytical. The following parameters were used: the emission
was 10 mA, the anode (HT) was 15 kV and the operating
pressure was below 5 x 10~° Torr. A hybrid lens was used
and the resolution to acquire scans was at 160 eV pass energy in
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slot mode. The centre used for the scans was at 520 eV with a
width of 1205 eV, steps at 1 eV and dwell time at 100 ms. The
high resolution scans were acquired using 80 eV pass energy in
slot mode.

All Z-scan measurements 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).
The liquid samples were placed in a cuvette (internal dimen-
sions: 2 mm x 10 mm x 55 mm, 0.7 mL) with a path length of
2 mm (Starna 21-G-2).

Theoretical calculation

The optimized structures of complex 6 were obtained using the
B3LYP functional of the Gaussian 09 software package with
6-31G(d) basis sets.'® The TD-DFT calculations were carried out
using the CAM-B3LYP functional with 6-31G(d) basis sets. The
CAM-B3LYP functional contains a long range connection that
provides more accurate results for transitions with significant
charge transfer character.'®

Synthesis

Synthesis of 4-(2,4-dichlorophenoxy)phthalonitrile (4). A
mixture of 2,4-dichlorophenol (1) (1 g, 5.78 mmol) and
4-nitrophthalonitrile (2) (0.93 g, 5.78 mmol) was dissolved in
20 mL of DMF and allowed to stir at room temperature under
argon gas for 30 min, followed by the addition of K,CO; (1.5 g,
10.85 mmol). The reaction was then allowed to stir at room
temperature for a further 48 h. The reaction mixture was
poured into ice water and the precipitated product was filtered
under reduced pressure and dried under vacuo to give a
brownish solid. Yield 1.08 g (56%), IR (ATR): v (ecm '): 3071
(Ar-C-H stretch), 2968-2839 (Aliph. C-H stretch), 2233 (C-N
stretch). "H NMR (600 MHz, DMSO-ds) 6 8.20-8.15 (m, 1H,
Ar-H), 7.95-7.80 (t, J = 7.64 Hz, 2H, Ar-H), 7.59-7.55 (d, J =
7.52 Hz, 1H, Ar-H), 7.45-7.40 (d, J = 7.58 Hz, 2H, Ar-H). Anal.
calc. For (C14HgN,): C, 58.16; H, 2.09; N, 9.69. Found: C, 58.19:
H, 2.08; N, 9.70.

Synthesis of 4-(2,4-bis(4-aminophenoxy)phenoxy)phthalonitrile
(5). For the synthesis of 5, a mixture of 4 (1 g, 3.47 mmol) and
4-aminophenol (3) (0.76 g, 6.94 mmol) in dry DMF was heated at
70 °C under argon for 72 h. The reaction mixture was precipitated
in ice water, filtered and recrystalized in dry methanol. The
resultant yellowish solid was dried under vacuum to yield 0.98 g
(55.8%). IR (ATR): v (cm™Y): 3286 (NH, stretch), 2928 (Ar-CH),
2232 (C=N stretch), 1557, 1464 (C—=N stretch of primary amine).
"H NMR (600 MHz, DMSO-d6) (3, ppm): 8.25-8.18 (m, 1H, Ar-H),
8.09-8.05 (d, J = 8.17 Hz, 1H, Ar-H), 7.88-7.83 (d, J = 8.28 Hz, 3H,
Ar-H), 7.68-7.64 (m, 3H, Ar-H), 7.52-7.39 (m, 3H, Ar-H), 7.28-
7.25 (m, 1H, Ar-H), 6.82-6.76 (d, 1H, J = 7.12 Hz, Ar-H), 6.71-6.68
(d, 1H, J = 6.23 Hz, Ar-H), 5.25 (s, 4H, NH, proton) (NMR
spectrum in ESIt), anal. calc. for C,sH;gN,O3, C, 71.88; H, 4.18;
N, 12.90. Found: C, 71.81; H, 4.13; N, 13.02.

Synthesis of tetrakis-4-(2,4-bis(4-aminophenoxy)phenoxy)
phthalocyinato zinc(u) (6). A mixture of zinc acetate dihydrate
(0.25 g, 1.1 mmol), complex 5 (0.3 g, 0.7 mmol), DBU (0.25 mL)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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and 1-pentanol (5 mL) was refluxed at 170 °C for 24 h under
argon atmosphere. On cooling, methanol was added and the
precipitate was collected through centrifugation. The product
was washed with methanol, ethanol and diethyl ether. The dark
green product was further purified by column chromatography
using THF and methanol (96 : 4) solvent mixture as eluent. The
purified product was dried in an enclosed fume hood. Yield:
0.18 g (34%), IR (ATR): v (cm™'): 3326 (NH, stretch), 2928
(Ar-CH), 1595, 1473 (C=N stretch of primary amine).
'H NMR (600 MHz, DMSO-ds) (5, ppm): 8.15-8.00 (m, 10H,
Ar-H), 7.96-7.80 (m, 13H, Ar-H), 7.65-7.50 (m, 8H, Ar-H), 7.50~
7.35 (m, 12H, Ar-H), 7.30-7.15 (m, 3H, Ar-H), 6.92-6.75 (m, 5H,
Ar-H), 6.75-6.65 (m, 5H, Ar-H), 5.18 (s, 16H, NH, proton). Anal.
calc. for C194H7,N;601,Zn, C, 69.42; H, 4.57; N, 12.11; O, 10.37;
Zn, found: C, 69.28; H, 4.62; N, 11.97, UV-vis., Apma/nm (loge):
(DMSO0), 681 (5.08), 616 (4.10), 348 (4.50). MALDI TOF-MS:
calculated: 1803.21; found: 1802.75.

Attachment of phthalocyanines to nanoparticles by
self-assembly (SA)

The surface assembly of the phthalocyanine onto OA capped
AuNPs and AgNPs was carried out by refluxing a solution of
5 mg of complex 6 in 10 mL of toulene followed by the addition
of 1 mg of the AuNPs or AgNPs in 2 mL of toluene. The reaction
was allowed to reflux for 3 h, cooled to room temperature while
stirring and subsequently left stirring at room temperature for a
further 12 h. The mixture was diluted with methanol and the
6-nanoconjugates were collected by centrifugation at 5000 rpm for
10 min. The products were washed with methanol and ethanol to
remove the unreacted Pcs and are represented as 6SA-AuNPs and
6SA-AgNPs (where SA stands for surface assembly).

Covalent linkage of 6 to GSH functionalized AgNPs or AuNPs

The conjugation was performed following a literature method*?
with slight modification. Briefly, 0.005 g of GSH functionalized
AgNPs or AuNPs was dissolved in 5 mL of DMF, followed by the
addition of DCC (0.017 g, 0.082 mmol) to activate the carboxylic
acid functional groups. The reaction mixture was allowed to
stir for 48 h at ambient temperature. After this time, DMAP
(0.010 g, 0.082 mmol) and complex 6 (0.040 g, 0.02 mmol) were
added and the mixture was allowed to stir for a further 48 h
at ambient temperature. The formed nanoconjugates were
precipitated out of solution with methanol and collected
through centrifugation, washed several times using ethanol
and dried in an enclosed fume hood. The products are repre-
sented as 6CB-AuNPs and 6CB-AgNPs (where CB stands for
covalent bonding).

Photophysicochemical properties

Fluorescence and triplet quantum yields. The fluorescence
(®x) and triplet (¢1) quantum yields were determined using the
comparative methods according to literature reports,'”*° using
ZnPc as a standard (@r = 0.20)'° and (¥ = 0.65)'® in DMSO.

Singlet quantum yield (®,) and photodegradation (®@pq)
quantum yields. A comparative chemical method was employed
to evaluate the singlet quantum yield (®,) of complex 6 and its

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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corresponding nanoconjugates using ZnPc as a standard in
DMSO (¥, = 0.67)'® and DPBF as a chemical quencher for
singlet oxygen in DMSO. The concentrations of DPBF were
lowered to 0.3 umol dm for all the solutions, to avoid chain
reactions and its degradation was monitored at ~417 nm.

The photodegradation quantum yield (®p4) was determined
using eqn (1)

(Co—C)Vr

Ppgq =
Iabs -t

(1)
where C, and C, in mol dm™ are the concentrations of the
sample prior to and after irradiation, respectively; Vi is the
solution volume; ¢ is the irradiation time per cycle and Iy is
defined by eqn (2).
oAl

Laps = — 2

abs Na ( )
where o = 1-10 (%) (4(2) is the absorbance of the sensitizer at
the irradiation wavelength), 4 is the irradiated area (2.5 cm?),
Iis the intensity of light (3.8 x 10" photons cm™* s~ ') and N, is
Avogadro’s constant.

Results and discussion
Synthesis and characterization of complex 6

The synthetic route of complex 6 is depicted in Scheme 1.
2,4-Dichlorophenol (1) was reacted with 4-nitrophthalonitrile (2)

oH
cl N
DMF, R.T
. _DMRRT
1 & Nop  KiCOs,dshrs J

Cl

Scheme 1 Synthetic route for 4-(2,4-bis(4-aminophenoxy)phenoxyl)-
phthalocyinato zinc(i) (6).
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to yield 4-(2,4-dichlorophenoxy)phthalonitrile (4), which was
subsequently reacted to 4-aminophenol (3) to give the precursor
4-(2,4-bis(4-aminophenoxy)phenoxy)phthalonitrile (5). Cyclo-
tetramerization of the phthalonitrile (5) using 1-pentanol as a
solvent and a catalytic amount of DBU gave complex 6. The
disappearance of the CN peak at 2232 cm™ " (for 5) in the FT-IR
spectrum of 6 confirmed the formation of the latter. The
'H NMR spectra for 6 showed aromatic ring protons between
8.15 and 6.65 ppm, whereas the amino protons were confirmed
at 5.18 ppm integrated into 16 protons (the "H NMR spectra are
provided as ESILt Fig. S1). The existence of multiple heavy
isotopes with an increase in the mass of a molecule causes a
decrease in the relative abundance of the monoisotopic peak;
hence the isotopic distribution model has been shown to be the
accurate method of assigning molecular mass in large molecules.>
The isotopic mass distribution of complex 6 was simulated and
compared with the experimental MALDI-TOF measured masses.
The observed mass of the complex is in agreement with the
calculated value (Fig. S2, ESIt). The elemental analysis also
confirmed the structure of complex 6 shown in Scheme 1.

Electronic absorption studies

The ground state absorption spectrum for 6 contains two
absorption peaks, at 348 nm and 680 nm. These bands can
readily be assigned to the B and Q transitions, respectively, in
accordance with Gouterman’s 4-orbital model*! on the basis of
the MCD spectroscopy and TD-DFT calculations (Fig. 1). The
observed and calculated spectral properties are consistent with
what is normally anticipated for a monomeric metal phthalo-
cyanine complex.”” MCD spectroscopy is a specialist comple-
mentary technique that provides information on ground and
excited state degeneracies, which is essential in understanding
the electronic structure of metal complexes of high symmetry.>?
Although the MCD signal arises from the same transition that

500 2.0
MCD
675 7
250
> 681 345
S N
£ o0 15
o =
-250 -]
f=
c
688 2
-500 680 1.09
S
]
0.75 348 K
Abs q 8
< 0.50 B2} 0.5
&
0.25:
0.001 X + 0.0
10000 15000 20000 25000 30000 35000

Wavenumbers

Fig. 1 Absorption and MCD spectra of 6 in DMSO. The calculated TD-DFT
spectrum of the Dyn isomer of 6. Red diamonds are used to highlight
bands associated with the main Q and B bands of Gouterman'’s 4-orbital
model?* that are associated with transition out of the lay, and lap, MOs
into the 1leg* LUMO while the blue diamonds are used for the B, band??
that is associated primarily with a transition out of the 2a,, MO. Details of
the calculations are provided in Table S1, ESI.¥
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is responsible for the corresponding bands in the UV-visible
absorption spectrum, the selection rules for the two techniques
are different due to the use of circularly polarized light and an
applied magnetic field in the context of MCD spectroscopy.

The MCD spectrum of 6 contains a distinctive S-shaped
sigmoid curve between 600 and 690 nm with a cross-over point
of 681 nm, which almost exactly corresponds to the 680 nm
absorption maxima (Fig. 1). It can therefore be assumed that
the MCD spectrum in this spectral region is dominated by
a pseudo-A; term and hence the transition involves a near
degenerate excited state.”” A similar curve is also observed in
the MCD spectrum at ca. 345 nm. From the MCD spectroscopy,
we can readily assign the 680 and 348 nm bands to the Q and B
transitions, respectively, in accordance with Gouterman’s four-
orbital model,** since these bands are expected to give rise to
the most intense MCD bands as they are associated with orbital
angular momentum changes on the core of the macrocycle.”"
Gouterman’s 4-orbital model has been modified in the context
of phthalocyanines to include two close-lying B; and B, bands,
due to the effect of configurational interaction with other higher
energy nn* states.” The broad shoulder of absorbance to the red
of the main B,/B, band envelope that gives rise to relatively weak
bands in the MCD spectrum can be attributed to the bands that
are predicted to lie to the red of the B; and B, bands in the
TD-DFT calculation (Fig. 1 and Table S1, ESI{).

Similar absorbances have been reported previously for Pcs
with alkoxy, phenoxy, thioalkyl and thiaaryl substituents and
have been attributed either to n — =n* transitions that are
associated with the lone pairs on peripheral oxygen or sulphur
atoms, or to m — m* transitions that are associated with low-lying
occupied n-MOs (MO = molecular orbital) that are localized
largely on the peripheral benzene rings, which are destabilized
by the electron donating substituents.*

Fig. 2 shows the emission and excitation spectra of complex
6 in DMSO. It can be seen that the excitation spectra are similar
to the absorption spectra and both are mirror images of the
emission spectra. The proximity of the Q-band of absorption to
that of the excitation maxima indicates that the nuclear con-
figurations of the ground and excited states are similar and
were not affected by excitation in DMSO.

© 0 0 0 EXCitation  emmmm Emission === Absorption [ 16

Normalized intensities

300 400 500 600 700 800
Wavelength (nm)

Fig. 2 Absorption, excitation and fluorescence spectra of 6 in DMSO.
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Synthesis and characterization of the nanoconjugates

Scheme 2 shows the pathway for the surface assembly as well as
covalent linkage of complex 6 to the metallic nanoparticles. The
ligand exchange was used for the attachment of the phthalo-
cyanines onto the surface of the nanoparticles, where the loosely
bound oleyamine ligands were partially replaced by Pcs that bind to
the surface of the nanoparticles.>* The nitrogen on the peripheral
aminophenoxy substituents was used to attach the phthalocyanine
complexes onto the AuNP and AgNP surfaces due to the affinity of
gold and silver for nitrogen atoms.

For covalent linkage, the NH, in complex 6 was coupled with
the COOH group of the gluthathione functionalized nanoparticles
to form an amide bond using DCC and DMAP as activating and
coupling agents, respectively. Considering the approximate size
of Pc (1 nm), which is far less than that of the nanoparticles
(>5 nm), it is possible that more than one Pc is linked to the
nanoparticles. The loading of complex 6 onto the nanoparticles

View Article Online
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was investigated following literature methods.> This involves
investigating the ratio of metallic nanoparticles required to
saturate the dyes molecule, hence resulting in complete dis-
appearance of the Q-band (Fig. S3, ESIt). The concentration of
complex 6 was kept constant throughout the experiment. A
decrease in the absorption band of 6 was observed as the ratio
of the nanoparticles loaded increases. The absorption band of 6
completely disappears at a [Au]/[complex 6] ratio of 6.4 (Fig. S3,
using GSH-AuNPs and OA-AgNPs as examples, ESIt). The
number of gold atoms per particle (NAu) was determined from
the expression NAu = (59 nm ?)(n/6)(Dys)® >° where Dys is the
mean diameter of the particles as found from TEM. Thus, for a
gold nanoparticle with 11.28 nm, the number of gold atoms is
calculated to be 44 356. Using the ratio [Au]/[complex 6] of 6.4,
the number of complex 6 molecules per gold nanoparticle was
determined to be 6930. With known molecular weight of 6, the
mass of complex 6 per unit area of nanoparticles was calculated

Scheme 2 llustration of the synthetic route for conjugation of complex 6 to GSH functionalized (route A) and oleyamine stabilized (route B) silver and

gold nanoparticles.
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Table1l Photophysicochemical parameters of complex 6 and its conjugates, in DMSO. Excitation for emission at 620 nm and excitation for the triplet at

675 nm

Size’ (nm)  Size® (nm)  Pc loading SPR Dpa
Conjugate® (TEM) (XRD) (g pc per cm® NPs) band (nm) &  t¢(ns) dp  tr (1) Tise (nS) k (s77) (10%) ¢y 10°°
6 — — — 680 (Q band) 0.21 3.25 0.61 343 5.33 5.71 0.37 2.09
6SA-AuNPs (OA-AuNPs)  11.28 (10.50) 11.81 (10.98) 28 528 (523) 0.13 2.64 0.66 312 3.94 4.83 0.44 1.58
6SA-AgNPs (OA-AgNPs)  12.05 (9.02) 13.17 (9.84) 16 423 (410) 015 3.12  0.63 325 4.95  5.04 0.40 1.52
6CB-AuNPs (GSH-AuNPs) 11.61 (12.30) 12.03 (13.41) 30 529 (529) 0.09 2.05 0.75 298 2.73 3.97 0.53 1.03
6CB-AgNPs (GSH-AgNPs) 14.27 (10.50) 13.02 (10.29) 37 473 (400)  0.10 3.02 0.68 303 4.44  4.21 0.47 1.25

“ Starting NPs in brackets. ” Values in brackets are for NPs alone.

and presented in Table 1. For the surface assembly of 6, it was
found that the number of Pcs loaded onto the AgNPs is greater
than the number loaded onto AuNPs. This could be attributed
to the smaller size of the AgNPs with higher surface to volume
ratio compared to AuNPs (to be discussed below, see also
Table 1). The number of Pcs loaded through the covalent route
was found to be higher than the number loaded through
surface assembly. This could be explained using the fact that
complex 6 as well as the oleyamine used to stabilize the nano-
particles both possess amine groups; therefore ligand exchange
will tend to be slow, while there are more Pcs loaded through
the covalent route since the activated COOH from the gluta-
thione functionalized nanoparticles will be more prone to
attack by the amino group of complex 6 through amide linkage.
Another possibility of low loading through the surface assembly
route could arise from the steric hindrance from the oleyamine
capping agent. The OA capped AuNPs and AgNPs exhibit their
surface plasmon resonance (SPR) of AuNPs at 523 nm and
410 nm respectively (Fig. 3, Table 1 and Fig. S4, in ESIt). The
SPR peaks shifted to 529 nm for GSH capped AuNPs and to
400 nm for GSH capped AgNPs, Table 1. Upon conjugation
of complex 6 to the nanoparticles (Fig. 3, 6CB-Ag NPs and
6SA-AuNPs as examples and Table 1), the surface plasmon

>

Normalized Absorbances

300 400 500 600 700 800
Wavelength (nm)

Absorbances

0 T T T T 1
300 400 500 600 700 800
Wavelength (nm)

Fig. 3 Absorption spectra of (A) 6 (i), GSH-AgNPs (ii) and 6CB-AgNPs (iii),
and (B), 6 (i), OA-AuNPs (i) and 6SA-AuNPs (iii) in DMSO.
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resonance bands slightly shifted from 523 nm for OA-AuNPs
to 528 nm for 6SA-AuNPs (Fig. 3B), while 6SA-AgNPs showed
significant red shifting of the SPR band at 423 nm from 410 nm for
OA-AgNPs (Fig. S4, ESIT and Table 1). For the covalent conjugates,
there is no shift in the SPR band for 6CB-AuNPs compared to GSH-
AuNPs, but there is a huge red shift for 6CB-AgNPs (473 nm)
compared to GSH-AgNPs (400 nm), Table 1.

The red shifting in the SPR band is associated with aggrega-
tion and increase in size of the nanoparticles.”” For all the
conjugates (except for 6CB-AuNPs), there is an increase in size on
conjugation to complex 6 (to be discussed below), hence there is
red shifting in the SPR band. No red shifting is observed in the
SPR band for 6CB-AuNPs, since there was no increase in size as
will be discussed below.

It is pertinent to note that the Q-band of complex 6 main-
tains its original 680 nm absorption band after conjugation in
both the surface assembled and the covalently linked derivatives.
The observed presence of the SPR band in the conjugates indicates
successful conjugation of the nanoparticles to complex 6.

Fig. 4 shows the FT-IR spectra upon covalent linkage of
complex 6 to GSH functionalized nanoparticles (6, 6CB-AuNPs
and GSH-AuNPs as examples). The two stretches from the
primary amine of complex 6 alone were observed at 1492 ¢cm™*
and 1594 cm ™. Upon covalent linkage of 6 to the nanoparticles,
a distinct and sharp single vibration band was observed for
6CB-AuNPs at 1649 cm™> and 1638 cm > for 6CB-AgNPs indi-
cating conversion of primary amine to secondary amine with
the formation of an amide bond (O—C-NH). This confirms the
successful formation of the amide bond between the Pc and
the NPs because this band was not present in either of the
two individual components. Also, the increased intensity and
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245
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Fig. 4 FTIR spectra of 6 and its covalently linked AuNPs.
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Fig. 5 Representative TEM images of nanoparticles alone and when con-
jugated to complex 6.

broadening between 3432 and 3500 cm ™" in the nanoconjugate
indicate overlap of the NH, and COOH stretches and from the
Pc and the GSH functionalized nanoparticles.

The TEM micrographs of the GSH-AuNPs and OA-AgNPs
(as examples) are consistent with monodispersed particles. The
average sizes for OA-AuNPs and OA-AgNPs were determined to
be 10.50 nm and 9.02 nm respectively (Fig. 5 and Table 1) and
upon functionalization with glutathione, the average sizes
were found to be 12.30 nm and 10.50 nm for GSH-AuNPs and
GSH-AgNPs, respectively. Thus, the AgNPs were smaller than
the AuNPs. Upon conjugation, there was an increase in size for
all except for 6CB-AuNPs where there was a decrease in size.

Increase in the size of nanoparticles after conjugation to a
chromophore is a well-known phenomenon,”””*® due to the
formation of aggregates as well as n-n interactions between the
Pcs and nanoparticles following conjugation. The increase in
the size of the nanoconjugates can be attributed to interactions
between the MPcs on adjacent NPs via n-n stacking.

The surface curvature and damping of electrons in metallic
nanoparticles can affect the shifts of the SPR band.***® With a
very low surface curvature (large particle size) the surface
plasmon can become stiffer because the orbitals overlap to a
greater degree, which will lead to a high energy resonance, and
hence lower SPR wavelength (blue shift). With a high surface
curvature (small particle size) the surface plasmon becomes
more loose because the orbitals are slightly farther apart, result-
ing in a lower-energy resonance (and therefore the observed red-
shift for smaller particles). Thomas et al.>® employed a classical
model to predict that damping of electron motion results in red-
shift of SPR of silver nanoparticles when the size was reduced
from 10 nm to 5 nm. The reverse case of blue shifting of the
SPR peak with increase in particle size was observed by Fleger
and Rosenbluh®® in gold-silver nano-alloys. This applies only
when comparing OA-AgNPs and GSH-AgNPs, but not for the
conjugates.

The interfacial interaction such as adsorption of the ligand
can affect the surface curvature of metallic nanoparticles®
depending on orientation. Thus, the observed decrease in size
in 6CB-AuNPs could be attributed to orientative change in
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Fig. 6 Representative XRD diffractograms of complex 6 and the corres-
ponding nanoconjugates.

surface curvature or damping of electrons within the particle
matrix due to adsorption of complex 6.

The elemental compositions of the nanoparticles and con-
jugates were qualitatively determined using energy-dispersive
X-ray spectroscopy (EDX), Fig. S5 (ESIT). The EDX of the NPs
alone showed the expected atoms. On conjugation of 6 to AgNPs
or AuNPs (6SA-AgNPs and 6CB-AuNPs as representatives), addi-
tional peaks (Zn) were observed indicating the presence of the Pc
in the nanoparticles.

The X-ray powder diffraction patterns of the AuNPs and
AgNPs alone and upon conjugation to 6 are shown in Fig. 6 (for
AuNPs, AgNPs, 6, 6SA-AuNPs and 6SA-AgNPs as examples). The
XRD diffraction patterns of the nanoparticles showed well-
defined crystalline peaks assigned to the 111, 200, 220, 311
and 222 planes, corresponding to the face-centred cubic struc-
tures of metallic gold and silver.’” The XRD pattern of 6 contains
a broad peak between 260 = 17 and 25°, which is consistent with
the amorphous nature of phthalocyanines.*® Upon conjugation
to form nanoconjugates, slight broadening was observed, along
with an additional peak near 22°, which provides evidence for
the presence of phthalocyanine.

The NP sizes from XRD were calculated using the Debye-
Scherrer equation, eqn (3)**

.z
" Bcos0

(3)

where 1 is the wavelength of the X-ray source (/ = 1.5405 A), k is
an empirical constant equal to 0.9, f is the full width at half
maximum of the diffraction peak and 0 is the angular position.
The sizes were obtained by focusing on the (111) peak of
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the nanoparticles. The sizes were found to be between 9.84 and
13.41 nm for the nanoparticles alone while for the nanoconju-
gates, the sizes were observed between 11.81 and 13.17 nm,
which are in close agreement with the TEM values (Table 1).
Again, there is an increase in the sizes upon conjugation with
the exception of 6CB-AuNPs.

X-ray photoelectron spectroscopy (XPS) is a highly sensitive
diagnostic method for the assessment of the chemical state
of elements. The interaction of complex 6 with the metallic
nanoparticles was investigated using XPS.

XPS high resolution analysis (Fig. 7) was employed to prove
the possible interactions of the amino groups of complex 6 with
the surface of the nanoparticles as well as the formation of an
amide bond upon covalent linkage of 6 to the glutathione
functionalized nanoparticles. The XPS N1s spectrum of complex
6 alone gives peaks at 396.1 eV (N-C) and 397.5 eV (N-H). Upon
surface assembly of 6 onto gold nanoparticles to form 6SA-AuNPs,
two sets of N1s doublets were observed, one centred around
397.7 eV and the other at 400.8 eV (Fig. 7). The corresponding
silver nanoconjugate also showed a similar trend with binding
energy at 397.3 eV and 399.7 eV (Fig. S6, ESIt). The presence of
two sets of doublets following surface assembly indicates the
existence of the amino nitrogens N1s in two different environ-
ments. The most logical conclusion in this case would be that
some amino ‘arms’ of complex 6 underwent N-Au or N-Ag
interaction following surface assembly while others did not.
The set of doublets was resolved using peak fitting in order
to investigate different nitrogen groups present. The peak at
400.8 eV is assigned as nitrogen bound to gold, while the peak
at 397.7 eV could indicate unbound nitrogen. The presence
of bound nitrogen is proof of binding of complex 6 with the
nanoparticles. Xiao et al®’ reported a binding energy of
399.2 eV for unbound amino nitrogen and 401.7 eV for hydro-
gen bound amines, while Zhang et al.*® also observed a binding

45004
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1800
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energy of 398.8 eV and 401.5 eV for free amine and amine
bound to gold nanoparticles, respectively.

Fig. 7 also shows the high resolution XPS spectra for 6CB-AuNPs
(6CB-AgNPs shown in Fig. S6 (ESIT)). GSH-AuNPs alone showed
binding energy for the N-C peak at 396.3 eV, N-H at 397.8 eV
and N-C=O0 at 400.2 eV (Fig. 7). The GSH-AgNPs alone showed
a similar trend with binding energy for the N-C peak at 396.7 eV,
N-H at 397.3 eV and N-C—O0 at 400.2 eV (figure not shown).
After covalent linkage of 6 to the nanoparticles (for 6CB-AuNPs),
similar peaks were observed but with significant increase in
intensity from 132 cps in GSH-AuNPs to 1520 cps in 6CB-AuNPs
as well as shift in the peak due to the amide bond (N-C=0) to
399.6 eV from 400.2 eV for GSH-AuNPs alone. A similar trend was
also observed for 6CB-AgNPs with shift in the amide bond to
399.5 eV (Fig. S6, ESIt). The increase in intensity could be
attributed to the conversion of COOH of the glutathione func-
tionalized nanoparticles to an amide bond via the interaction
with the amino group of 6. This conversion of the COOH to an
amide will lower the electron polarizability of the carboxyl group
in the covalently linked nanoconjugates, which informs the shift
in binding energies due to electron distortion.

Photophysicochemical studies

Fluorescence quantum yields and lifetimes. The fluorescence
quantum yields for 6 and the nanoconjugates range from 0.09 to
0.21 (Table 1) with complex 6 having the highest quantum yield.
A significant decrease in fluorescence quantum yield was observed
upon conjugation of complex 6 to nanoparticles, due to the heavy
atom effect of the latter, which promotes intersystem crossing to
the triplet state. The covalently linked nanoconjugates showed
lower fluorescence quantum yield than the corresponding surface
assembled analogue, probably due to the higher number of Pcs
loaded through the covalent route. The higher number of Pcs could
lead to aggregation, resulting in quenching of fluorescence.

N1is 6SA-AuNPs

12000 -

9000
Free NH,

Bound NH,
6000

3000 —

T T T T T T
396 397 398 399 400 401 402
Binding energy (eV)

GSH-AuNPs

T N1 =t
2000 : @l&_l!

1500 —

1000

Intensity (cps)
Intensity (cps)

s000 4 Nis 6CB-AuNPs
4000
3000

2000 % N-C=0

1000 -

T T T T T
392 394 396 398 400 402
Binding Energy (eV)

T T T T T
392 394 396 398 400 402
Binding Energy (eV)

Fig. 7 High resolution XPS N 1s spectra for 6, GSH-AuNPs, 6SA-AuNPs and 6CB-AuNPs.
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The fluorescence lifetime decay curve for complex 6 (Fig. S7,
ESIt) showed a monoexponential decay curve with a singlet
excited lifetime of 3.25 ns. Bi-exponential lifetimes were observed
for the conjugates. The presence of two lifetimes upon conjuga-
tion of Pcs to nanoparticles could be due to different orientations
of the Pcs. The average lifetimes of the nanoconjugates were
calculated and presented in Table 1. The decrease in lifetime for
the nanoconjugates corresponds to a decrease in fluorescence
quantum yield since both have a direct relationship.

Triplet quantum yield and lifetime

One prerequisite property for an ideal optical limiting material
is possession of a low fluorescence quantum yield and lifetime,
with a corresponding high triplet state quantum yield. A typical
triplet decay curve is shown in Fig. S8 (ESIt), using 6CB-AuNPs
as an example. The triplet absorption data were fitted to rate
eqn (4) in order to determine the triplet lifetime (z1)

t

A, = Aoe(?> + ki (4)

where A(f) and 4, are the relative absorbance at time ¢ = ¢ and
t = 0 respectively, k is the triplet state absorption rate constant
and 7y is the triplet excited lifetime. A best fit to eqn (4) showed
triplet lifetimes ranging from 298 ps to 343 us (Table 1). The
corresponding triplet quantum yield values range from 0.61 to
0.75 (Table 1). The triplet lifetimes are longer when the triplet
quantum yields are smaller as expected. Triplet quantum yields
increase for 6 in the presence of the nanoparticles due to the
heavy atom effect of the latter.

The corresponding rate constants (k) for the triplet absorp-
tion were found to range from 3.97 x 10* s~ to 5.71 x 10" s~*
(Table 1), which shows that at every point in time within the
irradiation period, 3.97 x 10* to 5.71 x 10" of the complexes are
available in the T, state (Fig. 8). This could only be valid with
the assumption that:

1. All transitions to excited states occur from the ground
state, S,.

2. The population of the S; state is confined by the rate of its
deactivation to S, or its conversion to the T, state through
intersystem crossing.

Sz A p—
Ny
T T2
5,
N, |
S Tiee 52 T
B N,
8o o T,
No
So

Fig. 8 Five-level energy diagram explaining the dynamics of the excited
state population (solid arrows), and non-radiative relaxation (dashed arrows)
in the studied complexes.
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3. The population of S,, states is negligible (S, & 0) since the
time-scale of S, is shorter than the nanosecond pulse duration
of the laser.

4. The intersystem crossing transition from S;-T; becomes
spontaneous only when the population of S; has been saturated.

5. The S;-T; transition is determined by the quantum
mechanical condition, AN = N;, where N, is the number density
of excited molecules in the T, state per unit time.

Based on these assumptions, 6CB-AuNPs with AN = 3.97 x
10* will show faster transitions from T;-T,, than the rest of the
complexes, which could account for an enhancement of the
triplet-triplet absorption transition in the former.*”

The intersystem crossing lifetimes were calculated using the
relationship (tz/®r) where 7r and @r are fluorescence lifetime
and triplet quantum yield, respectively. A faster rate of inter-
system crossing results in enhanced nonlinear optical properties
and a shorter intersystem crossing lifetime.

The intersystem crossing lifetimes of the complexes showed
that 6CB-AuNPs have the lowest value of 2.73 ns while 6 has the
longest value of 5.33 ns. Therefore, 6CB-AuNPs are expected to
show enhanced NLO properties as will be discussed later.

Singlet oxygen (®,) and photodegradation (®,4) quantum
yields

Efficient interaction of the triplet state of a photosensitizer with
ground state molecular oxygen can result in the generation of
singlet oxygen due to energy transfer from the photosensitizer
to the molecular oxygen. In order to determine the singlet
oxygen quantum yield (®,), the chemical photodegradation of
a singlet oxygen quencher (DPBF) was monitored over a period
of time (Fig. 9, as an example for complex 6). The Q-band of the
complex did not decrease during irradiation showing stability
over the irradiation period, while DPBF degraded. A significant
increase in singlet oxygen generation as evidenced by singlet
oxygen quantum yield (Table 1) was observed upon conjugation
of complex 6 to the metallic nanoparticles corresponding to
increase in triplet quantum yields.

Photodegradation is the measure of stability of molecules
upon irradiation and it is especially important for molecules that
are intended for use in nonlinear optical studies. Photostable
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o
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Fig. 9 Typical spectra observed during the generation of singlet oxygen
using DPBF as a singlet oxygen quencher for complex 6 in DMSO.
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molecules will give better nonlinear optical response since they
can absorb intense laser radiation over a long period. The higher
the photodegradation quantum yield value, the lower the photo-
stability of the molecule. A good correlation is expected between
the photodegradation quantum yield and singlet oxygen produc-
tion since singlet oxygen has been implicated in phthalocyanine
photodegradation, though not in all cases.*® The nanoconju-
gates were more photostable compared to complex 6 alone with
6CB-AuNPs showing the highest photostability which is expected
to improve the nonlinear optical response.

Nonlinear optical (NLO) studies

The enhanced nonlinear optical response of Pcs when conjugated
to nanoparticles has been reported.”" On the other hand, the
possession of surface plasmon resonance (SPR) by the metallic
nanoparticles such as AuNPs and AgNPs gives rise to absorption
due to the oscillation of free electrons from the conduction band
of the metals. Modification of the surface geometry of the
metallic NPs leads to a shift in the electric field density on the
surface® resulting in nonlinear optical response.

The nonlinear response of complex 6 and the corresponding
nanoconjugates was measured by using the open aperture
Z-scan technique with excitation pulses of 10 ns at a wavelength
of 532 nm and a peak intensity of 360.0 MW cm 2. Possession of a
reverse saturable absorption (RSA) Z-scan profile is one prominent
feature of a nonlinear absorber that is suitable for optical limiting
applications.*®*! The Z-scan profiles of complex 6 and the nano-
conjugates showed RSA profiles around the focus (Fig. 10), indi-
cating a good optical limiting potential of the complexes.

The mechanism for RSA in Pcs has been described in the
literature using the five-level energy model (Fig. 8). It is also
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Fig. 10 Open aperture Z-scan of complex 6 and its nanoconjugates in
DMSO.
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well established that at 532 nm in the nanosecond regime, the
observed nonlinear absorption response of phthalocyanines
and related macrocycles is dominated by excited state absorp-
tion from the singlet and/or triplet excited states rather than
two-photon absorption.*>** Therefore, accurate knowledge of
excited state lifetimes is vital to pin-point the exact contribution
of each state to the nonlinear optical response of the material.
A five-level energy model*~** has been known to account for
transitions from S; — Ty, T; — T, as well as the two-photon
absorption process in the nanosecond time scale.*® The triplet
state population will depend on the intersystem crossing rate
and the triplet lifetime.

The t;4. values for complexes 6 and the conjugates ranged
from 2.73 to 5.33 ns while the triplet lifetime ranges from 298 to
343 ps (Table 1). Since the triplet lifetime is longer than the
intersystem crossing lifetime, there will be more crossovers
through intersystem crossing to populate the triplet state.
Subsequent absorption of laser radiation will result in further
excitation of molecules from the T, state to a higher energy T,
state with an excited state absorption cross section, d,. The five-
level systems in Fig. 8 can be treated with 5-level model rate
eqn (S1)-(S7), (ESIt).

Since the lifetimes of the S, and T, states are very short when
compared to a nanosecond time,**® these levels can be neglected,
and only the time variation of populations Ny, N; and N, for the S,,
S; and T, energy levels is included in eqn (S1)-(S4) (ESIt). The
rate equations were numerically solved following the methods
by Zhang et al.* Fig. 10 shows the experimental data (scattered
points) and theoretical fit (solid lines) for complex 6 and upon
conjugation to nanoparticles. The ground state absorption
cross-section was obtained from absorption spectroscopy using
eqn (5)

o

S = —
0 N

(5)
where o is the linear absorption and N, is the number of
molecules per cm®.

The five-level model rate equation fitting of the experimental
data showed a downward dipping z-scan profile indicating
a reverse saturable absorption behaviour with a decrease in
transmittance at the focal position (z = 0) resulting from excited
state induced positive nonlinear absorption of the incident
light. Upon conjugation of complex 6 to metallic nanoparticles,
the RSA dip increases further, indicating enhanced nonlinear
response for the nanocojugates.

The covalently linked nanoconjugates showed more non-
linear optical response with minimum transmittance values of
62% and 53% for 6CB-AuNPs and 6CB-AgNPs compared with
46% and 37% (Fig. 10) for the corresponding surface assembled
6SA-AuNPs and 6SA-AgNPs, respectively, which could be attri-
buted to more Pcs being loaded on the surface of the nano-
particles through the covalent route compared with the surface
assembled route. The RSA in phthalocyanines in the nano-
second regime is dependent on the absorption cross-section
of the excited singlet as well as the triplet manifold compared
with the ground state. Generally, a good optical limiting (OL)
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Table 2 Nonlinear optical properties of complex 6 and its nanoconjugates in DMSO

Complex drpa (cm? s per photon) 3o (em*) 107"

5, (cm?) 107" 5, (cm?) 101 PN PN lim

6 2.16 x 107%° 2.97
6SA-AgNPs 1.36 x 107*® 1.78
6SA-AUNPs 3.91 x 10 2.05
6CB-AgNPs 2.86 x 107*¢ 2.27
6CB-AuNPs 4.49 x 10°* 3.03

material has a high ratio of excited-state to ground state
absorption cross-section (dexc/0o > 1), a long triplet lifetime
with respect to pulse width, faster rate of intersystem crossing
to triplet state (tp > 7tj5.) and high triplet quantum yield.

Table 2 shows the absorption cross-sections resulting from
the excited singlet, triplet and ground states. The NLO response
resulting from the excited singlet (J,) was observed between
2.02 x 107'° em” and 6.33 x 10 '® em?® (7-22 times higher
than §,). The corresponding triplet (3,) ranges from 3.97 X
107'%-6.01 x 10 '® (13-30 times higher than §,). This is
expected since at higher fluence and longer pulse durations,
Pcs exhibit RSA in the visible spectrum resulting from the strong
absorption from the singlet and/or triplet manifold. The absorp-
tion cross-sections reported in this work are in the same order of
magnitude as those reported in the literature.*>*”*° Yuksek and
coworkers reported a high ratio of 20 between the excited state
and ground state absorption cross-section in indium and
gallium phthalocyanines studied using 4 ns laser pulses at
532 nm.*® A ratio of about 13 for indium and thallium phthalo-
cyanines was measured by Dini et al. using 7 ns at 532 nm®®
while Mendoca et al. reported a ratio of 9 using a 6 ns pulse at
532.°" The simultaneous absorption of two photon with the
same or different energy from the ground state to higher excited
state results in two photon absorption depicted as TPA in Fig. 8.
In the nanosecond regime, excited state induced TPA has been
shown to be the dominant mechanism leading to additional
nonlinear absorption in the nanosecond pulse duration.’” The
contribution to the RSA due to the TPA (dp,) pathway ranges
from 1.36 x 107 *-4.49 x 10~** cm” s photon™".

The AuNP conjugates produced a more significant TPA mecha-
nism compared to AgNPs, probably due to the SPR absorption
band of AuNPs at 530 nm, which is in complete resonance with
the 532 nm wavelength employed in the Z-scan experiment.

To probe further into the nonlinear optical behaviour of the
complexes in relation to change in intensities of the laser, the
transmittance was plotted against input fluence, (Fig. S9, ESIT).
It was observed that the transmittance exponentially decreases with
increase in laser intensity (I,), which is typical of reverse saturable
absorbers.**>* One vital application of nonlinear optics is in optical
limiting. The limiting threshold is an important term in optical
limiting measurement and can be defined as the input fluence at
which transmittance is 50% of the linear transmittance.>* The
display of reduced transmittance as a function of incident fluence
is a prerequisite for an ideal optical material.

At a reduced incident fluence, the material exhibits linear
transmittance; but abruptly changes to nonlinear transmittance
as the incident light reaches the critical fluence or threshold,
leading to clamping of the output fluence at a constant value

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 11 Output (Ioy) vs. Input (/;,) fluence of complex 6 and the nano-
conjugates in DMSO.

that would presumably be less than the amount required to
damage the optical element. The lower the J;;,, value, the better
the material as an optical limiter.

Fig. 11 shows the optical limiting curves obtained for 6 and
its corresponding nanoconjugates. A nonlinear relationship was
observed between fluence and transmittance with [;,, values of
between 0.36 and 0.87 J cm > (Table 2). The nanoconjugates
consistently exhibit stronger RSA and better optical limiting
properties than 6. The enhanced optical limiting behaviour of
the nanoconjugates could be attributed to the presence of heavy
atoms from the nanoparticles.

Conclusions

The optical limiting performance of 4-(2,4-bis(4-aminophenoxy)-
phenoxy) phthalocyinato zinc(u) (6) and the corresponding
surface assembled or covalently linked nanoconjugates with gold
and silver nanoparticles has been investigated. A decrease in
fluorescence quantum yields with corresponding increase in
triplet and singlet oxygen quantum yield was observed for the
nanoconjugates compared to complex 6 alone. The experimental
open-aperture nanosecond Z-scan technique at 532 nm with
10 ns pulse duration was described using five model rate equations.
The nonlinear optical response showed strong RSA behaviour for
complex 6 alone and when conjugated to nanoparticles. It was
found that complex 6 exhibits an enhanced nonlinear optical
response when conjugated to nanoparticles.
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