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The photophysicochemical behavior of symmetric
and asymmetric zinc phthalocyanines, surface
assembled onto gold nanotrianglest
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The synthesis of a novel asymmetric phthalocyanine, (4-(4-(benzold]thiazol-2-yl)phenoxy)-2,10,17-

tris(4-(2-carboxyethyl)phenoxy)phthalocyaninatol)zinc(i), complex 3, is reported. Complex 3 together

with the previously reported complexes tetrakis[(benzold]thiazol-2-yl phenoxy)phthalocyaninato]zinc(i)

(4) and 3-(4-((3,17,23-tris(4-(benzold]thiazol-2-yl)phenoxy)phthalocyaninatol)oxy)phenyl)propanoic acid
zinc(i) (5), were linked to gold nanotriangles (AuNTs) through S—Au/Au-N self-assembly to afford the
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conjugates (3-AuNTs, 4-AuNTs and 5-AuNTs). The photophysicochemical behaviour of the complexes
and their conjugates were studied. The asymmetric complexes 3 and 5, displayed improved triplet and
singlet oxygen quantum yields compared to the symmetric complex 4, while all conjugates displayed

improved triplet and singlet oxygen quantum yields compared to their respective complexes alone. The

rsc.li/njc

Introduction

Research on phthalocyanines (Pcs) for a variety of applications”®
is on the increase. Pcs are well known photosensitizers (PSs) for
photodynamic therapy (PDT),>>”*® photodynamic antimicrobial
therapy (PACT),® and the photodegradation of pollutants.’ The
applicability of Pcs as PSs emanates from their ability to absorb
visible light, which excites them to an excited singlet state,
followed by intersystem crossing to the excited triplet state.
The triplet state then reacts with ground state molecular oxygen
via energy transfer to form reactive oxygen species (including
singlet oxygen) that can destroy cancer cells and pathogenic
microbes.®'° The incorporation of heavy atoms in the central cavity
of these Pcs to give metallophthalocyanines (MPcs) improves triplet
state quantum yields through the heavy atom effect which
promotes intersystem crossing to the triplet manifold."" However,
the lack of selective accumulation of MPcs into cancer cells is a
major challenge in PDT.”® As a result, MPcs are now linked to
nanocarriers for improved targeting of tumors through the
enhanced permeability and retention (EPR) effect, a phenomenon
by which molecules of certain sizes tend to accumulate and be
retained in solid tumor tissues selectively but not in normal tissue
because of the leaky vasculature in a tumorous tissue.'*"

Centre for Nanotechnology Innovation, Department of Chemistry,

Rhodes University, Grahamstown 6140, South Africa. E-mail: t.nyokong@ru.ac.za;
Fax: +27 46 6225109; Tel: +27 46 6038260

1 Electronic supplementary information (ESI) available: 'H NMR, UV-visible
absorption and MCD spectra, DFT and TD-DFT calculations, XPS and EDX
spectra. See DOI: 10.1039/c8nj02746¢

complexes and their conjugates could serve as good candidates for photodynamic therapy.

Gold nanoparticles (AuNPs) play an important role in
the biomedical fields especially in PDT as nanocarriers. The
marked interest in AuNPs emanates from the unique chemical
and physical properties that enable them to transport
and deliver drugs (such as MPcs)."""> Ease of synthesis and
functionalization, biocompatibility, inertness and non-toxicity
makes AuNPs attractive nanocarriers.'® They also exhibit size
and shape dependent electronic and chemical properties."”
Gold nanostars,'® nanospheres,'® nanorods and bipyramids>°
have been linked to phthalocyanines resulting in improved
triplet state and singlet oxygen quantum yields. Gold nano-
triangles (AuNTs) on the other hand, have been synthesized
for photothermal therapy,* catalysis and for vapour sensing,>>
but have never previously been linked to Pcs. The ability of gold
nanotriangles to generate singlet oxygen ('O,) was recently
reported.”' However, the probable enhancement in 'O, genera-
tion when these nanoparticles are formulated with phthalo-
cyanines to form a nanohybrid has never been investigated. The
efficiency of cellular uptake of the gold nanoparticles was found
to rank in the following order: triangles > rods > stars.”?
Hence, AuNTs are employed in this work and are linked to
MPecs for the first time.

The photophysical properties of a series of peripherally
substituted ZnPc complexes 3-5 (Scheme 1) are compared when
alone or linked to AuNTs. The Zn(u) ion is used in the central
cavity of the three Pcs to promote rapid intersystem crossing to
the triplet state through the heavy atom effect. Benzothiazole
derivatives, have been found to have antitumor activities,*
while ZnPc substituted with benzothiazole show improved
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Scheme 1 Synthetic pathway for complex 3 and the structures of com-
plexes 4 and 5.
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photophysical behavior. We compare the effect of the
peripheral benzothiazole groups by comparing the previously
reported complex 4°° (four benzothiazoles), with 5 (three
benzothiazoles) and 3 (one benzothiazoles). We also compare
5 (one propanoic acid), which has been reported previously,>”
with complex 3 (three propanoic acids). Porphyrins containing
propanoic acid groups (such as the uroporphyrins) have been
employed successfully for PDT.'® 3 and 5 are asymmetrical
(Scheme 1). Asymmetry is known to introduce distortion on the
phthalocyanine macrocycle which affects the electronic states
of the conjugated macrocycle ring, hence the photophysical
properties of the Pc.”® Complexes 3, 4 and 5, were linked to
AuNTs via Au-S/Au-N self-assembly.

Experimental
Materials

Ultra-pure water was obtained from a Milli-Q Water System
(Millipore Corp, Bedford, MA, USA), zinc(u) acetate dihydrate,
1-pentanol, 1,8-diazobicyclo[5.4.0jundec-7-ene (DBU), zinc
phthalocyanine (ZnPc), 1,3-diphenylisobenzofuran (DPBF) and
anthracene-9,10-bis-methylmalonate (ADMA) were purchased
from Sigma-Aldrich. Tetrahydrofuran (THF), N,N-dimethyl form-
amide (DMF) and dimethyl sulphoxide (DMSO) were purchased
from Merck. Methanol and absolute ethanol were obtained from
Saarchem. All other reagents and solvents were obtained
from commercial suppliers and used as received. Silica gel 60
(0.063-0.200 mm) for column chromatography was used for the
purification processes. AlPcS,,;x (a mixture of sulfonated derivatives)
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was used as a standard for singlet oxygen quantum yields
determination in aqueous media, and was synthesized according
to literature methods.>® The syntheses of 4-(4-(benzothiazol-2-
yl)phenoxy)phthalonitrile (complex 1),>® 3(4-(phenoxy)-propanoic
acid)phthalonitrile (complex 2),"> and gold nanotriangles
(AuNTs),*® have been reported previously in the literature.

Equipment

Ground state electronic absorption spectra were measured
using a Shimadzu UV-2550 spectrophotometer. Mass spectra
data were collected on a Bruker AutoFLEX III Smart-beam TOF/
TOF mass spectrometer using a-cyano-4-hydrocinnamic acid as
the matrix. Infrared spectra were acquired on a Bruker ALPHA
FT-IR spectrometer with universal attenuated total reflectance
(ATR) sampling accessory. '"H NMR spectra were recorded
on Bruker AVANCE II 600 MHz NMR spectrometers using
tetramethylsilane (TMS) as an internal reference. Elemental
analyses were performed using a Vario-Elementar Microcube ELIIIL.
Fluorescence excitation and emission spectra were measured on a
Varian Eclipse spectrofluorimeter using a 360-1100 nm filter.
Excitation spectra were recorded using the Q-band maximum of
the emission spectra as the excitation wavelength.

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). Fluorescence
was detected under the magic angle with a Peltier cooled photo-
multiplier tube (PMT) (PMA-C 192-N-M, Picoquant) and integrated
electronics (PicoHarp 300E, Picoquant GmbH). A monochromator
with a spectral width of ca. 8 nm was used to select the required
emission wavelength band. The response function of the system,
which was measured with a scattering Ludox solution (DuPont),
had a full width at half-maximum (FWHM) of about 300 ps. The
ratio of stop to start pulses was kept low (below 0.05) to ensure
good statistics. All luminescence decay curves were measured at
the maximum of the emission peak. The data were analysed with
the program FluoFit (Picoquant).

Triplet state quantum yields were determined using a laser
flash photolysis system consisting of an LP980 spectrometer
with a PMT-LP detector and an ICCD camera (Andor DH320T-
25F03). The signal from a PMT detector was recorded on a
Tektronix TDS3012C digital storage oscilloscope. The excitation
pulses were produced using a tunable laser system consisting
of an Nd:YAG laser (355 nm, 135 mJ/4-6 ns) pumping an optical
parametric oscillator (OPO, 30 mJ/3-5 ns) with a wavelength
range of 420-2300 nm (NT-342B, Ekspla).

Irradiations for singlet oxygen quantum yield determinations
were performed using a general electric quartz lamp (300 W) as
described in the literature.*" Light intensity was measured with a
POWER MAX 5100 (Molelectron Detector Incorporated) power
meter and was found to be 4.3 x 10'° photons cm > s~ .

X-ray powder diffraction patterns were recorded using a
Cu K radiation (1.5405 A, nickel filter), on a Bruker D8 Discover
equipped with a proportional counter and the data was processed
using the Eva (evaluation curve fitting) software. Transmission
electron microscope (TEM), ZEISS LIBRA™ model 120 operated
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at 90 kv was used for the assessment of morphologies of the
NPs and their conjugates. Elemental compositions of the NPs
and the conjugates were qualitatively determined using energy
dispersive X-ray spectroscopy (EDX), INCA PENTA FET coupled
to the VAGA TESCAM operated at 20 kV accelerating voltage.

Syntheses

The synthesis of complexes 4 and 5 has been previously
reported,>>*” while 3 is reported for the first time.

Synthesis of tris[3-(4-(phenoxy)phenyl)propanoic acid)-4-
(bezothiazol-2-ylphenoxylphthalocyaninato|zinc(u) (3) (Scheme 1).
A mixture of 4-(4-(benzothiazol-2-yl)phenoxy)phthalonitrile (1)
(0.11 g, 0.31 mmol), 3(4-(phenoxy)-propanoic acid)phthalonitrile
(2) (0.46 g, 1.56 mmol) and zinc(u) acetate dihydrate (0.20 g,
0.96 mmol) was dissolved in dry 1-pentanol (4 mL), after which
DBU (&~ 0.1 mL) was added. The reaction mixture was refluxed
at 160 °C for 6 h, under argon atmosphere. On cooling,
methanol was added and the precipitate was collected under
centrifugation. The precipitate was successively purified with
methanol under centrifugation, dried and further purified by
column chromatography using THF and methanol (90:10) as
eluent, yielding complex 3.

Yield: 0.08 g (14.0%). IR [Vma/em ™ ']: 3065 (OH), 2921 (C-H
stretch), 1719 (C—=0), 1596, 1475 (C—=C), 1230 (Ar-O-Ar).
UV/Vis (DMSO), Amax nm (loge): 681 (4.85), 614 (4.16), 356
(4.48). "H NMR (600 MHz, DMSO-ds) & 11.32 (s, 3H, OH), 7.81
(d, J = 8.8 Hz, 2H, Ar-H), 7.37-7.09 (m, 30H, Ar-H), 2.89-2.85
(dd, J = 6.9, 1.5 Hz, 6H, CH,), 2.68-2.65 (t, J = 5.7 Hz, 6H, CH,),
anal. calc. for (C,,H47NgO1,SZn): C, 66.74; H, 3.66; N, 9.73; S,
2.47. Found: C, 66.29: H, 3.89; N, 9.41; S, 3.00. MS (MALDI-TOF)
m/z: caled: 1295.64; found: 1295.40 [M]".

Linkage of complexes 3, 4 and 5 to AuNTs (Scheme 2).
AuNTs (capped with hexadecyltrimethylammonium chloride,
CTAC) were synthesized as reported in the literature.*® The
benzothiazole moieties of complexes 3, 4 and 5, containing
sulphur and nitrogen groups are expected to form nitrogen—
gold or sulphur-gold bonds with AuNTs through self-assembly
mono layers. Complex 3 (0.02 g, 0.015 mmol), complex 4 (0.02 g,
0.0135 mmol) and complex 5 (0.02 g, 0.014 mmol) in DMF (4 mL)
were each mixed with AuNTs (0.02 g) in water (2 mL), and left
under stirring for 24 h at room temperature. The formed
conjugates were washed with ethanol and collected by centrifu-
gation. The conjugates are represented as 3-AuNTs, 4-AuNTs and
5-AuNTs, where AuNTs stand for gold nanotriangles.

Photophysicochemical studies

Fluorescence (®g) and triplet state (&) quantum yields of the
complexes and conjugates were determined in DMSO using
comparative methods described previously in the literature.*>”**
Unsubstituted ZnPc in DMSO was used as a standard with
& =0.20°% and & = 0.65.>* The solutions for triplet state studies
were de-aerated with argon for 15 min before measurements.
Singlet oxygen quantum yield (®,) values were determined under
ambient conditions using DPBF as a singlet oxygen scavenger in
DMSO (and ADMA in water containing 0.5% DMSO) and calcu-
lated using equations that have been described previously.**
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DMF/24 h

3-AuNTs or 4-AuNTs or 5-AuNTs
Scheme 2 Synthetic pathways for 3-AuNTs, 4-AuNTs and 5-AuNTs.

ZnPc in DMSO was used as a standard (®, = 0.67 in DMSO).**
AlPcS,ix was employed as a standard in aqueous media
(@4 = 0.42).>” The absorbances of DPBF or ADMA were spectro-
scopically monitored at 417 nm or 380 nm, respectively, at
regular predetermined time intervals.

Theoretical calculations

The Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional was
used to carry out geometry optimization for the four-fold
symmetrical positional isomers of 3-5 in Gaussian 09 software
package with SDD basis sets.*® TD-DFT calculations were carried
out using the CAM-B3LYP functional with SDD basis sets, since
this functional contains a long-range connection that provides
more accurate results for transitions with significant charge
transfer character.*”

Results and discussion

In this work, we report for the first time the synthesis of a
low symmetry ZnPc, (24-(4-(benzo[d]thiazol-2-yl)phenoxy)-
2,10,17-tris(4-(2-carboxyethyl)phenoxy)phthalocyanine-29-yl)zinc(u),
complex 3, consisting of three phenoxy propanoic acid and
one benzothiazole phenoxy moieties. The synthetic route
for the synthesis of a novel unsymmetrical zinc(u) phthalo-
cyanine, complex 3 together with structures of complexes 4°
and 5,>” which have been reported previously, are shown in
Scheme 1.

Complex 3, was synthesized through a statistical cross-
condensation of 4-(4-(benzothiazol-2-yl)phenoxy)phthalonitrile
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(1) and 3-(4-phenoxy)-propanoic acidphthalonitrile (2). The
disappearance of the characteristic C=N peak of the dinitriles
at 2230 cm ™' in the FT-IR spectrum of complex 3 (Fig. 1) con-
firmed the conversion of the phthalonitriles to a phthalocyanine.

The "H NMR spectrum for complex 3 (Fig. S1, ESIt) exhibited
aromatic ring proton peaks resonating between 7.81-7.09 ppm,
the CH, protons of the propionic acid chain were observed
between 2.89 ppm and 2.65 ppm, while the protons due to
the hydroxyl groups of the carboxylic acid moiety were found at
11.32 ppm. Peak integration gave the expected total number of
protons, confirming the relative purity of the complex. Mass
spectral data (Fig. S2, ESIt) and elemental analyses agreed with
the proposed structure in Scheme 1.

An overlay of the normalized absorption spectra of com-
plexes 3, 4 and 5 in DMSO are shown in Fig. S3, ESL{ All
complexes displayed two strong absorption bands, typical of
metallated phthalocyanines with Dy, symmetry and in the
absence of aggregation.*’ The Q band maxima of the complexes
are shown in Table 1, and the values are not too different.

Complexes 3, 4 and 5 and their conjugates with AuNTs are
not soluble in water, hence for studies in water they were first
dissolved in 50 pL. DMSO and then diluted with water to 10 mL
(0.5% DMSO). The aqueous media is important for future
biological applications. For application in both in vitro and

Transmittance (%)

1 1 1 1 1
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1 )

Fig.1 FTIR spectra of complexes 1 to 3.
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in vivo studies, the drugs are usually dissolved in DMSO and
then diluted with water to the final concentration, given that
hydrophilic-lipophilic balance is needed for effective perfor-
mance of drug in the cells. However, the final concentration of
DMSO in the diluted drug should be less than 1% to avoid
DMSO toxicity.*" This is the reason why 0.5% DMSO was used
in this work.

Extensive aggregation was observed in aqueous media,
Fig. S3B (ESI}). Aggregation in Pcs is judged by broad or split
Q bands resulting from n-n stacking interaction of the aromatic
rings of Pcs.*” The effect of aggregation is usually reduced by
solubilization of the drug in a biocompatible surfactant for
therapeutic formulations.

MCD spectroscopy is another important technique for inves-
tigating the electronic structure of chromophores with high
symmetry, such as porphyrins or phthalocyanines and provides
essential information on their degenerate states.** The analysis
of Faraday A;, By and Cy terms that form the basic principle of
MCD spectroscopy provide information on the ground and
excited state degeneracies. Although the MCD signal arises
from the same transition that is responsible for the corres-
ponding 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.

A distinctive S-shaped sigmoid curve was observed between
600 and 690 nm in the MCD spectra of 3-5 (Fig. 2 and Fig. S4,
ESIT). The cross-over points between the upper and lower signal
in the curve were found to be 681, 679 and 681 nm, for 3, 4 and
5, respectively, corresponding to absorption maxima of 681, 679
and 680 nm, for 3, 4 and 5, respectively, observed in the UV-vis
spectra of 3-5 (Fig. 2 and Fig. S4, ESIt). 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 was
observed in the MCD spectrum at ca. 354, 345 and 355 nm for 3,
4 and 5, respectively. Thus, in accordance with Gouterman’s
4-orbital model,*> the Q band transitions can be readily
assigned to the 681, 679 and 681 nm bands for 3, 4 and 5,
respectively, and the B band transitions can in a similar way be
assigned to the 359, 363 and 363 nm bands.

The optimized structures of complexes 3-5 showed a planar
geometry with the metal lying inside the inner ring of the
complexes (Fig. S5, ESIt). Single intense bands arising from the

Table 1 Photophysicochemical parameters of complexes 3, 4, and 5 and their conjugates in DMSO unless otherwise stated

Samples Size (nm) Pc loading® (ug mg™")  Japs’ (nm)  (Pg) (£0.01) g (ns) (£0.01) (D) (£0.02) (DMSO) Ty (us) (£1.00)  PA° (£0.01)
3 — 681 0.13 3.04 0.76 237 0.69 (0.14)
3-AuNTs  65.7 33 681 (638) 0.11 2.83 0.82 124 0.75 (0.16)
4 — 679 0.17 3.08 0.59 149 0.50 (0.07)
4-AuNTs 67.1 39 679 (638) 0.13 2.86 0.72 96 0.63 (0.11)
5 — 680 0.15 2.86 0.73 239 0.69 (0.15)
5-AuNTs 66.8 42 680 (638) 0.12 3.05 0.86 180 0.78 (0.19)

“ Edge length in the conjugate, the edge length for AuNTSs alone is 62.3 nm (from TEM). ” Numbers in brackets are for the nanoparticles alone in
water. © Numbers in brackets are the values in water containing 0.5% DMSO.
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Fig. 2 Absorption and MCD spectra of 3 in DMSO. The calculated
TD-DFT spectrum of the isomer of 3 is plotted against a secondary axis.
Red diamonds are used to highlight bands associated with the Q and B
bands of Gouterman’s 4-orbital model. Details of the calculation are
provided in Table S1, see ESI.¥

Q and B transitions of Gouterman’s orbital model are predicted
in the TDDFT calculation for complexes 3-5 (Fig. 2 and Fig. 54,
Table S1, ESIT). Peripheral substitution of the Pc ligand usually
results in only a very minor splitting of the le; LUMO (lowest
unoccupied molecular orbital) of the parent unsubstituted ZnPc
complex,** so it is reasonable to anticipate a single dominant
pseudo-A; term in Q and B band regions even in the context of
asymmetrically-substituted complexes 3 and 5. Many weaker
transitions to other higher energy nn* states are predicted to
have similar energies to the B transition. This occurs as a broad
envelope of overlapping bands in this spectral region.

An overlay of the absorption, excitation and emission spectra
in DMSO are shown in Fig. 3 (using complex 3, as an example).
The ground state absorption and excitation spectra are mirror
images of the emission spectrum. The closeness of the Q-band
absorption and excitation maxima shows that the nuclear
configurations of the ground and excited states are similar

1.0

° e e
> =d ©
C;

Normalised Absorbance

S
N
2

0.04

550 600 650 700 750 800
Wavelength (nm)

Fig. 3 Emission (a), excitation (b) and absorption (c) spectra of complex 3
(excitation = 610 nm, solvent = DMSO).
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and are not affected by excitation in DMSO. It also shows that
the complexes are not aggregated in DMSO.

Characterization of AuNTs and conjugates

The normalised absorption spectra of AuNTs are shown in
Fig. 4A. An intense band (dipole) around 638 nm and a weak
shoulder (quadrupole) around 528 nm are observed, and
these are attributed to the in-plane dipole and out-of-plane
dipole resonance of gold nanoplates, respectively, characteristic
of AuNTs. ">

Conjugation of Pcs to AuNTs occurred by replacing loosely
bound CTAC ligands with Au-S or Au-N bonds. The loading of
complexes 3 to 5 onto the AuNTs was investigated following
literature methods.*® This involves dissolving the same mass of
the Pc alone and the conjugate in an equal volume of solvent
and comparing the Q band absorbance intensity of the Pc in the
conjugate with that of the initial Pc before the conjugation.
A decrease in intensity was observed in the conjugates com-
pared Pc, due to adsorption of the Pc molecules onto the NP.
The loadings of Pc onto nanoparticles are listed in Table 1.

The largest loading was for complex 5 (containing three
benzothiazole substituents and one propanoic acid group) followed
by complex 4. Upon conjugation of complexes to AuNTs, an
enhancement in absorption between the Q band and 500 nm
was observed (Fig. 4B), which could be due to overlap of the
absorption peak of the nanotriangles with the vibronic band of
the complexes, hence confirming successful linkage of the

A Dipole peak , = »
N 638+
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o
I}
s Quadrupole peak
-
o
73
a
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«©
£
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Fig. 4 UV-visible absorption spectra of (A) AuNTs in water and (B) 3-AuNTs
(a), 4-AuNTs (b) and 5-AuNTs (c) in DMSO.
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complexes to nanoparticles. There was no change in the Q band
absorption maxima of the complexes following conjugation,
Table 1. In water (Fig. S3C, ESIt), aggregation discussed above
continues for the conjugates.

Fig. 5 shows the powder XRD patterns for AuNTs, with
3-AuNTs and complex 3 used as examples. The Pc complexes
alone displayed broad peaks from 20 = 10 to 32°, indicating the
amorphous nature of phthalocyanines.*® AuNTSs together with
the conjugates displayed sharp peaks at 20 = 37.5, 44.3, 64.3,
76.9 and 80.8°, indicating their crystallinity, attributed to the
presence of gold. These peaks were assigned to the 111, 200,
220, 311 and 222 planes, respectively, corresponding to the face
centered-cubic structures of metallic gold.>®

Fig. 6 shows the TEM micrographs of the AuNTs and the
conjugates. The AuNTs image shows two different sizes of
nanotriangles, at ~53 and ~78 nm (edge length), however
average sizes are shown in Table 1. These two sizes could be
responsible for the dipole peak at 638 nm (for larger size) and a
shoulder peak at 600 nm (for smaller size) in the absorption
spectrum of AuNTs, Fig. 4A. Also shown are a few irregular
nanoparticles, pentagons and hexagons, which could be respon-
sible for the quadrupole peak in Fig. 4A.*°

Slight aggregation was observed for the nanotriangles before
linkage to the complexes (Fig. 6), and it increased on linkage to
the Pc complexes. Increased aggregation in the conjugates is likely
due to n—n stacking that can occur between the Pcs and NPs. Pcs
are known for their n-n stacking to form H aggregates.*> The
average sizes (edge lengths) of the NPs were estimated to be
62.3 nm for AuNTS, 65.7 nm for 3-AuNTs, 67.1 nm for 4-AuNTs
and 66.8 nm for 5-AuNTs.

An assessment of the possible interaction between AuNTs
and complexes was done using XPS analysis, and complex 3 was
used as an example. The XPS survey spectra exhibited the
expected elements and their respective binding energies, Fig. S6,
ESLt Complex 3 exhibited S (157 €V), C (283 eV), N (395 eV),
O (526 eV), and Zn (1017 eV). The peak around 100 eV in

AuNTs

3.AuNTs |
0
E
g 220 311
o 200
— 222
=
&

3
20 40 60 80 100

20 Degree

Fig. 5 XRD diffractograms for AuNTs, 3-AuNTs, and complex 3.
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3-AuNTs
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500 am

Fig. 6 Representative TEM micrographs for AuNTs, 3-AuNTs, 4-AuNTs
and 5-AuNTs.

complex 3 could be due to residual silica during column
chromatography. AuNTs exhibited Au (89 eV, 194 eV, 338 eV and
351 eV). The C and N peaks in the AuNTs are from the CTAC
capping agent, which adsorbed on AuNTs. 3-AuNTs, displayed
similar atoms to both complex 3 and AuNTs. The energy dispersive
X-ray spectrometer (EDX) (Fig. S7, ESIt), also confirmed the presence
of the anticipated elements, however O was present in AuNTs,
probably from the residual ascorbic acid used during synthesis.

To confirm linkage of complexes to AuNTs, the high resolu-
tion XPS analysis was employed. The S 2p deconvolution for
complex 3 alone (Fig. 7A) exhibited two subpeaks corres-
ponding to -S-C- (161.9 eV) and -S- (163.0 eV). The conjugates
(Fig. 7B, 3-AuNTs as an example) displayed three peaks attributed
to -S-C- (161.8 eV), -S- (163.0 eV) and -S-Au- (166.7 eV). The N 1s
peak for complex 3 alone (Fig. S6B, ESI{) showed two subpeaks
corresponding to -N-C- (396.2 e€V) and -N- (397.3 eV), while the
conjugates (Fig. S6C ESI¥ 3-AuNTs as an example) displayed
three peaks attributed to -N-C- (396.2 eV), -N- (397.5 eV) and
-N-Au- (402.8 eV). The presence of both gold to sulfur and gold
to nitrogen interaction (-N-Au- and -S-Au-) indicates that the
complexes are linked to AuNTs through S-Au and N-Au inter-
actions since gold has a strong affinity for both sulphur and
nitrogen.

Photophysicochemical parameters

Table 1 shows the fluorescence quantum yields (®§) and life-
times (tg), triplet quantum yields (@) and lifetimes (zy), as well
as singlet oxygen quantum yields (®,) for 3, 4 and 5 in DMSO
before and after conjugation. The ®r and @, values were also
determined in water.

Fluorescence quantum yields (@) and lifetimes ()

In DMSO, the asymmetric complex 3 bearing three propanoic
acid groups and one benzothiazole showed a lower fluorescence
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Fig. 7 XPS high resolution spectra (A) S 2p for complex 3 and (B) S 2p for
3-AuNTs.

quantum yield of 0.13 as well as a lower lifetime of 3.04 ns
compared to the quantum yield of 0.17 and lifetime of 3.08 ns
for the symmetric complex 4 (containing only benzothiazole
groups). This suggests that asymmetric structures could be
potential means of enhancing intersystem crossing to the
triplet state. The lifetimes of the complexes alone showed a
mono-exponential decay, while the corresponding conjugates
displayed bi-exponential decays, and hence there are two life-
time values (Fig. 8, using 4 as example). The average lifetimes
for the conjugates are presented in Table 1. The presence of two
lifetimes can be explained based either on the existence of
aggregates, which quench fluorescence, resulting in shorter
quenched and longer unquenched lifetimes®* or on different
orientations of the phthalocyanines on the NPs. Further
deactivation of the excited singlet state was observed after the
conjugation of the complexes to AuNTSs, since Au is also a heavy
atom.>” The fluorescence lifetimes decreased upon conjugation
with NPs since fluorescence quantum yields and lifetimes have
a direct relationship, except for complex 5 and its conjugate
with increased lifetimes after conjugation. The @y values in
water (containing 0.5% DMSO) were found to all be <0.01%.
The low &y values in water are attributed to aggregation
which usually quenches fluorescence. Aggregates are known
to convert electronic excitation energy to vibrational energy
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Fig. 8 Fluorescence decay (blue), ;2 fitting (red) and IRF (black) curves for
complex 4 in DMSO.

which consequently decreases the fluorescence quantum yield
of molecules.”® The 1 values in water could not be obtained
probably due to very low fluorescence.

Triplet state quantum yields (@) and lifetimes (zr)

The triplet state quantum yield (&r) represents the fraction of
molecules that undergoes intersystem crossing to the triplet
excited state. A high triplet state quantum yield with its
corresponding low fluorescence quantum yield suggests that
there is a more efficient intersystem crossing, which is an
attractive feature for MPcs for use as photosensitizers. A high
triplet quantum yield is of great importance since it influences
the singlet oxygen production. Fig. 9B, shows the triplet decay
curve of the conjugate 3-AuNTs (as an example) together with
its transient curve (Fig. 9A).

The transient absorption spectrum shows a broad band
between 400-600 nm with a maximum at 505 nm, attributed to
the triplet-triplet state excited absorption (T; — T,,). The negative
peaks were also shown between 325 and 380 nm and between
600 and 700 nm. Considering the shape and the position of the
negative signals, which corresponds to the absorption in the
ground state, these can be attributed to the depletion or
photobleaching of the phthalocyanine ground state.>

The triplet decay curve obeyed second order kinetics, typical
of MPc complexes at high concentration, due to triplet-triplet
recombination.>® The phthalocyanine complexes alone dis-
played high triplet quantum yield (Table 1) due to the presence
of Zn with a heavy atom effect. In addition, the presence of
carboxyl groups and sulphur atoms also favors intersystem
crossing.>® Due to the advantage of asymmetry, which intro-
duces distortion thus lowering HOMO (highest occupied mole-
cular orbital) to LUMO energy gap, asymmetric complexes 3
and 5 displayed higher & values compared to a symmetric
complex 4.

Complex 3, with more carboxylic acid groups displayed a
slightly higher @1 than complex 5. Linkage of complexes to
AuNTs further increased the triplet quantum yields (Table 1)
due to the heavy atom effect of gold, as previously stated.
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Fig. 9 (A) Transient curve and (B) triplet absorption decay curve (black)
and fitting (red) for 3-AuNTs in DMSO.

On linkage of complexes to AuNTs, the conjugate 5-AuNTs
displayed a slightly higher @1 than 3-AuNTs, even though the
opposite was observed for complexes alone. This was attributed to
the loading of more Pcs on the AuNTs for 5-AuNTs than 3-AuNTsS,
Table 1. The triplet lifetimes became shorter as the triplet quan-
tum yields increased as expected.”” Generally there were slight
increases in @ corresponding to slight decreases in @ and this
could probably be due to the distance or orientation between the
MPc and the NTs. It has been shown that the distance between the
fluorophore and the metallic nanoparticles affect their fluores-
cence properties.”® The &y value improves dramatically for the
symmetrical complex 4 in the presence of AuNTs. This shows the
symmetric MPc complexes, which have lower @1 values benefit
more by linking to AuNTs. Due to the aggregation tendency of Pcs
in aqueous media, the triplet quantum yields of the complexes and
their conjugates could not be obtained.

Singlet oxygen quantum yields

The @, value is the key indicator of the potential applicability of
the complexes as photosensitizers. Values were determined
through photodegradation with DPBF or ADMA as singlet
oxygen scavengers in DMSO and aqueous media (Fig. 10).

The DPBF and ADMA degraded while the Q-band
remained unchanged, proving the stability of the Pcs over the
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Fig. 10 Representative UV/Vis spectra for singlet oxygen quantum yield
determination using a photochemical method. The spectra show the
degradation of (A) DPBF in DMSO and (B) ADMA in water containing
0.5% DMSO in the presence of complex 3 and 4, respectively.

irradiation period. As expected, the @, values (Table 1) followed
the same trend observed for the @ values, since singlet oxygen
formation is dependent on the @t value. The improvement in
the @, value is quite significant for the symmetrical derivatives
corresponding to the improvement in triplet quantum yields.
The values in water are lower due to aggregation since this
reduces the excited state lifetimes and the photosensitizing
efficiency, due to enhanced radiationless decay. Even though
the values are low, the conjugates in this work can still be used
for PDT since complexes such as lutetium texaphyrin with a low
singlet oxygen value of 0.11 have been employed for clinical
application in PDT.*°

Conclusions

In this work, we report on the synthesis of novel (24-(4-
(benzo[d]thiazol-2-yl)phenoxy)-2,10,17-tris(4-(2  carboxyethyl)-
phenoxy)phthalocyanine-29-yl)zinc(u), complex 3, which was
characterised using FTIR, UV-Visible and '"H NMR spectro-
scopy, MALDI-TOF mass spectrometry and elemental analyses.
Complex 3 together with the previously reported complexes 4
and 5, were linked to AuNTs through S-Au and Au-N self
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assembly. The photophysicochemical behaviour of the com-
plexes and their conjugates were studied. Asymmetric com-
plexes 3 and 5, displayed improved triplet state and singlet
oxygen quantum yields compared to the symmetric complex 4,
while all the conjugates displayed improved triplet state and
singlet oxygen quantum yields compared to complexes alone.
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