Journal of Photochemistry and Photobiology A: Chemistry 349 (2017) 148-161

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

Photochel
andPhotobi

Invited feature article

Investigation of photophysicochemical properties of zinc @ Cosshark
phthalocyanines conjugated to metallic nanoparticles

Edith Dube, Njemuwa Nwaji, David O. Oluwole, John Mack, Tebello Nyokong*

Department of Chemistry, Rhodes University, Grahamstown 6140, South Africa

ARTICLE INFO ABSTRACT

Article history:

Received 5 August 2017

Received in revised form 8 September 2017
Accepted 9 September 2017

Available online 10 September 2017

The syntheses of zinc(Il) tetra-[3-(4-phenoxy) (propanoic acid) phthalocyanine] (2) and zinc(Il) mono-
[3-(4-phenoxy) (propanoic acid) phthalocyanine (3) are reported in this work. Compounds 2 and 3 were
covalently linked to glutathione capped silver (AgNPs-GSH), gold (AuNPs-GSH) and silver-gold alloy
(Ag3Au;NPs-GSH) nanoparticles (NPs) via an amide bond formation to afford the conjugates: 2-AgNPs-
GSH, 3-AgNPs-GSH, 2-AuNPs-GSH, 3-AuNPs-GSH, 2-Ag;Au;NPs-GSH and 3-Ag3zAu;NPs-GSH. The
photophysicochemical behaviours of the compounds and their conjugates with NPs were assessed in
solution. The conjugates afforded a decrease in fluorescence quantum yields and lifetimes with improved
triplet quantum yields in comparison to the compounds. Accordingly, the AgNPs and AuNPs conjugates
with the compounds afforded high singlet quantum yields. On the contrary, the conjugates of the alloy
afforded decreased singlet quantum yields probably due to the screening effect. The compounds and their
conjugates with NPs could serve as a viable and efficacious photosensitizer for photodynamic therapy.
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1. Introduction

Phthalocyanines (Pcs) are continuously receiving pivotal
attention from researchers due to their unique physicochemical
properties [1]. Traditionally, Pcs have been exploited as dyes and
pigments [2] in various industries such as textile and automobile to
mention a few. Pcs can be functionalized to allow for a variety of
applications [3-5] including in nonlinear optics [6-10], photody-
namic therapy (PDT) [11,12] and photovoltaics [13]. Of particular
interest is their ability to generate singlet oxygen which is the
primary agent for cancer cell death in PDT [11,12].

The presence of heavy atoms, either as part or external to the
Pcs, enhances excitation to a triplet state through spin orbit
coupling (SOC). High SOC values enhance the kinetics of both
radiative and non-radiative transitions between states with
different spin. Intersystem crossing (ISC) is thus observed mostly
in systems containing high atomic number elements, a phenome-
non, known as heavy atom effect [14]. The central metal in
metallophthalocyanines (MPcs) and the conjugated nanoparticles
(NPs) have been reported to enhance the triplet and singlet oxygen
quantum yields of the phthalocyanines due to the heavy atom
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effect which encourages intersystem crossing to the triplet state
[15] as explained above. Enhanced triplet state quantum yields
leads to improved singlet oxygen generation, since the latter is
generated when the triplet state of Pc interacts with the ground
state molecular oxygen.

In this work, two novel zinc phthalocyanines were synthesised
and covalently linked to glutathione (GSH) functionalised gold
(AuNPs), silver (AgNPs) and silver-gold alloy (AgsAu;NPs) nano-
particles (whose syntheses has been reported before [16-19]).
Symmetrical and asymmetrical phthalocyanines have been linked
to AuNPs [19-23] or AgNPs [24] with improved triplet state and
singlet oxygen quantum yields as well as improved PDT activity.
Symmetrical Pcs have been linked to AgAuNPs for photophysical
and nonlinear optical studies [16,25]. This work reports on the
conjugates of AuNPs, AgNPs and AgsAu;NPs (numbers in brackets
are the ratios of Ag and Au) with symmetrical and asymmetrical
phthalocyanines containing the same substituents for the first
time. The phthalocyanines employed in this work are: zinc(II)
tetra-[3-(4-phenoxy) (propanoic acid)phthalocyanine] (2) and
zinc(Il) mono-[3—-(4-phenoxy) (propanoic acid) phthalocyanine]
(3). The choice of propanoic acid as a substituent is based on the
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fact that porphyrins containing propanoic acid (such as the
Uroporphyrins) have been employed successfully for PDT [11].

Glutathione was employed for the functionalization of the NPs
due to availability of sulfhydryl (SH), and amino acid (-NH,) in its
molecular structure. The SH was coordinated to the surface of the
NPs via sulfur to metal interaction and the NH, was covalently
linked to the activated —COOH terminal end of the Pcs via amide
bond formation to afford the conjugates. The MPcs, NPs and the
conjugates were characterized and the photophysicochemical
properties were studied.

2. Experimental
2.1. Materials

Ultra-pure water was obtained from a Milli-Q Water System
(Millipore Corp, Bedford, MA, USA), 3-(4-hydroxyphenyl)-pro-
pionic acid, potassium carbonate 1-pentanol, zinc (II) acetate
dihydrate, 1,8-diazobicylo[5.4.0]Jundec-7-ene (DBU), zinc phthalo-
cyanine (ZnPc), KOH, chloroform, N,N’-dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino)pyridine (DMAP), 1,3-diphenylisobenzo-
furan (DPBF), dicyanobenzene and anthracene-9,10-bis-methyl-
malonate (ADMA) were purchased from Sigma-Aldrich.
Tetrahydrofuran (THF), N,N-dimethyl formamide (DMF) and
dimethyl sulphoxide (DMSO) were purchased from Merck. 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.
AlPcSmix [26] (containing a mixture of sulfonated derivatives and
used as a standard for singlet oxygen quantum yields in water) and
4-nitrophthalonitrile [27] were synthesized as reported in the
literature. Glutathione (GSH) capped AgNPs (AgNPs-GSH [18]),
AuNPs (AuNPs-GSH [19]), and AgsAu;NPs (Ag;Au;NPs-GSH [16])

BOAACOH

HO

DMF, N,,

K ,C0s, 1t

nanoparticles were synthesized as reported in literature. Numbers
in brackets are the ratios of Ag and Au for the latter.

2.2. Equipment

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 a Bruker
AVANCE Il 600 MHz NMR spectrometer using tetramethylsilane
(TMS) as an internal reference. Elemental analyses were performed
using a Vario-Elementar Microcube ELIIl. Mass spectra data were
collected on a Bruker AutoFLEX Il Smart-beam TOF/TOF mass
spectrometer using a-cyano-4-hydrocinnamic acid as the matrix.
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. The morphol-
ogies of the NPs and their conjugates were assessed using a
transmission electron microscope (TEM), ZEISS LIBRA model 120
operated at 90kV and iTEM software was used for TEM micro-
graphs processing. Elemental compositions of the NPs and the
conjugates were qualitatively determined using an energy disper-
sive X-ray spectroscopy (EDX), INCA PENTA FET coupled to the
VAGA TESCAM operated at 20kV accelerating voltage. Ground
state electronic absorption was measured using a Shimadzu UV-
2550 spectrophotometer. 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 of the emission spectra. 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, 20MHz repetition rate, 44ps pulse
width). Details have been provided before [23].
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Scheme 1. Synthesis of zinc(Il) tetra-[3-(4-phenoxy) propanoic acid) phthalocyanine] (complex 2).
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Scheme 2. Synthesis of low symmetry zinc (II) mono—(4-phenoxy) propanoic acid) phthalocyanine (complex 3).

Triplet quantum yields were determined using a laser flash
photolysis system. The excitation pulses were produced using a
tunable laser system consisting of an Nd:YAG laser (355nm,
135mJ/4-6ns) pumping an optical parametric oscillator (OPO,
30 mJ/3-5ns) with a wavelength range of 420-2300 nm (NT-342B,
Ekspla), as reported before [28].

Irradiation for singlet oxygen quantum yield was performed
using a general electric quartz lamp (300 W) as described in the
literature [24]. 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 2571,

Magnetic circular dichroism (MCD) spectra were measured
with a Chirascan plus spectrodichrometer equipped with a 1T
(tesla) permanent magnet by using both the parallel and
antiparallel fields. The conventions of Piepho and Schatz are used
to describe the sign of the MCD signal and the Faraday terms [29].

2.3. Theoretical calculations
The optimized structures of complexes 2 and 3 (Fig. S1,

electronic Supplementary information, ESI) were obtained using
the B3LYP functional of the Gaussian 09 software package with

SDD basis sets [30]. TD-DFT calculations were carried out using the
CAM-B3LYP functional with SDD basis sets. The CAM-B3LYP
functional contains a long range connection that provides more
accurate results for transitions with significant charge transfer
character [31].

2.4. Syntheses

2.4.1. 3(4-Phenoxy )-propanoic acid) phthalonitrile (1)
3-(4-Hydroxyphenyl)-propionic acid (1.44 g, 8.66 mmol) and 4-
nitrophthalonitrile (1.5g, 8.66 mmol) were dissolved in DMF
(20mL) under nitrogen atmosphere and the mixture was stirred
at room temperature for 15 min. Finely ground K,COs3 (2.11 g,15.31
mmol) was added thereafter, and the reaction mixture was left to
stir for a further 36 h at room temperature. The mixture was then
added to ice water (150 mL). The resulting precipitate was filtered
off, thoroughly washed with water, dried and recrystallized from
ethanol to give complex 1. Yield: 2.24g (89%). IR [cm~!]: 3300
(COOH) 2890-3030 (C—H), 2230 (C=N), 1668-1583 (C=C), 1437-
1387 (C—0), 1322-1275 (C—O0), 1228 (Ar-O-Ar). '"H NMR (DMSO-
de): 8, ppm 7.89 (d,J=7.52 Hz, 1H, Ar-H), 7.56 (d,] = 7.35 Hz, 1H, Ar-
H), 7.37-7.32 (m, 3H, Ar-H), 7.12 (m, 2H, Ar-H), 3.48 (s, 1H, OH),
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Fig. 1. Absorption spectra of complex 2 (a) and complex 3 (b), solvent=DMSO.
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Table 1
Photophysicochemical parameters of complexes 2 and 3 and their conjugates with nanoparticles, solvent =DMSO.
Samples Size (nm)*  Aups (nm)”  Pc loading (pg/mg)  Of (+0.01) Tems) (+001)  To (NS)  @Pr(i002)  Tise (NS)2004)  Tr(Ws)  Pacroon®
Complex 2 - 680 - 0.19 (<0.01)  3.36 17.68 0.54 6.22 264 0.47
2-AgNPs-GSH 14.7 (111) 680 9 0.11 2.95 26.82 0.67 4.40 271 0.54
(426) (0.04)
2-AuNPs-GSH 149 (13.6) 679 27 0.03 (<0.01) 2.87 95.67 0.70 4.10 305 0.58
(542) (0.15)
2-AgsAu;NPs-GSH ~ 17.3 678 41 0.04 2.87 71.75 0.69 416 314 0.39
(15.1) (443) (0.08)
Complex 3 - 675 - 0.18 (<0.01)  3.21 17.83 0.73 4.39 233 0.55
3-AgNPs-GSH 122 (111) 674 10 0.16 3.10 19.38 0.82 3.78 274 0.69
(432) (0.05)
3-AuNPs-GSH 13.8 (13.6) 674 20 0.02 2.98 149.0 0.87 3.42 262 0.72
(530) (<0.01) (0.23)
3-AgsAuNPs-GSH  16.5 673 28 0.13 3.17 24.38 0.81 3.91 290 0.46
(15.1) (~440) (0.11)

¢ Sizes in brackets are for NPs alone from XRD.

b values in brackets are the SPR band of the NPs following conjugation. SPR bands of AgNPs and AuNPs alone are 405 nm and 532 nm, respectively. Silver in AgsAu;NPs
shows the peak at 408 nm and the AuNPs peak is not clear.

¢ Values in water in brackets.
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Fig. 2. Absorption and MCD spectra of complex 2 in DMSO. The calculated TD-DFT spectrum for the B3LYP optimized geometry 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. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The molecular orbital energies and HOMO-LUMO gaps of complex 2 and 3. The HOMO-LUMO gaps are highlighted with red diamonds and are plotted against a
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destabilization of the HOMO of complex 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Absorption (a), excitation (b) and emission (c) spectra of complex 3
(excitation =607 nm, solvent=DMSO).

2.85(t,J=5.17 Hz, 2H, CH,), 2.55 (t,J=6.54 Hz, 2H, CH,). Anal. Calc.
for (C17H12N203): C, 69. 86; H, 4.14; N, 9.58. Found: C, 68.69: H,
3.89; N, 9.87.
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2.4.2. Zinc(1l) tetra—[3-(4-phenoxy) (propanoic acid)
phthalocyanine] (2)

A mixture of 3-(4-(phenoxy)-propanoic acid phthalonitrile (1)
(0.25g, 0.86mmol), dry 1-pentanol (3mlL), zinc(Ill) acetate
dihydrate (0.25g, 1.1 mmol) and DBU (0.3 mL) was transferred
into a round bottom flask. The reaction mixture was refluxed at
180°C for 6 h with constant stirring in the presence of nitrogen.
After 6 h, the reaction mixture was cooled to room temperature,
methanol was added and the mixture centrifuged several times
with methanol. The product (complex 2) was dried under vacuum
and purified by column chromatography (silica gel, THF-methanol,
9:1). Yield: 0.46¢g (43%). IR (cm™!): 3420 (COOH), 2954 (C—H),
1603-1554 (C=C), 1431-1401 (C—O0), 1225 (Ar-O-Ar). UV/Vis
(DMSO), Amax nm (log €): 680 (4.80), 613 (4.08), 367 (4.50). 'H
NMR (600 MHz, DMSO) & 8.89 (s, 3H, Ar-H), 8.57-8.25 (s, 3H, Ar-H),
7.78-7.57 (m, 3H, Ar-H), 7.58-7.28 (m, 17H, Ar-H), 7.19-7.05 (m, 2H,
Ar-H), 4.02-3.50 (s, 4H, H from COOH), 3.07-2.85 (m, 8H, CH,),
2.98-2.67 (m, 8H, CH,). Anal. Calc. for (CggH48Ng012Zn): C, 66.16; H,
3.92; N, 9.08. Found: C, 65.21: H, 3.56; N, 8.09. MS (MALDI-TOF) m/
z: Calcd: 1234.54; Found: 1234.228 [M]".
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o
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Scheme 3. Synthetic pathways for 2-AuNPs-GSH, 3-AuNPs-GSH, 2-AgNPs-GSH, 3-AgNPs-GSH, 2-Ag;Au;NPs-GSH and 3-Ag;Au;NPs-GSH.
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Fig. 5. EDX spectra of complex 2, 2-AgNPs-GSH, complex 3, 3-AgNPs-GSH, AgsAu;NPs-GSH and 3-AgsAu;NPs-GSH.

2.4.3. Zinc(1l) mono-[3-(4-phenoxy) (propanoic acid)
phthalocyanine (3)

A mixture of 3((4-phenoxy)-propanoic acid) phthalonitrile (1)
(0.20 g, 0.68 mmol, 1 eq.), 1,2-dicyanobenzene (0.44 g, 3.42 mmol, 5
eq.), zinc (II) acetate dihydrate (0.25 g, 1.1 mmol) and DBU (0.3 mL),
dissolved in dry 1-pentanol (3 mL) was refluxed at 180°C with
constant stirring, in the presence of nitrogen for 6 h. The mixture
was cooled and washed with methanol several times. Column
chromatography was done over silica with THF:methanol (9:1) as
an eluent. Several fractions were collected until complex 3 was
obtained.

Yield: 0.67 g. IR [vmax/cm~']: 3204-3020 (COOH), 2912 (C—H
stretch), 1701 (—C=0), 1596 (C=C), 1471-1398 (C—OH), 1223 (Ar-
0-Ar). UV/Vis (DMSO), Amax nm (log €): 675 (4.90), 608 (4.46), 356
(4.70). "H NMR (600 MHz, DMSO0) & 8.25-8.03 (d, J = 7.87 Hz, 2H, Ar-
H), 7.80-7.62 (d,J=7.73 Hz, 2H, Ar-H), 7.5-7.25 (m, 9H, Ar-H), 7.24-
7.04 (m, 6H, Ar-H), 3.55-3.27 (s, 1H, H from COOH), 2.89 (t,
J=5.47Hz, 2H, CH,), 2.73 (t, J=6.21Hz 2H, CH,). Anal. Calc. for
(C41H24Ng03Zn): C, 66.36; H, 3.26; N, 15.10. Found: C, 65.42: H,
2.89; N, 15.02. MS (MALDI-TOF) m/z: Calcd: 742.06; Found: 743.19
[M+H]".

2.4.4. Covalent linkage of complexes 2 and 3 to NPs

The phthalocyanine-NPs conjugates were synthesized as
follows: complex 2 (0.02g, 0.017 mmol) or complex 3 (0.013 g,
0.017 mmol) were dissolved in 2 mL of dry DMF. Then, DCC (0.01 g,
0.049 mmol) and DMAP (0.005 g, 0.042 mmol) were added and the
resulting solution was stirred for 48 h. Afterwards, 0.05 g of the NPs
(AuNPs-GSH or AgNPs-GSH or AgsAu;NPs-GSH) was added and
the reaction mixture was stirred for 48 h at room temperature. The
conjugates were centrifuged, successively purified with ethanol
and allowed to dry in the fume hood. The conjugates are
represented as 2-AuNPs-GSH, 2-AgNPs-GSH, 2-AgzAu;NPs-GSH,
3-AuNPs-GSH, 3-AgNPs—GSH and 3-Ags;Au;NPs-GSH.

2.5. Photophysicochemical studies

Fluorescence (®g) and triplet (®1) quantum yields of complexes
2 and 3, and their conjugates (2-AuNPs-GSH, 2-AgNPs-GSH, 2-
AgzAu;NPs-GSH, 3-AuNPs-GSH, 3-AgNPs-GSH and 3-Ag;Au;NPs—
GSH) were determined in DMSO and in aqueous media (for ®f of
the conjugates only) using comparative methods described before
in the literatures [32-34].
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Fig. 6. FT-IR spectra of AuNPs-GSH (a), 3-AuNPs-GSH (b), complex 3 (c).

Unsubstituted ZnPc in DMSO was used as a standard with
®:=0.20 [33] and d+=0.65 [34]. The solutions for triplet state
studies were de-aerated with argon for 15 min before measure-
ments.

Singlet oxygen quantum yield (®A) values were determined
under ambient conditions using DPBF as a singlet oxygen quencher
in DMSO (and ADMA in water for the conjugates only) and
equations described before [35,36]. ZnPc (Pa(stay=0.67) [35] in
DMSO and AIPcSmix (P acseay=0.42) [37] in water were employed
as standards. The absorbances of DPBF or ADMA were spectro-
scopically monitored at 417nm or 380nm, respectively at a
predetermined time course.

3. Results and discussion
3.1. Synthesis and characterization of complexes 2 and 3

Schemes 1 and 2, show the synthetic pathway for complexes 2
and 3 respectively. The formation of 1 was via nucleophilic
substitution reaction, Scheme 1. Complex 2 was achieved by
cyclocondensation of 1 in the presence of DBU, Zn metal salt, and 1-
pentanol. The formation of 3 was by cross—condensation of 1 and
dicyanobenzene in the presence of DBU, Zn metal salt, and 1-
pentanol. The disappearance of C=N peak at 2230 cm ™! observed
for compound 1 in the FT-IR spectra of 2 and 3 confirmed the
formation of complexes. The 'H NMR spectrum for 2 contains
aromatic ring proton peaks between 8.89—7.05 ppm, and between
8.25-7.04 ppm for complex 3. The proton of the COOH resonates
between 4.02-3.27 ppm for complexes 2 and 3, while the CH, of

the propanoic acid chain was observed between 3.07-2.67 ppm.
Peak integration gave the anticipated total number of protons,
confirming the relative purity of the complexes. Mass spectral data
and elemental analyses were in agreement with the proposed
structures in Schemes 1 and 2.

The UV-vis spectra of both complexes 2 and 3 in DMSO are
shown in Fig. 1. The electronic ground state absorption spectra
provide no evidence of band broadening due to aggregation and
contain a single Q band at 680 and 675 nm, for complexes 2 and 3,
respectively (Table 1), which is what is typically observed for
metalated phthalocyanine with degenerate Dy, symmetry [38].
The red shift in the Q band of complex 2 compared to 3, can be
attributed to a decrease in energy gap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of complex 2 as described below.

The theory of MCD is based on the analyses of the three Faraday
terms, A;, Bp and Cp, which provide information on state
degeneracies and band polarizations that cannot be derived from
the UV-vis absorption spectrum alone [39]. The MCD spectra of
complexes 2 (Fig. 2) and 3 (Fig. S2, ESI) are similar to what would
normally be expected for a monomeric ZnPc since intense A; or
pseudo-A; terms are observed in the Q and B-band regions with
cross-over points at 681 nm and 355 nm, respectively, correspond-
ing to the absorption band maxima for complex 2 [39], as would be
anticipated for transitions to degenerate or near degenerate
excited states. Complex 3 also showed similar behaviour with
cross over point at 675nm and 348 nm, for the Q and B bands,
respectively.

From the MCD spectroscopy, we can therefore unambiguously
assign the 680 and 355nm pseudo-A; terms to the Q and B
transitions, respectively, in accordance with Gouterman’s four-
orbital model [40] for complex 2. In a similar manner, 675 and
348 nm can be assigned as the Q and B transitions for complex 3.
The predicted TD-DFT spectra for complexes 2 and 3 (Figs. 2 and S2,
ESI) were found to be consistent with this assignment, since
intense x- and y- or Xx/y-polarized bands are predicted in the Q
band region that are dominated by the one-electron transitions
between the HOMO and the LUMO and LUMO+1, which
correspond to the 1a;, and 1e;* MOs of Gouterman’s four-orbital
model [40], while intense bands predicted in the B band regions
have significant contributions from the MO (molecular orbital)
corresponding to the 1a,, MO (Table S1).

A slight narrowing of the HOMO-LUMO gap is predicted for
complex 2 compared to 3 (Fig. 3) due to arelative destabilization of
the HOMO, which accounts for the red shift which is observed for
the Q band of complex 2. The HOMO has large MO coefficients on
all eight of the peripheral carbons that form the potential points of
attachment for the peripheral substituents, while only four of
these atoms have large MO coefficients in the context of the LUMO
and LUMO + 1, so the mesomeric effects associated with the lone
pairs on the oxygen atoms (Fig. S3, ESI) can have a larger
destabilizing effect on the HOMO. The envelopes of intensity
observed in each case to the red of the B band (Figs. 2 and S2, ESI)
can be attributed in each case to transitions from mw-MOs with large
MO coefficients on the peripheral fused benzo rings that are
destabilized through similar mesomeric interactions with the
peripheral substituents into the LUMO and LUMO +1 [39].

The absorption, excitation and emission spectra are shown in
Fig. 4 (complex 3 as a representative) in DMSO. It can be seen that
the emission spectra were mirror images of the excitation spectra
and the latter was close to the absorption spectra, indicating a non-
aggregation of phthalocyanine in solution. The closeness of the Q-
band absorption maxima to that of excitation shows that the
ground state nuclear configuration of complex 3 was not affected
by excitation.
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Fig. 7. Representative TEM micrographs for glutathione functionalized AuNPs, AgNPs, Ag;Au;NPs and when conjugated to complex 2.

3.2. Synthesis and characterization of the conjugates

3.2.1. Synthesis

The activated —COOH terminal end of complexes 2 and 3 was
covalently coupled with the —NH, group of the GSH functional-
ized NPs to form amide bond using DCC and DMAP as coupling
agents, Scheme 3.

Since the approximate size of the Pc is approximately 1 nm and
that of the NPs are greater than 10nm (see Table 1 and the
discussion below), there is high probability that more than one Pc
will be bound to the NPs from size consideration. The loading of
complexes 2 and 3 onto the nanoparticles was investigated
following literature methods [41]. This involves comparing the Q
band absorbance intensity of the Pc in the conjugate with that of
the initial Pc before the conjugation. The loadings of Pc onto
nanoparticles are listed in Table 1. It was found that there were a
larger number of Pcs that are loaded onto AgszAu;NPs-GSH than
AuNPs-GSH and AgNPS-GSH, which could be attributed to
increased size (to be determined below, see also Table 1) of the
AgzAu;NPs-GSH resulting in more available active sites for
attachment.

The elemental compositions of the complexes and conjugates
were qualitatively determined using an energy dispersive X-ray
spectrometer (EDX) as shown in Fig. 5. The EDX spectra of the
complexes 2 and 3, showed the presence of C, N, O and Zn, which
are the expected elements for the Pcs. Upon conjugation to the
glutathione functionalized nanoparticles, the spectrum display
additional elements, Ag and S for silver conjugates, Au and S for the
corresponding gold conjugates and Ag, Au and S for the silver-gold
alloy conjugates. The presence of sulphur in the conjugates comes
from the glutathione used to functionalize the nanoparticles. The
AgNPs-GSH and AgsAu;NPs-GSH conjugates show the presence of
residual potassium from KOH used during glutathione function-
alisation of the NPs.

FTIR spectra were employed to prove amide bond formation
between the Pc complexes and the NPs, Fig. 6 using AuNPs-GSH, 3-
AuNPs-GSH and complex 3, as examples. The MPc complexes and
GSH (in the NPs) have hydroxyl groups from carboxylic acid, shown
by broadening from 3020 cm™! to about 3400 cm™~. These overlap
with the NH peaks from GSH as shown by an intense NH peak at
3306 cm ! in AuNPs-GSH as an example (Fig. 6a). The shift in the
position of the NH peak to 3237cm™! in 3-AuNPs-GSH (Fig. 6b)
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Fig. 8. XRD diffractograms for AgNPs-GSH (A), 2-AgNPs-GSH (B), AuNPs-GSH (C),
3-AuNPs-GSH (D) and complex 2 (E).

shows the involvement of these groups in the formation of the
amide bond. Shifts in the IR bands confirm structural change [42].

Split peaks at 1582cm™! and 1535cm™"! in the GSH function-
alized nanoparticles alone are typical of primary amines. The
disappearance of the primary amine peak (at 1582 cm™!) in AuNPs-
GSH and the carboxylic acid carbonyl peak (at 1715cm™!) in
complex 3, upon formation of 3-AuNPs-GSH, as well as the
emergence of a peak at 1629 cm~! (amide band, 0=C—NH) in 3-
AuNPs-GSH, suggest a linkage of the glutathione functionalised
nanoparticles to complex 3 through the amide bond. It should be
noted that GSH alone has amide bonds shown by a peak at
1656cm ! in AuNPS-GSH, shifted compared to 1629cm™! in 3-
AuNPs-GSH. The same trend was observed for the other conjugates
(2-AgNPs—GSH, 2-AuNPs-GSH, 3-AgNPs-GSH, 2-Ag;Au;NPs-GSH
and 3-Ag3zAu;NPs-GSH).

The TEM micrographs for AuNPs—-GSH, AgNPs—GSH, 2—-AuNPs-
GSH, 2-AgNPs-GSH, and 2-AgzAu;NPs-GSH are shown as exam-
ples in Fig. 7. The NPs alone were relatively monodispersed
however upon conjugation, slight aggregation was observed
probably due, to interactions between the Pcs on adjacent NPs
via -7 stacking since Pcs are known for their -7 stacking to
form H aggregates [43].

Fig. 8 shows the X-ray diffraction (XRD) pattern of the silver and
gold nanoparticles, and their conjugates (AgNPs-GSH, AuNPs-GSH,
2, 2-AgNPs-GSH and 3-AuNPs-GSH are used 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 centered-cubic structures of metallic
gold and silver [44,45]. The XRD patterns of complexes 2 and 3
contains broad peaks between 26 =17-25°, which is consistent

with the amorphous nature of phthalocyanines [46]. Upon
conjugation to form conjugates, slight broadening was observed
in this region, which provides evidence for the presence of the
phthalocyanine.

Debye-Scherrer Eq. (1) [47] was employed for the estimation of
the sizes of the NPs:

kA

where A is the wavelength of the X-ray source (1.5405 A), k is an
empirical constant equal to 0.9, 8 is the full width at half maximum
of the diffraction peak and 6 is the angular position. The sizes were
estimated to be 11.1nm (AgNPs-GSH), 13.6nm (AuNPs-GSH),
15.1 nm (AgsAuNPs-GSH), 14.7 nm (2-AgNPs-GSH), 12.2nm (3-
AgNPs-GSH), 14.9nm (2-AuNPs-GSH), 13.8 nm (3-AuNPs-GSH),
17.3nm (2-AgsAu;NPs-GSH) and 16.5nm 3-Ags;Au;NPs-GSH,
Table 1. There is an increase in the size of the NPs upon
coordination to the Pcs, most likely due to aggregation as discussed
above.

Fig. 9 shows a selection of UV-vis spectra of the glutathione
functionalized nanoparticles and their conjugates with MPc
complexes. A general red shift in the surface plasmon resonance
(SPR) band of the metallic nanoparticles was observed upon
linking of complexes 2 and 3 to the nanoparticles, indicating an
increase in size following conjugation. The SPR peak for 3-AgNPS-
GSH (Fig. 9C) was observed at 432 nm and at 426 nm for 2-AgNPS-
GSH (Fig. 9B) compared to 405 nm (Fig. 9A) for AgNPS-GSH alone,
Table 1. Thus both conjugates show red shifts compared to AgNPs-
GSH alone. 3-AuNPS-GSH showed the SPR band at 530 nm and 2-
AuNPS-GSH at 542 nm compared to 532 nm for AuNPs-GSH alone.
Thus there is a slight blue shift for 3-AuNPS-GSH and a clear red
shift for 2-AuNPS-GSH. For 2-AgsAu;NPs-GSH and 3-Ags;Au;NPs-
GSH only the AgNPs SPR bands were clear with red shifts to 443 nm
and ~440 nm respectively, compared to AgsAu;NPs—-GSH alone at
408 nm. The observation of mainly AgNPs SPR band in AgsAu;NPs-
GSH is due the larger amount of Ag vs Au in the composite. Red
shifts in SPR bands may be due to aggregation.

The presence of SPR peaks in the conjugates confirms successful
linkage of the complex to nanoparticles. Pertinent to note, is that
the complexes maintain their Q band absorption peak after
conjugation. There were no shifts in the Q band of complexes 2 and
3 following conjugation, Table 1.

In aqueous media (Fig. S4, ESI), the complexes and their
conjugates show broad bands with higher energy bands being due
to aggregation typical of Pcs in aqueous solution [43] resulting
from -7 stacking interaction of the aromatic rings of Pcs. The Q
bands are very weak for the conjugates in water, but the SPR band
is still observable for AuNPs, AgNPs, and AgsAu;NPs conjugates.

3.3. Photophysicochemical parameters

Table 1 compares the fluorescence quantum yields (®g) and
lifetimes (), triplet quantum yields () and lifetimes (71), and
singlet oxygen quantum yields (®,) of complexes 2 and 3 alone,
and their conjugates using DMSO (and in some cases water in
brackets) as a solvent.

3.3.1. Fluorescence quantum yields (®r) and lifetimes (tf)

A typical fluorescence decay profile for complex 2 is shown in
Fig. 10 (as an example). A mono-exponential decay profile
indicating one life-time was obtained for all the complexes.

As shown in Table 1, there was a decrease in the fluorescence
quantum yields of complexes 2 and 3 on conjugation to NPs,
indicating a significant quenching of the excited singlet state of the
complexes, due to the heavy atom effect which promotes
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(C) 3 (a), 3-AgNPs (b), 3-Ag3Au;NPs-GSH (c) and 3-AuNPs (d) (solvent=DMSO).

intersystem crossing to the triplet state. It should be noted The fluorescence lifetimes also decreased following conjuga-
however that other non-radiative pathway such as internal tion as expected since fluorescence quantum yields and lifetimes
conversion can also have a significant contribution towards the have a direct relationship. However it should be noted that there
decrease in fluorescence quantum yields. was a significant decrease in @ compared to Tg,
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Fig. 10. Fluorescence decay (blue), x? fitting (red) and instrument response
function (IRF, black) curves for complex 2 in DMSO. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Following the kinetic model, the absorption coefficients and
excited state lifetimes are directly related to the radiative lifetime
(To) hence these were determined using the measured fluores-
cence quantum yield (Pg) and lifetime (7g) as shown in Eq. (2) [48]

TF

T = g 2)

All the complexes and the corresponding conjugates having
high radiative lifetime (Table 1) showed lower fluorescence
quantum yield in accordance with the model. Thus, the decrease
in fluorescence quantum yields can be significantly higher than for
the corresponding fluorescence lifetimes.

The fluorescence quantum yields decreased when the study
was carried out in water compared to DMSO, which could be
attributed to aggregation since aggregates do not fluoresce. The
presence of aggregates has been reported to decrease quantum
yield through the conversion of electronic excitation energy of
fluorophores to vibrational energy [49].

Faster intersystem crossing lifetime will result in higher triplet
quantum yield. The intersystem crossing lifetimes (T;s.) (calculated
using Tisc=Tg/®P1) are presented in Table 1. The intersystem
crossing lifetimes range from 3.42ns to 6.22ns. The conjugates
showed shorter T;5c values than the Pc complexes, which indicates

0.2
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Time (us)
Fig. 11. Triplet absorption decay (black) and fitting (red) curves for complex 2 in

DMSO. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

faster intersystem crossing to the triplet resulting in higher triplet
quantum yield.

3.3.2. Triplet quantum yields (1) and lifetimes (1)

An ideal photosensitizer is expected to have high triplet state
quantum yield. Higher triplet quantum yield can only be possible if
the intersystem crossing lifetime is less than the triplet lifetime,
which will result in the population of the triplet state. This is the
case in Table 1.

The triplet decay curve of complex 2 is shown in Fig. 11 (as an
example) and all the Pcs and conjugates were found to obey second
order kinetics, which is typical of MPcs complexes at high
concentration, due to triplet-triplet recombination [50,51]. The
low symmetry complex 3 showed higher triplet quantum yield
than the tetra substituted complex 2, which is in agreement with
the literature report that low symmetry phthalocyanines possess
better photophysical behaviour than their corresponding sym-
metrical analogue [52]. The increase in triplet quantum yield
observed upon conjugation of complexes 2 and 3 to metallic
nanoparticles (Table 1) corresponds to the decrease in fluorescence
quantum yield as expected since the two processes have an inverse
relationship. The enhancement of the triplet quantum yield could
be attributed to the promotion of intersystem crossing to the
triplet state resulting due to the heavy atom effect of gold and
silver heavy atoms in the nanoparticles.

Conjugates containing Au (a heavier atom than Ag), as expected
have larger ®; values compared to the Ag counterparts. The 3-
AgsAu;-GSH gave a lower @ when compared to 3-AuNPS-GSH but
was similar to 3-AgNPS-GSH. For 2-AuNPS-GSH, 2-AgNPS-GSH and
2-AgsAu;NPs, there were only slight differences in ®r values. It is
also possible that the Pc loading on the NPs affect their excited
state parameters. AgzAu;NPs conjugates with the largest loadings
gave lower ®1 values than AgNPs conjugates with the lower
loading, probably due to aggregation in the former, which will
result in quenching.

High ®r values are usually accompanied by short triplet
lifetimes, however in this case longer triplet lifetimes were
obtained suggesting the protection of the MPc complexes by
AgNPs-GSH/AuNPs-GSH since the NPs are much larger than the Pc
at ~1nm [53,54]. Both complexes and their conjugates displayed
reasonably high ®, making them suitable for all applications that
require a high &,

3.3.3. Singlet oxygen quantum yields

Efficient interaction of the triplet state of photosensitizer with
the ground state molecular oxygen can result in generation of
singlet oxygen due to energy transfer from the photosensitizer to
the molecular oxygen. In order to determine the singlet oxygen
quantum yield (®4), the chemical photodegradation of the singlet
oxygen quencher (DPBF) in DMSO (using complex 3 as an example)
and ADMA in water (using 3-AgzAu;NPS-GSH as an example) was
monitored over a period of time (Fig. 12). Irradiation at the Q-band
showed the stability of the complexes over the irradiation period,
while DPBF and ADMA degraded (minimally for the latter). A
significant increase in singlet oxygen generation was observed as
evidenced by singlet oxygen quantum yield (Table 1) upon
conjugation of complex 2 and 3 to the silver and gold nanoparticles
corresponding to an increase in triplet quantum yield. Even though
the conjugates of AgszAu;NPs-GSH displayed increased triplet
quantum yields, they afforded lower singlet oxygen quantum yield
than the MPc complexes alone. The lower singlet oxygen quantum
yield could probably be due to the screening effect caused by the
NPs, which could have prevented the interaction of the excited
triplet state of the conjugates and the ground state molecular
oxygen [55-57], which would be more severe for the larger
AgsAuNPs-GSH conjugates. Thus, AgNPs or AuNPs alone may be
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of 3-AgsAu;NPs-GSH (1.3 x 107°M) in water.

preferable over the amalgam for improved singlet oxygen,
depending on the size of the NPs. Values are low in water due
to aggregation. In addition, water is known to quench the singlet
state [33].

High singlet oxygen quantum yields generation makes these
complexes and the corresponding conjugates potential materials
for photodynamic therapy and photocatalysis.

4. Conclusion

In this work, we report on the synthesis of zinc(Il) tetra-[3-(4-
phenoxy) propanoic acid) phthalocyanine] (complex 2) and zinc(II)
mono-(4-phenoxy) propanoic acid) phthalocyanine (complex 3)
which were characterised using FTIR, UV-vis, 'THNMR, MALDI-TOF
mass spectroscopies and elemental analyses. The MPcs were
covalently linked to AgNPs-GSH, AuNPs-GSH and AgzAu;NPs-GSH,
and the conjugates formed were characterized using XRD, TEM,
UV/vis, FT-IR spectrometer and EDX. The photophysichochemical

behaviour of the MPcs and their conjugates were also studied. The
conjugates displayed improved triplet and singlet quantum yields
than MPcs alone, with the exception of the AgszAu;NPs-GSH
conjugates which afforded lower singlet quantum yields.
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