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Abstract

A series of phthalonitrile ligands were synthesibgducleophilic substitution reaction using
the hydroxyl or sulfanyl group precursors and titeormoiety of the nitrophthalonitrile to
yield corresponding oxy or sulfanyl bridged ligandghese ligands were subsequently
subjected to cyclocondensation reaction with diametig metal ions like zinc and aluminium
to afford symmetrical substituted zinc and alumimiphthalocyanine (Pc) complexes and
polymers. The ligands and Pc complexes were chaiaetl by *H-nuclear magnetic
resonance, fourier transform infrared, ultraviolesible and mass spectrometric techniques.
Additionally, thermal gravimetric, and elementabbzer were used for characterization of
the Pc complexes. The photophysical and photoclaméhaviour of the Pc complexes were
investigated in dimethyl sulfoxide. Additionallfhg complexes were tested against epithelial
breast cancer cells for photodynamic therapy (P&fct. The substituted ZnPc complexes
afforded higher singlet oxygen quantum yields aswgared to the AlPc analogue. All the
complexes showed innocuoinyitro dark cytotoxicity and moderate PDT effect.

Key words: Zn phthalocyanine, Al phthalocyanine, polymer, @éenibond, singlet oxygen

guantum vyield, photodynamic therapy.
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1. Introduction

Metallophthalocyanines (MPcs) are conjugated plaramatic macrocycles having 78
electron ring system with four isoindole units kakvia nitrogen atoms [1, 2]. MPcs offer
structural flexibility according to the utility arapplication by tailoring the Pc ring with diffetten
functionality leading to improved solubility. Diffent MPcs can be synthesized by altering the
central metal cations at the core structure [3P8ithalocyanine moiety has sufficient space to
accommodate metal cations in its central cavity.

Nowadays, MPcs and their derivatives have beenuémtly used in photodynamic therapy
(PDT) [7-10]. The singlet oxygen species are cared as the major cytotoxic species
responsible for photodynamic therapy (PDT) effegaiast tumorigenic cells. Typically, the
photosensitizer (PS) gets excited to its triplatesby light of appropriate wavelength (630-800
nm) and the excited PS interacts with its envirominte produce highly reactive intermediates
(singlet oxygen, superoxide anion, and hydroxylical)l that are cytotoxic leading to tumor
regression either directly by cell inactivation &rdindirectly by the destruction of the tumor
vascular microcirculation [9-11]. Most of the PSdsn PDT [12-14] are tetrapyrrolic in nature;
chlorin, porphyrin, phthalocyanine and bacteriodnloAmong these, MPcs are known for their
minimal dark cytotoxicity and efficacious PDT adtyv[15]. Especially Pc derivatives with
diamagnetic metal ions like zinc and aluminium haeen explored for PDT because of their
ability to generate high singlet oxygen quantumdywehich are essential for PS application in
PDT [16,-18]. Hence, there are lot of reports affdres to enhance the efficiency of the singlet
oxygen production by tuning and modifying the fuoél groups at the periphery of the Pc
macrocycle [19]. Herein, we report for the firghé¢ the synthesis of MPc complexes with
different peripheral functionalities, namely ziretra 3-[(4-nitrophenyl)amino]-1-phenylpropan-
1-one-3-(phenoxy) phthalocyanirj®c 1], tetra 3-amino-propan-1-one-1,3-bis(phenoxy) zinc

phthalocyanine polyme[Pc 2], zinc tetra 4-(4-(p-tolyimino)methyl)phenoxy phitheyanine



[Pc-3], tetra (E)-(naphthalen-1-yl)({4-[(E)-2-(naphthalend}diazen-1-yl]phenyl})diazene-
bis(oxy) zinc phthalocyanine polymf®c 4], tetra 3H-spiro[2-benzofuran-3,9'-xanthene]-3-one-
3',6'-bis(oxy) zinc phthalocyanine polym@Pc 5], zinc tetra 2-methylpropanoic acid-2-oxy
phthalocyanine [Pc 6] and aluminium-chloro tetra pyridin-1-ium-1-olates@lfanyl
phthalocyanine Bc 7] The efficiency of the MPcs with different funatalities were

systematically investigated for their singlet oxygeoduction and PDT effect.

2. Materials and Methods:

4-Nitrophthalonitrile, ammonium molybdate, urea, (In AICl;, P-phenylenediamine, p-
hydroxybenzaldehyde, 4-hydroxyacetophenone, c#dicl, 2-naphthol, 2-mercaptopyridine-N-
oxide, a-hydroxyisobutyric acid, 4-nitroanilinepP-toludine, N,N-dimethylformamide, n-
pentanol, methanol, ethanol, spectroscopy grade etiyh sulfoxide (DMSO), 1,3—
diphenylisobenzofuran (DPBF) and unsubstituted zomthalocyanine were acquired from
Sigma Aldrict?. Cultures of human breast adenocarcinoma cellsFVI¢ were obtained from
CelloneX. Dulbecco's modified Eagle's medium (DMEM) withepbl red, phenol red free
DMEM, trypan blue, Dulbecco's phosphate—bufferdthegDPBS) and trypsin were purchased
from Sigma Aldriclf. 100 pg/mL—Penicillin-100 unit/mL-streptomycin—drofericin B
mixture, heat-inactivated fetal bovine serum (FB&re acquired from Biowedt Cell
proliferation neutral red reagent WST—1 (Rdthe®6 well cell culture plates (N&t 25 cnf
and 75 criivented flasks were obtained from Por¥air

2.1 Equipment:

Vario EL 1l CHNS elemental analyzer was used fdre tdetermination of elemental

compositions (C, H, N, S) of the synthesized congsde Absorption spectra were recorded on a
Perkin Elmer Lambda 950 spectrophotometer for thedPplexes. FTIR spectra were recorded
as KBr pellet in 4000 to 500 cmusing Perkin Elmer Spectrum-Two spectrophotometer.
Thermogravimetric analysis was carried out on a &I0® machine in the temperature range 30
to 700°C in oxygen atmosphere. THE NMR spectra were recorded on a Bruker AMX-400
using either deuterated methanol (MeOD-d4) or DM#8Osr CDC} solvent and mass spectra



were recorded on Bruker ESQUIRE 3000 Mass Spectarnusing MS (ESI) technique for the
ligands and phthalocyanine molecules.

llluminations for singlet oxygen quantum yields wererformed using a general electric quartz
lamp (300 W). A 600 nm glass cut off filter (Sctfotand water filter were employed to filter off
ultra-violet and infrared radiation, respectivelsn interference filter, 670 nm with a bandwidth
of 40 nm, was placed in the light path betweenstmaple holder and 600 nm glass cut off filter.
Light intensities were measured with a POWER MAXO061 (Molelectroff detector
incorporated) power meter and were found to bex41%0" photons cnif s'. For the singlet
oxygen generation studies, samples and standarsmieed with the singlet oxygen quencher (
3 x 10° mol dm?® DPBF was used for all mixtures, to avoid chain tieas) in DMSO at a
mixing ratio of 1:1 and the depletion of the quegrcim the presence of samples or standard was
spectroscopically monitored at ~417 nm using a gexthined time intervals. The rate of the
photodegradation of the quencher in the presenceanfples or standard was used in the
determination of the singlet oxygen quantum yielBRiorescence excitation and emission
spectra were measured on a Varian Ecfipsgectrofluorometer using a 360-1100 nm filter,
absorbance at the excitation wavelength was adjuste~0.05. Fluorescence lifetimes were
measured using a time correlated single photon towursetup (TCSPC) (FluoTime 300,
Picoquant GmbH) with a diode laser (LDH-P-670, PicoqfaBmbH, 20 MHz repetition rate,
44 ps pulse width) [20].

lllumination source for PDT studies was obtainexhfrModulighf Medical Laser system (ML)
7710-680 channel Turnkey laser system coupled avehx 3 W channel at 680 nm, cylindrical
output channels, aiming beam, integrated calibmatimodule, foot/hand switch pedal,
subminiature version A connectors and safety iotgd. lllumination kit fonin vitro PDT studies
has capacity to hold 127.76 x 85.48 mm 96 well cgliure plate [21].

The MCF-7 cells were cultured in 25 Tand 75 crivented flasks (Porvdiy in a humidified
atmosphere incubator with5% CQ and physiological temperature of 37 °C (HealF8yc&he
cells were viewed under phase contrast using asZdisioVert. Al Fluorescence LED (FL—
LED) inverted microscope and the cell viability wasasured using cell proliferation neutral red
reagent WST—1 (Rocfigwith a Synergy 2 multi-mode microplate readeo{RiK®).

2.2.  Synthesis of substituted phthalonitrile ligand:

2.2.1. Synthesis of 3-(4-hydroxy-phenyl)-3-(4-pgheenylamino)-1-phenyl-propan-1-ong (



The mixture of 4-nitroaniline (3 g, 21 mM), acetepbne (2.5 g, 21 mM), p-
hydroxybenzaldehyde (2.6 g, 21 mM) and citric €8 g, 20 mM) were charged into a flask
containing 10 mL ethanol [22, 23]. The reaction tmig was stirred at room temperature for 24
h. The reaction was monitored by TLC. After thectemn completion, the crude product was
cooled to room temperature and poured into beak&iaming ice water, the precipitate obtained
was filtered and washed with excess of deionizetemantil it was free from acid. The crude
product was purified by recrystallization from &fhanol. The resultant product was dried over
P,0s. Yield. 85%. Melting point. 122C.

FTIR (cmi'): 1550 (C=C stretching), 1700 (-C=0O stretchind9@ (C-H stretching) and 3200-
3550 (-OH stretching).

'H-NMR(300 MHz, MeOD ):5 8.04-7.63 (m, 4 Ar-H)$ 7.58-7.30 (m, 4 Ar-H),5 7.14 (d, J =
8.8 Hz, 1H), 6.75 (d, J = 8.8 Hz, 1K)p.68-6.60 (M, 1H} 6.41 (m, 2H) 5.01 (dd, J= 5, 8.4 Hz,
1H), 3.54 (dd, J= 8.4, 17.0 Hz, 1H)3.38-3.25 (m, 1H)$ 2.26-2.60 (M, 1H) .

Anal. For: G;H1gN,O4: Calc. C, 69.60; H, 5.01; N, 7.73; O, 17.66. Faudd70.00; H, 4.80; N,
7.40.

MS (ESI):calc: 362.3 for giH1gN2O4; m/z: 380 [M +H+NH] ¥, 317 [M+H-NOy]".
2.2.2. Synthesis of 4-{4-[1-(nitro-phenylamino)-&e3-phenyl-propyl]-phenoxy}-
phthalonitrile i):

Compound (5.0 g, 0.0139 M) and 4-nitrophthalonitrile (2.4000139 M) were dissolved in 20
ml of DMF and KCQO;(1.93 g, 0.039 M) was added to the mixture in thpedions within 30
min. with continuous stirring at room temperaturbe reaction mixture was maintained at room
temperature and stirred for 72 h under inert atinesp Completion of the reaction was
confirmed by TLC and the product was poured in&® water with constant stirring to yield
brownish precipitate. The precipitate was washeti excess of deionized water and dried. The
crude product was recrystallized from ethanol andddover BOs. Yield: 80%. Melting point.
104 C.

FTIR (cm'): 1560 (C=C stretching), 1692 (C=0 stretching)1®&-H stretching), 2224 (-CN
stretching), and 3365 (-NH stretching).



"HNMR: (400 MHz, CDC4): & 1.24 (s, 2H), 3.48 (d, J = 8.0 Hz, 1H), 5.03 {4),16.48 (d, J=8.0
Hz, 1H), 6.62 (d, J= 7.5 Hz, 1H), 6.79 (d, J=8.Q H, 7.23 (d, J= 7.5 Hz, 2H), 7.41 (d, J= 1.2
Hz, 2H), 7.55 (d, J= 8.0 Hz, 2H), 7.74 (d, J=8.Q BH), 8.00 (dd, J= 1.6, 8.4 Hz, 1H), 8.58 (d,
J=8.0Hz, 2H), 8.65 ppm (d, J= 8.0 Hz, 1H).

Anal. For GgH,oN4O,: Calc. C, 71.30; H, 4.13; N, 11.47; O, 13.10. Fbu@, 70.90; H, 4.54; N,
11.57.
2.2.3. Synthesis of 3-amino-1,3-bis(4hydroxyphenyjane-1-oneifi):

The mixture of 4-hydroxyacetophenone (3.0 g, 22 miéniline (3.35 g, 22mM), ammonia
(0.27 ml, 22 mM) and citric acid (0.8 g, 20mM) weéransferred into a flask containing 10 ml of
ethanol and the reaction mixture was stirred ainrdemperature for 24 h. Upon reaction
completion, the mixture was poured into the beat@mtaining ice water and the obtained
precipitate was filtered and washed with excessetdnised water until it is free from acid. The
product was recrystallized from ag. ethanol. Thaultant product was dried ovep@®. Yield.
85%. Melting point. 72C.

FTIR (cm%): 1580 (C=C stretching), 1680 (C=0 stretching))@4C-H stretching) and 3210-
3500 (-OH stretching).

'H-NMR (400 MHz, DMSO-d6)b 2.10 (d, J=7.3 Hz, 2H), 3.50 (s, 1H), 4.80 (d,.34z, 2H),
5.08 (br s, 2H), 6.40-7.00 (m, 4H), 7.02 (d, J=4A) 2H), 8.15 (d, J=7.0 Hz, 2H).
Anal. For: GsH1sNOs: C, 70.02; H, 5.88; N, 5.44; O, 18.66. Found: €.88; H, 5.68; N, 5.84.

2.2.4. Synthesis of 4-(4-{1-amino-3-[4-(3,4-dicyphenoxy)phenyl]-3-
oxopropyl}phenoxy)benzene-1,2-dicarbonitrild(

Compoundv was synthesised using the procedure employedofopoundii but compoundii

was used instead of The precipitate was washed with excess of degmhizater and the crude
product was recrystallized from ethanol and drieerdOs. Yield: 80%. Melting point. 117C

FTIR (cm%): 1553(C=C stretching), 1650 (C=0 stretching), 298-H stretching), 2232 (-CN
stretching), and 3330 (-Nk+stretching).

'H-NMR (400 MHz, DMSO0-d6)5 1.24 (d, J=7.3 Hz, 1H), 2.59 (d, J=7.3 Hz, 2H333(s, 2H),
8 7.29-7.35 (m, 3H), 7.36-7.44 (m, 2H), 7.46-7.53 (H), 7.65-7.71 (m, 2H), 7.80 (d, J = 2.4



Hz, 1H), 7.94 (d, J = 2.4 Hz, 1H), 8.07 (d, J = BB 1H), 8.10-8.14 (m, 4H), 8.17 (d, J = 8.0
Hz, 2H).

Anal. For G,H21NsO4: Calc. C, 71.24; H, 3.92; N, 12.98; O, 11.86. Faiud, 70.86; H, 4.15; N,
13.32.

MS (ESI) calc: 540.44 for gH,1NsO4; m/z: 541 [M + HIJ.

2.2.5. Synthesis of 4-(p-tolyimino) methyl) phewpl

A mixture of p-hydroxy benzaldehyde (2.0 g, 0.01paAd p- toluidine (1.75 g, 0.016 M) were
dissolved in 10 mL of methanol and 0.2 mL of tngdmine was added to the mixture. The
reaction mixture was refluxed with constant stgrfior 4 h to form light yellow colour product.
The crude product was recrystallized to form a f&)e4-(p-tolyimino) methyl) phenol. Yield:
80%. Melting point. 149C.

FTIR (cm'): 1545 (C=C stretching), 1600 (C=N stretching)9@gC-H stretching) and 3010-
3250 (-OH).

'H-NMR (400 MHz, DMSO-d6)5 2.10 (s, 3H), 4.90 (br s, 1H), 7.05 (d, J= 7.2 Bid), 7.21-
7.23 (m, 4H), 7.48 (d, J= 7.2 Hz, 2H), 8.64 (s, 1H)

Anal. for: G 4H13NO: Calc. C, 79.59; H, 6.20; N, 6.63; O, 7.57. Fdu€&, 79.35; H, 6.32; N,
6.75.

2.2.6. Synthesis of 4-(4-(p-tolyimino)methyl)phgmnaixthalonitrile {i):

Compoundvi was synthesized using the same protocol applieddopoundi but compound/
was used instead of After the completion of the reaction, the producswextracted with
ethylacetate and washed with water. The organierlayas separated and dried over anhydrous
Na,SQ;. Yield: 70%. Melting point. 13ZC.

FTIR (cni®): 1610 and 1475 (C=C stretching), 3030 (C-H shieig) and 2230 (-CN stretching).
'H-NMR (400 MHz, DMSO-d6)5 2.30 (s, 3H), 7.44 (dd, J= 1.6, 8.4 Hz, 1H), 7(81J= 8.0
Hz, 2H), 7.94 (d, J= 1.2 Hz, 1H), 8.16 (d, J= 74 #H), 8.50 (s, 1H).

Anal. For G;,H1sN3O: Calc. C, 78.3; H, 4.48; N, 12.46; O, 4.74. Fau@d 78.65; H, 3.06; N,
12.80.



2.2.7. Synthesis of 1-[(E)-2-{4-[(E)-2-(2-hydroxymhalen-1-yl)diazen-1-yl|phenyl}diazen-1-

yllnaphthalen-2-ol \ii):

1-[(E)-2-{4-[(E)-2-(2-hydroxynaphthalen-1-yl)diazenylphenyl}diazen-1-yllnaphthalen-2-ol
(vii) was synthesized by diazotization of p-phenylemeiie (PPDA) and then coupling with 2-
naphthol. The procedure is as follows: sodium teit(8.34 g in 25 mL cold water) was slowly
added to PPDA (2.5 g in 10 mL dil. HCI) and thectemn was maintained at 0-&. After the
complete addition of sodium nitrite, the solutioasakept for 20 min with constant stirring and
maintained at same temperature to yield diazoniainsslution [24]. Then the diazonium salt
solution was mixed with cold solution of 2-naphtipl2 g in 30 mL of 10% ag. NaOH solution)
to yield dark brown producvii) which was filtered to obtain a solid product andas washed
with excess of cold double distilled water to remahe unreacted 2-naphthol. Yield: 90%.
Melting point: 118'C

FT-IR (cm?): 1600 (C=C aromatic stretching), 2980 (C-H stmgtg), 3200-3500 (-OH
stretching),

'H NMR: (400 MHz, DMSO-g): & 7.09 (q, J = 2.4 Hz, 2H), 7.11-7.23 (m, 1H), 7(26) = 6.0
Hz, 1H), 7.76 (d, J = 3.2 Hz, 1H), 7.80 (d, J =@&8 2H), 9.75 (br.s, 1H).

Anal. for GgH1gN4O,: Calc. C, 74.63; H, 4.34; N, 13.39; O, 7.65. Fau@d74.20; H, 4.20; N,
13.57.

MS (ESI): Calc; 418.44 g/mol for gH1sN4O,, m/z: 420 (M+1), 278.2 [fragment ion (M+2-

(molecular weight of 2-naphthol))].
2.2.8. Synthesis of ligand 4-({1-[(E)-2-{4-[(E)-243,4-dicyanophenoxy)naphthalen-1-

ylldiazen-1-yl]phenyl}diazen-1-yllnaphthalen-2-yRBpbenzene-1,2-dicarbonitril@i(i):

Compoundviii was prepared by using the same procedure empfoyede synthesis of

compoundi but compoundii was used instead of compoundhe precipitate was washed with
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excess water and recrystallized from aq. ethandldaied over FOs. Yield. 80%. Melting point:
220°C.

FT-IR (cni'): 1587(C=C stretching), 2928 (C-H stretching) 88@4 (-CN stretching)

'H-NMR (400 MHz, DMSO-g): 5 7.36-7.39 (m, 1H), 7.48 (q, J = 2.4 Hz, 1H), 7537 (m,
2H), 7.72 (d, J = 2.4 Hz, 1H), 7.90 (t, J = 2.8 BH), 7.93-7.98 (m, 1H), 8.12 (d, J = 8.8 Hz,
2H).

Anal. for GyH2oNgO,: Calc. C, 75.22; H, 3.31; N, 16.31; O, 4.77. Fau@d75.42; H, 3.18; N,
16.65.

2.2.9. Preparation of 4-[3'-(3,4-dicyanophenoxy)-8piro[2-benzofuran-3,9'-xanthene]-3-

oneoxy]benzene-1,2-dicarbonitrif):

Compoundix was prepared by using the same procedure descfdyredompoundii but
fluorescein was used instead of compound@he precipitate was washed with excess of water
and the crude product was recrystallized from alarel and dried over,Ps. Yield: 80%.
Melting Point: 122C

FTIR (cni®): 1610 (C=C), 3010 (C-H), 3300-3500 (-OH) and 22ZEN).

'HNMR (400 MHz, DMSO-d6)5 7.24 (d, J = 12.0 Hz, 4H), 7.45 (q, J = 4.0 Hz),6H87-7.89
(m, 1H), 7.91-7.99 (m, 6H), 8.11 (d, J = 12.0 Had).2

Anal. for G7H1gN4O4: Calc. C, 76.28; H, 3.11; N, 9.62; O, 10.9. Fou@d:78.92; H, 4.12; N,
10.50.

MS (ESI): Calc. 583 m/z for £H1eN4O4: m/z: 585 (M+2HY.

2.2.10. Synthesis of 2-(3,4-dicyanophenoxy)-2-n@thyanoic acid X):

Compoundx was prepared as explained for compoiin@y usinga-hydroxyisobutyric acid
instead of compound. The obtained crude product was purified by 230x4&llica gel
chromatography using 9:1 CHfMeOH as eluent. Yield: 70%.

Melting point: 129C.

FTIR (cmY): 1750 (-C=0 stretching), 1600 (C=C stretching1@ (C-H stretching) and 2218 (-
CN stretching).

'H-NMR (400 MHz, DMSO-d6)5 1.23 (s, 6H), 7.27 (dd, J=1.8, 9.2 Hz, 1H), 7d1JE 8.0 Hz,
1H), 7.49 (d, J= 1.0 Hz, 1H), 11.2 (br s, 1H).
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Anal. for G2H10N2O3: Calc. C, 62.30; H, 4.38; N, 12.17; O, 20.85. k@, 62.47; H, 4.69; N,
12.6.
2.2.11. Synthesis of 2-[(3,4-dicyanophenyl)sulfgoyyidin-1-ium-1-olate(xi):

Compoundxi was prepared as explained for compoiinout 2-mercaptopyridine-N-oxide was
employed instead of compound The reaction product was extracted with ethykteetand
washed with water. The organic layer was separateddried over fs. Yield: 70%. Melting
point. 176 C.

FTIR (cni'): 1590 (C=C), 2950 (C-H), 2231 (-CN).

'H-NMR (400 MHz, DMSO-d6)5 6.88 (d, J= 10.0 Hz, 1H), 7.20 (dd, J= 1.4, 8.6 H1), 7.44
(d, J= 1.2 Hz, 1H), 7.80 (d, J=7.0 Hz, 1H), 8.16, (@ 1.2, 9.8 Hz, 1H), 8.40 (d, J=7.0 Hz, 1H).
Anal. for G3HgN3OS: Calc. C, 61.4; H, 3.17; N, 16.5; O, 6.29; Sp1Found: C, 61.72; H, 34.4,
N, 16.55; S, 12.43.

2.3.  Synthesis of substituted phthalocyanines:

2.3.1. Synthesis of Zinc tetra 3-[(4-nitrophenyljaof-1-phenylpropan-1-one-3-phenoxy

phthalocyaningPc 1]:

Compoundii (1.5 g, 0.003 M) and Zng€l(0.104 g (0.0008 M) were transferred into a flask
containing 10 ml of 1-pentanol and 0.1mL of DBU ][2bhe reaction mixture was refluxed at
~140°C with constant stirring for 24 h. Upon reactiommetion, the mixture was allowed to
attain the room temperature and methanol was atiéloe crude product to yield dark green
product. The precipitate was then filtered and essiwely washed with methanol and acetone.
The product is then dried oves@®. Yield: 75%.

FTIR (cm?): 760, 872, 980, 1090, 1111 (phthalocyanine sikleibrations) and 3360 (-NH
stretching).

UV-Visible, nm (loge):356 (5.24), 700(5.12).

Anal. For G1gHgoN16016ZN: Calc. C, 68.99; H, 3.99; N, 11.10; O, 12.68;,%»4. Found: C,
70.18; H, 3.85; N, 11.40; Zn, 3.04.
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2.3.2. Synthesis of tetra 3-amino-propan-1-onekisphenoxy) zinc phthalocyanine polymer

[Pc 2]:

Tetra 3-amino-propan-1-one-1,3-bis(phenoxy) zinthalocyanine polymePc 2] was prepared
using the procedure fdPc-1 but using compound’ was employed instead af Compounds
with two phthalonitrile units will produce the syretrical metallophthalocyanine polymers as in
the literature [26-28]. Yield: 75%.

FTIR (cm?): 765, 880, 990, 1085, 1115 (phthalocyanine skkldbrations) and 2220 (weak, -
CN stretching for peripheral Pcs)

UV-Visible, nm (logs): 266 (5.23), 678 (5.10)

Anal. For: GoHggN12012Zn: Calc. C, 69.10; H, 4.29; N, 10.51; O, 12.01; Zr09. Found: C,
69.40; H, 4.39; N, 10.31; Zn, 3.89.

2.3.3. Synthesis of Zinc tetra 4-(4-(p-tolyiminajmy®phenoxy phthalocyanirj@c-3]:
Pc-3was obtained using the same synthetic route eragléyrPc—1but compoundi was used
instead ofi. Yield: 75%.

FTIR (cm?): 748, 878, 969, 1071 and 1109 (phthalocyanindeskevibrations), 1610 (C=N
stretching) 2920 (-CH stretching).

UV-Visible, nm (loge): 355(5.16), 681(4.95).

Anal. For GgHgoN1204Zn: Calc. C, 74.78; H, 4.27; N, 11.8; O, 4.52; Zr§2. Found: C, 76.80;
H, 5.34; N, 12.4; Zn, 4.8.

MS (ESI): Calc; 1414.88 g/mol forggHeoN1204Zn, m/z: 1415.93 (M-1).

2.3.4. Preparation of substituted tetra (E)-(naiém-1-yl)({4-[(E)-2-(naphthalen-1-yl)diazen-

1-yllphenyl})diazene-bis(oxy) zinc phthalocyanimdymer[Pc 4]:
Tetra (E)-(naphthalen-1-yl)({4-[(E)-2-(naphthalend)diazen-1-yl]phenyl})diazene-

bis(oxy) zinc phthalocyanine polymf?c 4] was synthesised as describ&g-1 but compound

viii was used instead of Yield: 70%.
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FT-IR (cm?): 759, 893, 964, 1104, 1133 (phthalocyanine skklgbrations) and 2215 (-CN
stretching)

UV-Visible, nm (loge): 356(5.19), 683(4.77).

Anal. For: GsgHsoN24OgZn: Calc. C, 72.80; H, 3.59; N, 14.98; O, 5.70;, 2r92. Found: C,
73.15; H, 3.74; N, 14.80; Zn, 2.72.

2.3.5. Preparation of tetra 3H-spiro[2-benzofurar®'3xanthene]-3-one-3',6'-bis(oxy) zinc

phthalocyanine polymdPc 5]:

Pc-5was synthesized as describedRorl but compoundx was used instead of Yield: 70%.
FTIR (cm?): 770, 898, 960, 1110, 1131 (phthalocyanine skkleibrations) and 2226 (-CN
stretching).

UV-Visible, nm (loge): 288 (4.44), 692 (4.95).

Anal. For: GigHeaNgO16Zn: Calc. C, 73.67; H, 3.41; N, 5.92; O, 13.54; 36. Found: C,
73.55; H, 3.53; N, 5.80; Zn, 3.58.
2.3.6. Synthesis of Zinc tetra 2-methylpropanoid-@soxy phthalocyaninfPc 6]:

Pc-6 was synthesized as described Rar1 but compoundk was used instead of compouind
Yield: 65%.

FTIR (cm%): 745, 885, 958, 1094, 1129 (phthalocyanine s&kleibrations) and 1765(C=0
stretching of -COOH) and 3110-3450 ¢OH stretching of -COOH).

UV-Visible, nm (loge): 290(5.00), 693(4.86).

Anal. for GgH4oNgO;12Zn: Calc. C, 58.40; H, 4.0; N, 11.35; O, 19.4; Br§2. Found: C, 58.71,
H, 3.70; N, 12.56; Zn, 7.05.

MS (ESI): Calc; 986.37 g/mol for4H4oNgO12Zn, m/z: 985.5(M+1).

2.3.7. Synthesis of Aluminium chloro tetra pyridinim-1-olate-2-sulfanyl phthalocyaninBd

7:

Pc-7 was synthesized as described Rm-1 but compoundki and AICkE were used instead of
compoundi and ZnC}. Yield: 65%.
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FTIR (cmi®): 755, 892, 970, 1005, 1125 (phthalocyanine sikldbrations)
UV-Visible, nm (loge): 331 (5.04), 687(5.06).

Anal. for GoH3oN1204Ss: Cale. C, 57.80; H, 2.96; N, 20.75; S, 11.88;%28; Al, 2.50. Found:
C, 58.22;: H, 2.50; N, 20.8; S, 12.21

3. Results and discussions
3.1. Synthesis and characterization of the Pc congtes

The synthesis of the ligands and substituted zimtt auminium phthalocyanine complexes
and polymers were carried out as showTable 1 andScheme 1 The first step involves the
preparation of hydroxyl or sulfanyl precursors &tirthe Pcs. The second step involves the base
catalyzed nucleophilic aromatic nitro displacemeht4-nitrophthalonitrile with hydroxyl or
sulfanyl group containing precursors to yield phahérile/bisphthalonitrile ligands [29,30]. The
phthalonitrile ligands undergo cyclotetramerizatioa form the symmetrical substituted
phthalocyanine complexes, whereas bisphthalonitoiens polymeric phthalocyanines. In the
first step of polymerization, four molecules of @sponding bisphthalonitrile ligand reacts to
give substituted octacyanophthalocyanine. Thenptrgheral cyano groups of phthalocyanine
units interact at high temperature to yield fused structure joined at the sides to form ladder
polymeric Pcs. This type of conjugated ladder p@y has advantages over single stranded
conjugated polymer in terms of chemical resistatizesmal stability, mechanical strength and
greater molecular and structural order [31].

The reactions were monitored by TLC and the syimtkdsligands were purified and
characterized with, FT-IR, NMR, mass spectroscapy melting point (NMR and mass spectral
data are provided in supplementary information)e Pphthalocyanine complexes and polymers
were successfully purified to afford blue to grgeoduct with solubility in DMSO, DMF and

concentrated p5O,. The polymeric Pc’s are less soluble comparetiegartonomeric Pc’s.
3.1.1. FTIR Characterization:

FT-IR spectra for all the synthesised ligands aimthgocyanine complexes were
recorded in the region 400 to 4000 triThe FTIR spectra of compouni® xi are shown irFig

1, all the compounds showed vibrational band at 4BB®D cnm* which corresponnd to C=C
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stretch and 2870-3020 €ntorresponding to C-H stretch. Compoundsi, v andvii showed
broad peaks at 3100-3450 ¢which is assigned to -OH.

In addition, compound-iv showed vibration band at 1650-1700 teprresponding to
C=0,i andii showed peak at 3340-3350 ¢mwhich corresponds to —NH (secondary amine) and
compoundsiii andiv showed bands at 3300-3330 tmorresponding to -NH A peak was
observed for compound at 1600 crit which can be assigned to C=N. The IR spectra for
compoundvi exhibited vibrational bands at 1610 and 1475 @urresponding to C-C ring
skeletal stretch vibrations and the 7207chmand to -CH out of plane bending vibrations.
Compoundx showed peak at 1750 €maccountable to the C=0 peak and compouati1750
cm® for C=0 of the carboxylic acid with broad peak 2#10-3450 crii for —OH of the
carboxylic acid. Compoungi showed peak at 1270 €nmay be due to the NO of pyridine-N-
oxide [32].

Ligandsii, iv, vi, viii, ix, x andxi showed sharp peak at 2200-2290"anrresponding to
—CN group. The appearance of -CN group and digsappee of —OH or —SH peak confirms the
formation of the conjugated phthalonitriles . Irdain to TLC, IR was useful in monitoring the
completion of the formation of cyano ligands fromeit counter hydroxy ligands by monitoring
the appearance of cyano group peak at ~2250 with the complete disappearance of the
hydroxy or sulfanyl group at ~3300 &nor 2550 crit. All the phthalocyanine complexes
showed peaks at 745-760, 875-895, 965-990, 1000-khH 1111-1135 cmwhich can be
assigned to the phthalocyanine skeletal vibratil88. Additionally, the IR spectra of Pcs
showed disappearance of —CN peal®ml, Pc-3 Pc-6 andPc-7 indicating the consumption of
cyano groups to form phthalocyanine macrocycle. M in polymeric Pc’sPc-2 Pc-4 and
Pc-5), though the intensity of the cyano peak at 22P9@2cmi* was decreased but did not
disappear completely due to the terminal —CN pe#adolymeric Pc’s. The peaks of the polymer
were slightly lesser in intensity and broader ituraas compared to the monomeric Pcs.
3.1.2. UV-Vis spectra:

The UV Visible spectra for all the Pcs were recdrdey dissolving 1mg dry
phthalocyanine in 5 mL DMSO. The UV-Vis spectra gveecorded in the range of 250 to 900
nm at a scan rate of 240 nm min
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Figure ES-12shows the absorption spectra of the Pc’s. Alldyrethesized Pc’s showed
absorption peaks at 250-280, 335-360, 414-450,6520(shoulder peak) and 685-705 nm, Table
1. The peak observed in the UV region at 335-360 aomespond to B-band and the peak
observed at 620-650 nm can be accounted for thgorokr and dimeric forms of the
phthalocyanine macrocycle and the intense Q-bansl etserved at 685-705 nm [34]. The
absorption spectra d?c-4, Pc-5 Pc-6 and Pc-7 showed split Q-band. The splitting of the Q-
band inPc-6 andPc-7 suggests aggregation of the macrocycle whereaspiiteng in case of
Pc-4 and Pc-5 may be due to the polymeric nature of the macrhecy€he deep intense
blue/green colour of the phthalocyanines is dudh¢opeak at 670-700 nm which arises because
of then-n* transitions of the conjugated macrocycle [35].

3.1.3. TGA studies:

TGA studies provide information about the thermabgity and decomposition behaviour of the
synthesized phthalocyanine compounds. The thermodoa the thermal degradation of the
phthalocyanines is shown kig. 2.

It was observed from the thermograms that the memioniPcs are stable up to 30D
and then starts to degrade in air atmosphere irelien of 350—490C which leads to the rapid
loss of weight corresponding to the degradatioma® structure of phthalocyanine molecule.
Whereas, the polymeric Pcs were found to be stapldo 500°C and then the polymeric
molecule starts to degrade in air atmosphere inr¢g®n of 520-650C. Pc-4 shows higher
thermal stability than other two polymeric Pcs dte the extended conjugation and
delocalization oft-electrons. The stable TGA curve after 580corresponds to the respective
metal oxide formed after complete degradation efRigs. The weight remaining after 400n
the TG curve is theoretically equivalent to metatle of the sample taken for TGA analysis.
3.1.4. NMR and Mass spectra:

NMR and mass spectroscopy gives the informatioruatiee structural and molecular mass of
the compounds. In particul3i-NMR gives the information about the chemical eoniment of
the protons present in the compound. The numbetoafequivalent protons are equal to the
number of peaks in the NMR spectfal-NMR spectra was recorded for all the synthesized
compounds (i-xi) in different deuterated solvergsch as for compound (i) in deuterated
methanol (methanols)l compound (ii) in CDCI3 and compounds (iii-xi) deuterated DMSO
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(DMSO-d6). The synthesized compounds are havinigréifit types of protons like aromatic
protons, aliphatic protons, -OH, and amine grodjp& aromatic protons show peaks around 6-8
3, aliphatic protons (-Cglat 0.9-1.5%, -CH, at 1.2-1.8& and —CH at 1.5-2.4) at 1-2.25, -OH at
3-106 and primary and secondary amines at 58.3ll the precursor compounds exhibited
broad singlet peak for —-OH and —SH group protonere&s this peak disappeared in their
corresponding ligands confirming the formation e$pective ligands. In addition, thd-NMR
peaks obtained for different ligands are well matgiwith the theoretical data for the proposed

structures.

Mass spectra gives the information about the nutdeaveight and the fragmentation of
the compounds. The synthesized ligands showeédo(NW) molecular ion peaks in mass spectra
which are well coinciding with the theoretical maldar weight of the compounds. Some ligands
showed fragment ion peaks which are responsibléheodetachment of one part of the molecule
from the ligand. The mass spectra of Pc-3 displayedk at 1415.9 corresponding to'M
molecular ion, Pc-6 showed peak at 985.5 correspgrio M™ molecular ion. The NMR and
mass spectra of the precursors, ligands and coepkexggests the successful formation of pure

desired compounds.

3.2. Photophysicochemical Parameters
The fluorescenced{;) and singlet oxygend{,) quantum yields of the Pc complexes were

determined using comparative methods reported anliteratures [36-38]. Unsubstituted ZnPc
dissolved in DMSO was used as a standéxd<0.20 [37], andb, = 0.67 [38] in DMSO using

DPBF as a quencher).
3.2.1. Fluorescenceddr) quantum yields and lifetimes €g)

Figure 3 (usingPc-2 and Pc-6 as examples) shows the normalised absorption,semiand
excitation spectra anfijure ES 11(for all the Pc complexeshows the ground state electronic
absorption, emission and excitation spectra of ®uoptexes in DMSO. The absorption and
excitation spectra were similar and mirror imagethe emission spectra fétfc—2 This applied
to all non-aggregated complexd3c—6 and other aggregated complexa&sowed a slightly
different behaviour with absorption spectra diffarédrom the excitation spectra due to the

presence of aggregates in the absorption specyggregates do not fluoresce. Aggregation in
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Pc’s is often judged by the broadening or splihia Q band with the high energy band being due
to the so called “H” aggregates [39].

The fluorescence quantum yields and lifetimes ef Bt complexes were measured in DMSO
with Pc-5 accounting for the highest. value (0.16) whiléPc—4 and Pc—6 accounted for the
least® value (0.02),Table 2 Low ® values are due to aggregation. A typical fluorasee
decay curve is shown iRigure 4 for Pc complexes (usingc-5 as an example). A single
fluorescence lifetime was observed for all the Bmglexes. Additionally, the fluorescence
guantum vyields of the Pc complexes afforded comedimg fluorescence lifetimes which is
expected since there is a direct correlation betwke former and latter except fBc—6which
showed a decrease in its fluorescence lifetimeitefipe relatively high fluorescence quantum

yield, it afforded.
3.2.2. Singlet Oxygen Quantum Yield

The singlet oxygen quantum vyields of the Pc congBewere determined using photochemical
method involving DPBF as singlet oxygen quencheictwiwas spectroscopically monitored
from 0 s to 120 s at ~417 nm. Concentrations ofdtaplexes for the determination of singlet
oxygen quantum yield are as follows, Pc—1 (8.10% M), Pc—2 (7.95 x 1& M), Pc-3 (1.15 x
10° M), Pc—4 (2.02 x 1®M), Pc-5 (1.11 x 10 M), Pc—6 (1.35 x 1®8M) and Pc—7 (1.06 x 10
M). The characteristic change in absorbance profilBPBF in the presence of PS is shown in
Figure 5 (using Pc-2 as an example). A gradual decrease in the absoebah DPBF was
observed suggesting the production of singlet oryddere was no change in the intensity of
the Q band for all the Pc complexes on exposuibutmination inferring the photostability of
the Pc complexe$c-1, Pc—-6andPc-7showed a relatively low singlet oxygen quantumdsel
which might be attributed to plausible aggregatam earlier shown in their UV—-vis spectra
(Table 2).

33 Cell studies
Cell culture and treatment

Thein vitro dark cytotoxicity and photodynamic therapy aciestof the photosensitizers (PS)
were performed as described in the literature 488, Details of the protocol are provided in the

supporting information.



19

The cell viability represents the fraction of aetieells after PS treatment and incubation for 24 h
often expressed as a normalized percentage. BrieDT studies, then vitro dark cytotoxicity

of the PS were carried out in the absence of ilhaton to ascertain their applicability for PDT
since dark cytotoxicity of PS is undesirable in PBle to plausible lack of selectivity and

specificity towards tumorigenic cells as opposetidalthy cells.

3.3.1. In vitro dark cytotoxicity

Figure 6A and 6B shows the histograms for tirevitro dark cytotoxicity and PDT activities of
PS against MCF-7 cells (usig—5as an example for the gradient PS concentratiéiis)he
PS accounted for81% viable cells within the concentration range5e80 pg/mL inferring
minimal in vitro dark cytotoxicity which is a good indication foEFPneant for PDT application,
Figure 6A and 6B The overall confluence of the cells in the presenf PS were relatively

unaltered as compared to the control cells, Figoteshown.

The Synergy 2 multi-mode microplate reader was useamssess the cellular uptake of the PS
[41]. FromFigure 7 (usingPc-3 as an example), it can be observed that the aellygtake of the
PS was concentration dependent due to the inciedise cellular uptake as the PS concentration
increases. There was steady cellular uptake d?8as the concentration increases. The efficient
steady uptake of the PS by the cell is advantagému®DT due to the availability of the
unchanged PS in the cells which will inevitablycglpharmacological response on exposure to
light.

3.3.2. In vitro photodynamic therapy evaluation

The in vitro PDT evaluation of the PS was carried out at theesawncentrations and
experimental conditions as the vitro dark cytotoxicity studies except for irradiatiof the

incubated cells having the PS at 680 nm and las@mtdosimetry of 85 J.cmrespectively.

Significant decrease in the cell viability of thells having PS exposed to light was observed
in comparison to the ones without irradiation. PRAGtivity increased moderately with PS
concentration increases, Fig. 6A. Of importanddéshigh PDT activity observed for ties 5—

7 with less than 50% viable cells as compaPed 1-4which showed greater than 50% viable
cells across all the tested concentrations (+fL) using 80ug/mL as an example for all the
complexesFigure 6C. Pcs 6and7 showed the highest PDT effect with 57% cell dewdtile Pc
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3 accounted for 33% cell death. It is important tdenthat the latter showed the highest singlet
oxygen quantum yieldT@ble 2) as compared to the former or other Pcs considaréds study
but afforded the least PDT activitlyjgure 6C. It has been reported that the PDT activity of PS
is dependent on factors such as cell type, cellyiéake and localization [42]. However, the PS
with high singlet oxygen quantum yields could hadfered from low cellular uptake and
localization as compared to the others with lowglEhoxygen quantum yields which showed
high PDT since they differ greatly on their ringbstituents. The overall confluence of the
cellular micrographs in the presence of PS wereifstgntly altered as compared to the control
cells evidenced by the photo—micrograpfigjure 8 (using Pcsl and2 as examples). From the
photo—micrographs, it can be deduced that the gendle of the cells having the PS were low as

compared to the control cells which is a good iatian for the PDT activity of the PS.

4. Conclusion:

The present work demonstrates the successful siatioé novel Zn and Al phthalocyanine
derivatives in pure state. All the Pcs showed $icgmit PDT activity compared to the vitro
dark cytotoxicity behavior, buPc-1 to Pc—4 showed>50% viable cells within the tested
concentration range of 5-8@/mL. The remarkable PDT activity was shownmxy-5to Pc—7
with Pc-5showing less than 50% viable cells at &@mL, while Pc—6 andPc—7 achieved the
same efficacy at 4@g/mL and 8Qug/mL. ThoughPc—6andPc—7exhibited low singlet oxygen
guantum vyields in DMSO plausibly due to aggregatibnt showed higher PDT activity
compared to the other PEd-1to Pc-5 with larger ®, values. This phenomenon could be
ascribed to better interaction of the F8{6andPc—7) in slightly amphiphilic media compared
to the lipophilic ones. On visualization of the diri field fluorescence micrographs of the
placebo cells and treated cells (cells having Bipificant alteration in the overall confluence
of the treated cells was observed compared to dméral cells. The observed spaces in the
treated cells could be attributed to the cytocmlzivity of the PS against the MCF-7 cells on

exposure to light.
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Table I: Synthetic scheme for different ligands
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Table 2: Photophysicochemical parameters for metadphthalocyanines in DMSO

Complexes b pps (nm) emsom) | Pr (<x0.01) | TF@0.09) ¢,

Pc-1 700 695 0.02 2.40 0.08
Pc-2 680 691 0.06 2.59 0.31
Pc-3 679 692 0.13 2.81 0.49
Pc-4 680 690 0.02 2.34 0.41
Pc-5 681 695 0.16 2.83 0.47
Pc-6* 684 713 0.02 2.40 0.15
Pc—7* 687 697 0.05 2.45 0.10

A= the highest Q — band intensity was quoted for P&and 7

30



31

FIGURE CAPTIONS
Scheme 1:  Synthetic route for different Phthalocyanines.

Figure 1: FTIR spectra of a) precursor molecules and ligaf@smpounds i to xi) and

b) Pcs 1-7.
Figure 2: Thermogravimetric analytical curve for a) Monome®ics and b) Polymeric Pcs.
Figure 3: Ground state electronic absorption, emission anditaon spectra of

metallophthalocyanine in DMSO &ycitation= 612 nm (Pc-2) and 616 nm (Pc-6).

Figure 4: Fluorescence lifetime decay curve for Pc complemd3MSO (using Pc-5 as an
example).
Figure 5: Spectra for singlet oxygen quantum yield deternmmatising a photochemical

method. The spectra show the degradation of DPBifeipresence of Pc-2 in
DMSO.

Figure 6: Histograms forin vitro dark cytotoxicity and PDT effect (85 J.énof (A)
various concentrations of Pc-5, (B) Comparativekdexicity for all complexes at
80 pg/mL and (C) comparative PDT activity (85 J:&nof all complexes 80
pg/mL against MCF-7 cells.

Figure 7: Cellular uptake curves for PS (Pc-3).

Figure 8: Photo—micrographs fon vitro PDT effect for the Pc complexes (using control (a)
and Pc—7 (b) at 8Qug/mL as examples) against MCF-7 cells. Irradiation
dosimetry = 85 J.cith Magnification = 10x, Scale = 200pm.
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Highlights:

* A novel thiol and oxy bridged phthal onitrile ligands were synthesized in their pure state.

» Theligands are used to synthesize corresponding substituted Zn and Al phthal ocyanines.

* The complexes are used to study their photophysical and photochemical behaviour.

* The substituted ZnPc complexes afforded higher singlet oxygen quantum yields as
compared to the AlPc analogue.

* All the complexes showed innocuous invitro dark cytotoxicity and moderate PDT

effect against epithelial breast cancer cells.



