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This work presents the synthesis and characterization of metal-free, zinc(ll), and indium(lll)acetate
phthalocyanines substituted with 2,3,6-trimethylphenoxy groups at peripheral and non-peripheral
positions. The photophysical (fluorescence quantum vyields and lifetimes) and photochemical (singlet
oxygen generation and photodegradation under light irradiation) properties of these novel
phthalocyanines and unsubstituted zinc(ll) and indium(l11) acetate phthalocyanines were investigated in
dimethylformamide solution. The effects of the types substituent and their positions and the variety of
central metal ions on the phthalocyanine core on their spectroscopic, photophysical and photochemical
properties were also determined. The studied 2,3,6-trimethylphenoxy substituted metal-free, zinc(Il) and
indium(lIl)acetate phthalocyanines especially indium(lil)acetate derivative exhibited appropriate
photophysical and photochemical properties such as highly singlet oxygen generation and these
phthalocyanines can be potential Type Il photosensitizers for the photodynamic therapy of cancer
applications.
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1. Introduction

Phthalocyanines (Pcs) are a tetra pyrrolic macrocycles that have a
number of unusual physical and chemical properties arise from
their characteristic 18 m-electron delocalization, such as high
chemical and thermal stability which makes them valuable in
different fields of science and technology.! In the last few
decades, Pcs have been extensively used in a number of
technological applications in fields such as optical switching and
limiting devices,®> organic field effect transistors,® sensors,*®
light-emitting devices,®” molecular solar cells,®® optical
information  recording  media,’®  photosensitizers  for
photodynamic therapy,'™*® and nonlinear optical materials.'*

To increase the utility of Pcs in materials science, chemical
modification of the Pc ring has been extensively investigated. The
technologically important properties of Pc derivatives can be
tuned by varying of the central metal atom, changing the size of
the m-conjugated system, or alternating the type, number, and
positions of the substituents on the macrocycle.! For some
applications, the lower solubility and aggregation behaviour of
unsubstituted metallo Pcs can present problems, but low
solubility in common organic solvents can be overcome by the
introduction of appropriate substituents such as alkyl or alkoxy
groups in the peripheral or non-peripheral positions of Pc
framework.'®® Central metals play a major role in tuning the
properties of MPcs, some central metal ions such as indium (I11)

solubility and reduces molecular aggregation.'’

In this study, the metal-free, zinc(ll) and indium(lIl)acetate
Pcs containing four 2,3,6-trimethylphenoxy groups at peripheral
and non-peripheral positions on the Pc core were synthesized and

s characterized by elemental analysis, IR, UV-Vis, 'H-NMR, *C-

NMR (for phthalonitrile compounds) and MALDI-TOF mass
spectroscopies. The unsubstituted ZnPc and In(OAc)Pc were also
used for comparison purposes. The photophysical and
photochemical properties of newly synthesized tetrakis(2,3,6-

ss trimethylphenoxy) substituted In(OAc)Pcs (3 and 4), ZnPcs (5

and 6) and H,Pcs (7 and 8) and their unsubstituted counterparts
(In(OAc)Pc and ZnPc) were investigated in dimethylformamide
(DMF) solution. The photophysical and photochemical properties
of the unsubstituted metal-free derivative were not studied due to

e its solubility problem in DMF. The effects of the substituents and

their positions on the Pc core and the variety of central metal ions
in the Pc cavity on the spectroscopic, photophysical (fluorescence
quantum yields and lifetimes) and photochemical (singlet oxygen
generation and photodegradation under light irradiation)

es properties of novel phthalocyanines were also investigated and

compared with each other. The investigation of photophysical
and photochemical properties of these compounds is warranted
due to their photocatalytic applications such as photodynamic
therapy (PDT) of cancer.

» 2. Experimental Section

This journal is © The Royal Society of Chemistry [year]
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Scheme 1. Synthesis of 2,3,6-trimethylphenoxy substituted phthalonitriles (1 and 2) and their phthalocyanine (3- 8) derivatives. Reagents and conditions:
(i) N2, KoCOs, DMSO, 50°C, 60 hrs. (i) N,, DMF, DBU, 360°C, 20 min.; (iii) N2, Zn(CH;COO0),.2H,0 or In(CH;CO0)s, DMF, DBU, 360°C, 20 min.

s 2.1. Materials and methods

The used materials, equipment, photophysical
chemical formulas and parameters were
supplementary information.

2.2. Synthesis

and photo-
supplied as

10 The unsubstituted In(OAc)Pc compound was synthesized
according to the literature.'®

2.2.1. General procedure for the synthesis of the
phthalonitriles (1 and 2)

3-nitrophthalonitrile or 4-nitrophthalonitrile (3.50 g, 20 mmol)
15 and 2,3,6-trimethylphenol (2.93 g, 21.50 mmol) were dissolved in
40 mL anhydrous dimethylsulfoxide (DMSO). After stirring for
10 minutes; finely ground anhydrous K,CO; (14 g, 100 mmol)
was added to this solution. The reaction mixture was stirred at 50°
C for 60 hours under nitrogen atmosphere. Then the mixture was
20 poured into ice-water. The white product precipitated and the
solid product was filtered off, washed by using water and dried in

vacuum at 50° C. The crude product was purified by column
chromatography using silica gel eluting with chloroform (CHCI5).
2.2.1.1. 3-(2,3,6-trimethylphenoxy)phthalonitrile (1)

»s Compound 1 is soluble in dichloromethane (DCM), CHClIs,
tetrahydrofuran (THF), DMF, DMSO. Mp: 152° C. Yield: 5.00 g
(95.00%). Anal calculated for C;;H;4N,O C, 77.84%; H, 5.38%;
N, 10.68%; found C, 77.66%; H, 5.51%; N, 10.86%. IR (ATR)
Amax /e 551, 605, 732, 802, 865, 905, 985, 1004(C—C str.),

0 1078(C—C str.), 1125, 1162, 1179, 1197, 1273(C-O std.),
1325(C-O std.), 1383, 1409, 1451(C-H bend.), 1494(C-H
bend.), 1572(C=C str.), 1585(C=C str.), 2231(C=N str.),
2861(>CH, str.), 2925(>CH, str.), 2946(>CH, str.), 3031(=C-H
str.), 3088(=C—H str.). "H-NMR (CDCl): 3, ppm 2.03 (s, 3H),

3 2.08 (s, 3H), 2.29 (s, 3H), 6.71 (d, J = 8.67, 1H), 7.03 (s, 2H),
7.40 (d, J = 7.72 Hz, 1H), 7.49 (t, J = 8.36 Hz, 1H). *C-NMR
(CDCl3) (8: ppm): 160.55, 149.42, 136.88, 134.54, 129.11,
128.62, 127.97, 127.71, 126.12, 117.95, 117.31, 115.27, 112.27,
104.34, 19.86, 16.11, 12.47.
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2.2.1.2. 4-(2,3,6-trimethylphenoxy)phthalonitrile (2)
Compound 2 is soluble in DCM, CHCl3, THF, DMF and DMSO.
Mp: 159° C Yield: 4.95 g (88.85%). Anal calculated for
Cy17H14N,O C, 77.84%; H, 5.38%: N, 10.68%; found C, 78.02%;
H, 5.43%; N, 10.52%. IR (ATR) Amadcm’: 706, 711, 816, 843,
882, 953,1038(C-C str.), 1068(C-C str.), 1090, 1162, 1124,
1176, 1184, 1244, 1279(C-O std.), 1321(C-O std.), 1462(C-H
bend.), 1483(C-H bend.), 1563(C=C str.), 1596(C=C str.),
2229(C=N str.), 2861(>CH, str.), 2925(>CH, str.), 3078(=C-H
str.). 'H-NMR (CDCl,): 8, ppm 1.94 (s, 3H), 1.98 (s, 3H), 2.24 (s,
3H), 7.08 (d, J = 7.72 Hz, 1H), 7.09 (d, J = 7.72 Hz, 1H), 7.12
(dd, J = 8.83 Hz, J = 2.05 Hz, 1H), 7.54 (d, J = 2.05 Hz, 1H),
8.02 (d, J = 8.99 Hz, 1H). *C-NMR (CDCly) (5: ppm): 161.32,
149.25, 137.04, 135.60, 128.99, 128.75, 127.98, 127.58, 119.79,
119.70, 117.80, 115.55, 115.14, 108.16, 19.88, 16.13, 12.47.

2.2.2. General procedure for the synthesis of metallo-

phthalocyanines (3-6)
Compound 1 or 2 (0.76 mmol) and 0.45 mmol metal salts [0.10 g
Zn(OAc),.2H,0 or 0.13 g In(OAc);] were powdered in a quartz
crucible and transferred in a reaction tube. 0.25 mL of DMF was
added to this reaction mixture, and then the mixture was heated at
360° C in a sealed glass tube for 20 minutes under dry nitrogen
atmosphere. The reaction mixture was precipitated by adding
methanol. The green products were filtered and washed with
acetic acid, water, methanol and acetonitrile (except for
compounds 3 and 4, they were washed with only methanol and
acetonitrile) for 12 hours in the soxhlet apparatus. The crude
products were purified by column chromatography with silica gel
eluting with CHCls.

2221,  1(4),8(11),15(18),22(25)-Tetrakis-(2,3,6-trimethyl-
phenoxy)phthalocyaninatoindium(lil)acetate (3):
The In(OAc)Pc (3) is soluble in toluene, CHCI;, DCM, THF,
DMF and DMSO. Mp>300°C. Yield: 15 mg (7.60 %). Calculated
for C;oHsgInNgOg : C, 68.74%; H, 4.86%; N, 9.16%; found C,
68.45%; H, 5.14%; N, 9.35 %. IR (ATR) Ama/cm™: 558, 698,
740, 804, 882, 965, 1002(C—C str.), 1075(C—C str.), 1119(C-N
str.), 1161(C-N str.), 1200, 1248(C-O std.), 1267, 1327(C-O
std.), 1381, 1410(C—H bend.), 1462, 1480(C-H bend.), 1575,
1585(C=C str.), 1603(C=C str.), 1672,(C=N str.), 1731(C=0 str.),
2856(>CH, str.), 2920(>CH, str.), 3023(=C—H str.), 3068(=C—H
str.). UV-Vis (DMF, 1x10™° M): Amax(nm), (log €): 323 (4.559),
642 (4.410), 719 (5.155). MALDI-TOF-MS: 1199.14
[M—OAc+2H,0]*, 1318.11 [M-OAc+DHB]*. DHB (2,6-
dihydroxybenzoicacid) was used a MALDI matrix.

2222, 2(3),9(10),16(17),23(24)-Tetrakis-(2,3,6-trimethyl-
phenoxy)phthalocyaninatoindium(li1)acetate (4):
The In(OAc)Pc (4) is soluble in toluene, CHCI;, DCM, THF,
DMF and DMSO. Mp>300° C. Yield: 42.10 mg (21.04%).
Calculated for C,oHsgInNgOg : C, 68.74%; H, 4.86%; N, 9.16%);
found C, 68.70%; H, 5.17%; N, 9.29 %. IR (ATR) Apz/cm™: 698,
744, 807, 824, 871, 948, 1042(C-C str.), 1086(C-C str.),
1116(C-N str.), 1183(C-N str.), 1219, 1267(C-O std.),
1335(C-0O std.), 1394, 1462(C-H bend.), 1477(C-H bend.),
1573(C=C str.), 1609(C=C str.), 1649,(C=N str.), 1676,(C=N
str.), 1734(C=0 str.), 2856(>CH, str.), 2922(>CH, str.),
3013(=C-H str.), 3058(=C-H str.). UV-Vis (DMF, 1x10®° M):
Amax(nm), (log €): 360 (4.780), 622 (4.398), 694 (5.078). MALDI-
TOF-MS: 1162.07 [M—OAc]".

2.223.  1(4),8(11),15(18),22(25)-Tetrakis-(2,3,6-trimethyl-
s phenoxy)phthalocyaninatozinc(ll) (5)
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The ZnPc (5) is soluble in toluene, CHCI;, DCM, THF, DMF and
DMSO. Mp>300° C. Yield: 12 mg (6.30 %). Calculated for
CesHs6ZNNgO,4: C, 73.28%; H, 5.06%; N, 10.05%; found C,
73.10%; H, 5.19%; N, 10.18 %. IR (ATR) Ama/cm™: 562, 673,
688, 744, 761, 803, 883, 966, 1001(C—C str.), 1078(C—C str.),
1118(C—N str.), 1168(C-N str.), 1201, 1233, 1267(C-O std.),
1333(C-O std.), 1381, 1408, 1456(C-H bend.), 1481(C-H
bend.), 1570(C=C str.), 1589(C=C str.), 1657,(C=N str.),
2856(>CH, str.), 2922(>CHj, str.), 3023(=C-H str.), 3058(=C-H
str.). H-NMR (CDCl): 8, ppm : 8.65-6.90 (m, 20H, arom.),
2.50-2.00 (bs, 36H, —CHj). UV-Vis (DMF, 1x10° M): Amax(nM),
(log €): 317 (4.699), 628 (4.685), 700 (5.436). MALDI-TOF-MS:
1113.09 [M]".

2.2.2.4, 2(3),9(10),16(17),23(24)-Tetrakis-(2,3,6-trimethyl-
phenoxy)phthalocyaninatozinc(ll) (6):
The ZnPc (6) is soluble in toluene, CHCI;, DCM, THF, DMF and
DMSO. Mp>300° C. Yield: 37.80 mg (18.57%). Calculated for
CesHsZNNgO,4: C, 73.28%; H, 5.06%; N, 10.05%; found C,
73.42%; H, 5.16%; N, 10.21%. IR (ATR) Amadcm™: 725, 744,
805, 820, 870, 947, 996(C-C str.), 1041, 1090(C-C str.),
1117(C-N str.), 1166(C-N str.), 1216, 1267(C-O std.),
1336(C-O std.), 1394, 1460(C-H bend.), 1484(C-H bend.),
1575(C=C str.), 1608(C=C str.), 1656,(C=N str.), 2856(>CH,
str.), 2921(>CH, str.), 3018(=C-H str.), 3058(=C-H str.). *H-
NMR (CDCly): 8, ppm : 8.80-7.00 (m, 20H, arom.), 2.45-2.05
(bs, 36H, —CHj3). UV—Vis (DMF, 1x10° M): Ama(nm), (log e):
354 (4.756), 609 (4.418), 6.80 (5.186). MALDI-TOF-MS:
1113.24 [M]".

2.2.3. General procedure for the synthesis of metal-free
phthalocyanines (7 and 8)
The mixture of phthalonitrile compounds 1 or 2 (0.20 g, 0.76
mmol), 0.25 mL dry DMF and 0.25 mL 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) as a catalyst was heated for 20
minutes at 360° C under nitrogen atmosphere. After cooling to
room temperature, the reaction mixture was treated with dilute
HCI solution. The green products were precipitated, filtered off
and washed with water until the filtrate became neutral. The
crude products were taken in the Soxhlet apparatus then purified
by washing with acetic acid, water, methanol and acetonitrile for
12 hours, respectively. The crude products were purified by
column chromatography with silica gel eluting with CHCl .

2.2.3.1. 1(4),8(11),15(18),22(25)-Tetrakis-(2,3,6-trimethyl-
phenoxy)phthalocyanine (7)
The H,Pc (7) is soluble in toluene, CHCI;, DCM, THF, DMF
and DMSO (slightly). Mp>300° C. Yield: 15.80 mg (7.90%).
Calculated for CggHsgNgQO4: C, 77.69%; H, 5.56%; N, 10.66%;
found C, 77.52%; H, 5.68%:; N, 10.52%. IR (ATR) Apa/cm™:
561, 613, 691, 743, 747, 801, 876, 950, 1019(C-C str.),
1077(C—C str.), 1110(C-N str.), 1155(C-N str.), 1201, 1222,
1248(C—-O std.), 1264, 1310, 1333(C-O std.), 1381, 1410(C-H
bend.), 1462, 1486(C-H bend.), 1575(C=C str.), 1595(C=C str.),
1683,(C=N str.), 2851(>CH, str.), 2921(>CH, str.), 3023(=C-H
str.), 3058(=C-H str.), 3292(N-H str.). *H-NMR (CDCl,): 8§,
ppm : 8.90-7.10 (m, 20H, aromatic), 2.45-2.00 (bs, 36H, —
CH,), -1.60 (bs, 2H). UV—Vis (DMF, 1x10° M): Amax(nm),
(log €): 316 (4.751), 629 (4.515), 662 (4.620), 696 (5.118),
724 (5.147). MALDI-TOF-MS: m/z 1051.56 [M]".

2.2.3.2. 2(3),9(10),16(17),23(24)-Tetrakis-(2,3,6-trimethyl-
phenoxy)phthalocyanine (8)

This journal is © The Royal Society of Chemistry [year]
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The H,Pc (8) is soluble in toluene, CHCI;, DCM, THF, DMF and compounds 1 and 2 by the disappearance of the NO, band nearby
DMSO (slightly). Mp>300° C. Yield: 61.00 mg (30.80%). 25 at 1350 cm™ and the appearance of new absorption band at 1270
Calculated for CggHsgNgOa: C, 77.69%; H, 5.56%; N, 10.66%; and 1279 cm™ belonging to Ar—O—Ar, respectively. While the
found C, 77.80%; H, 5.64%; N, 10.81%. IR (ATR) Amam/cm™: strong —C=N bands of 1 and 2 were appeared at 2231 and 2229
5 804, 866, 926, 938, 1007(C—C str.), 1076(C—C str.), 1112(C-N cm? in the IR spectrum, these bands were disappeared after
str.), 1160(C-N str.), 1206, 1262(C-O std.), 1273, 1318(C-O conversion to the Pc (3-8) derivatives. The IR spectra of the Pcs
std.), 1327, 1395, 1423(C-H bend.), 1462(C-H bend.), 30 were similar in most peaks with the exception of the compounds
1579(C=C str.), 1614(C=C str.), 1684,(C=N str.), 2854(>CH, 7 and 8 showing a N—H stretching band peak at 3292 and 3290
str.), 2916(>CH, str.), 2983(>CH, str.), 3012(=C-H str.), cm™ and N—H bending bands at 1462, 1022 and 1462, 1007 cm™
10 3290(N-H str.). *H-NMR (CDCls): &, ppm : 9.00-6.90 (m, due to N—H bounds in the inner core. The peaks [ca. 1600 cm™ (-
20H, aromatic), 2.50-1.80 (bs, 36H, —CHj3), -1.55 (bs, 2H). C=C- stretch), ca. 1400 cm™ (C—H bend), ca. 1325 cm™ (C-N
UV-Vis (DMF, 1x10° M): Amy (nM), (log €): 342 (4.663), 607 s stretch), ca. 1270 cm™ (C-O-C stretch), ca.950 cm® (-C=C-
(4.262), 640 (4.455), 670 (4.843), 704 (4.843). MALDI-TOF- bend)] of H,Pcs and metallo-Pcs (MPcs) were almost at the same

MS: m/z 1051.51 [M]". place, indicating that central metal has a small influence on the IR

15 vibrations (Table S1 in supporting information).
The electronic spectra of the MPcs (3-6) and unsubstituted
(a) . a0 In(OAc)Pc showed monomeric behaviour as evidenced by a

i\ single (narrow) Q band and split two Q bands for metal-free
phthalocyanines (H,Pcs) 7 and 8 up to ~ 1 x 10° mol dm™ in
N ,-} \ “ DMF as typical of metallo and metal-free Pcs.*% The UV-Vis
S e |'|1 : ‘ . spectra of the unsubstituted In(OAc)Pc and 2,3,6-
3 , ) !, 'I | | —mace a5 trimethylphenoxy substituted In(OAc)Pcs (3 and 4) showed
‘ characteristic absorption in the Q band region at 683, 719 and
694 nm in DMF, respectively (Table 1). The 2,3,6-
trimethylphenoxy substituted ZnPcs (5 and 6) also exhibited
characteristic absorption in the Q band region at 700 and 680 nm
so in. DMF, respectively (Table 1). The splitting Q band was
; observed at 724 and 696 nm for 7, 704 and 670 nm for 8
(b) g indicating the structure with non-degenerate D,, symmetry of
2.3 I\ HZPCS.

I '\ The Q bands of the non-peripherally substituted Pcs 3, 5 and 7
‘ ‘ ss were red-shifted when compared to the corresponding
‘ | peripherally substituted Pcs 4, 6 and 8 in DMF (Fig. 1a-1c). The
,(\t , g observed red-shifts, 25 nm between 3 and 4; 20 nm between 5
'i N | and 6; 20 nm between 7 and 8. When strongly electron donating
x |/ \ \ substituents, such as phenoxy groups in this study, are bound to
o i ’;*’3‘7;' A\ j 1 s0 non-peripheral positions on the phthalocyanine core, the Q bands
a N - highly shift to the red region of the spectra.?. These effects can be
el o -~ et readily explained by considering the size of the atomic orbital
18 coefficients in molecular orbital calculations. The coefficients at
4a (c) the non-peripheral carbons in the 1a;, HOMO are larger than
. n N es those at the peripheral carbons, so the extent of destabilization of
|| \ /| this orbital is larger when electron-donating groups are
introduced at the non-peripheral positions. As a result, the
-8 HOMO-LUMO gap becomes smaller and the Q band, which
arises primarily from the 1a, — le,* ftransition,

/ D= A/ 70 shifts to longer wavelength as explained in the literature.? 24
~ \»«Jf ’,,-;:-:2' \ | The Q bands of the In(OAc)Pcs 3 and 4 were red-shifted
= 3 N /4 \ compared to the corresponding ZnPcs 5 and 6 in DMF, indicated
e e the non-planar effect of the indium(lll) ion, because atomic
Wavwsength (nm) radius of indium is fairly bigger than zinc radius (Fig. 1a-1b) as
Fig. 1 Absorption spectra of (a) IN(OAc)Pes (IN(OACQ)Pc, 3 and 4), (b) ™ the central metal ion in the Pc cgwty. The B bands were obs!erved
20 ZnPcs (5 and 6) and (c) HaPcs (7 and 8) in DMF at 1.0x10 ° M. at around 320-360 nm for substituted Pcs (3-8) and unsubstituted

In(OACc)Pc, and in DMF (Fig. 1a-1c).

3. RESULTS AND DISCUSSION The [M-OAc+DHB]"* peak of the compound 3, [M-OAc]*
peak of the compound 4, and the [M]™ molecular ion peaks of
s compounds 5, 6, 7 and 8 were found at 1318.11, 1162.07,
The IR spectra of starting materials indicated the formation of ~ 1113.09,1113.24,1050.51 and 1049.62 Da in MALDI-TOF mass
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Fig. 2 Absorption spectra of metal-free Pc 7 in different solvents.

spectra (Fig. S1-S6 in supporting information).

The 'H-NMR spectra of Pcs (5-8) are also consistent with the
proposed structures. The *H-NMR spectra of compounds 1 and 2
exhibited characteristic signals for methyl (—-CHs) protons at &
2.03(3H), 2.08 (3H), 2.29 (3H) and 1.94(3H), 1.98(3H), 2.23(3H)
ppm each a singlet, respectively. The aromatic CH protons of
trimethylbenzene groups on the phthalonitrile compounds (1 and
2) were observed at around 6.68-6.90 and 7.07-7.10 ppm. The
aromatic CH protons on the cyanobenzene group were observed
at around 6.94-7.51 and 7.12-8.20 ppm for compounds 1 and 2,
respectively. Moreover, the **C-NMR spectra were also in good
correlation with the structure of the synthesized phthalonitrile
compounds (1 and 2) (Fig. STA, S7B, S8A, S8B in supporting
information).

3.2. Aggregation studies

In this study, the aggregation behaviour of the newly synthesized
2,3,6-trimethylphenoxy substituted Pcs were examined in
different solvents (DMSO, DMF, THF, toluene, chloroform and
DCM) to select a suitable solvent for investigation of their
photophysical and photochemical properties. The non-
peripherally substituted H,Pc 7 did not show any aggregation in
used solvents (Fig. 2 for Pc 7 and Fig. S9 for Pc 8), but
peripherally substituted H,Pc 8 formed highly aggregated species
in DMSO. Therefore DMF was preferred as the non-aggregated
solvent for further studies about photophysical and
photochemical properties of newly synthesized Pcs. Moreover,
the small amount (0.1% is a non-toxic level) of DMF can be used
for without any toxic effect in biological applications. 2%

The non-peripherally substituted ZnPc 5 showed an extra peak
at 752 nm in chloroform and DCM solutions (Fig. 3). This peak
could be due to formation of J-type aggregation among the Pc
molecules or protonation of the inner nitrogen atoms on the Pc
core. We suggest that this extra peak is due to lowering in
symmetry of Pc molecules because of the protonation instead of
J-type aggregation. DCM and chloroform contain small amounts
of acid (generally HCI) and acidic impurities may protonate the
inner nitrogen atoms so the symmetry of Pc core can turn into Dy,
symmetry. The absorption intensity of this extra peak at 752 nm
increased by adding trifluoroacetic acid and decreased by adding
pyridine (Fig. S10 and S11 in supporting information).?*° This
result verified the protonation of inner nitrogen atoms in the
cavity of ZnPc 5 in DCM and chloroform solutions.
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Fig. 3 Absorption spectra of compound 5 in different solvents.

The aggregation behaviour of the substituted Pcs (3-8) and
unsubstituted In(OAc)Pc was also studied at different
concentration in DMF. When the concentration was increased,
the intensity of absorption of the Q band also increased.
Lambert-Beer law was obeyed for UV-Vis studies of all Pcs in
the concentrations ranging from 1.2x107 to 2x10® M in DMF.
Any new band formation was observed belong to H-type and J-
type aggregation of Pcs depending on the concentration change
(Fig. 4 for Pc 6 and Fig. S12 for unsubstituted In(OAc)Pc as an
example).

3.3. Fluorescence spectra

The fluorescence emission, absorption and excitation spectra
of 2,3,6-trimethylphenoxy substituted Pcs 4 (Fig. 5a), 6 (Fig.
5b), 8 (Fig. 5¢) and unsubstituted In(OAc)Pc in DMF were
showed in Fig. 5 and Fig. S13, respectively. Fluorescence
emission peaks were listed in Table 1. The fluorescence
emission of In(OAc)Pcs (3, 4 and unsubstituted In(OAc)Pc) were
observed lower intense peaks than that of ZnPcs and H,Pcs (5-8)
in DMF due to heavy atom effect of indium metal. The Stokes
shifts of the substituted In(OAc)Pcs (3 and 4) were higher than
that of the other Pcs (5, 6, 7, 8 and unsubstituted In(OAc)Pc) in
DMF. The excitation spectra were similar to absorption
spectra and both were mirror images of the fluorescent spectra
for all ZnPcs in DMF. The proximity of the wavelength of each
component of the Q-band absorption to the Q band maxima of the
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Fig. 4 Absorption spectra of compound 6 in DMF at different
concentrations. (Inset: plot of absorbance vs. concentration.)
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Table 1 Absorption, excitation and emission spectral data for
unsubstituted indium(lIl) acetate (In(OAc)Pc), zinc (ZnPc) and
substituted indium(l11) acetate (3 and 4), zinc (5 and 6) and metal-free (7
and 8) phthalocyanines in DMF.

Q - Stokes
band (log Excitation )Ifmlss‘.lon shift
Sample Amaxs 8) Aex, (n m) (:P;{) Astokes,
(nm) (nm)
IN(OAc)Pc 683 493 690 693 10
3 719 515 726 729 10
4 694 5.08 684 708 14
ZnPc &P 670 5.37 670 676 6
5 700 544 699 705 5
6 680 5.19 682 688 8
724 515 697
7 696 512 725 262
704 484 677
8 670 485 705 08 4

1

1!

2

2!

3

3

5

1S}

a

S

a

S

&

3 Data from Ref.>

® Data from Ref.%

excitation spectra for Pcs (In(OAc)Pc, 3-8) suggests that the
nuclear configurations of the ground and excited states were
similar and not affected by excitation (Fig. 5 for 4 (a), 6 (b), 8 (c)
and Fig. S13 for unsubstituted In(OAc)Pc).

3.4. Fluorescence quantum yields and lifetimes

The fluorescence quantum yields (®F) of the 2,3,6-
trimethylphenoxy substituted Pcs 3-8 as well as unsubstituted
In(OAc)Pc and ZnPc in DMF were given in Table 2. The ®¢
values of the substituted In(OAc)Pcs (3 and 4) and H,Pcs (7 and
8) were lower than those of the unsubstituted In(OAc)Pc and
ZnPc in DMF because of the more quenching of fluorescence by
the substituent. The ®f values for unsubstituted In(OAc)Pc and
substituted In(OAc)Pcs (3 and 4) were much smaller than ®f
values of substituted ZnPcs (5 and 6) and H,Pcs (7 and 8) in
DMF. This result can be attributed to the heavy atom effect of
indium atom which increases the number of the triplet state
species and causes quenching of the fluorescence. Furthermore,
the In(OAc)Pc 3 and 4 have very high singlet oxygen quantum
yields (®,) values. The sum of ®r and ®,, two major
deactivation pathways of excited state, is close to unity and
therefore no quenching is expected.

The @ values for the substituted ZnPcs 5 and 6 were higher
than those of the unsubstituted ZnPc in DMF (Table 2). An
increase in fluorescence intensity may be caused by the presence
of substituents, which declines the fluorescence quenching.

The H,Pcs 7 and 8 showed approximately two times lower ®¢
value than the ZnPc counterparts 5 and 6 in DMF. This result
might be related to d*° configuration of zinc metal in 5 and 6. On
the other hand, the H,Pcs 7 and 8 were more deactivated by non-
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Fig. 5 Absorption, excitation and emission spectra of the compounds 4
(a), 6 (b)and 8 (c) in DMF. Excitation wavelength = 651 nm for 4 and
40 6 and 641 nm for 8.

radiative processes and another competitive relaxation channel of
singlet excited state is present for 7 and 8.

@ values for the peripherally substituted Pcs 4, 6 and 8 were
higher than of the non-peripherally substituted counterparts 3, 5
ss and 7 due to the effect of the substitutents' position on the Pc ring.
This result implies that the peripherally substituted Pcs have less
quenching of the excited states.
Fluorescence lifetime refers to the average time the molecule
stays in its excited state before emitting a photon and it was
so determined for all studied Pcs by using time correlated single
photon counting (TCSPC). The results were given in Table 2 and
related graphic for ZnPc 6 and unsubstituted In(OAc)Pc were
supplied in Fig. 6 and Fig. S.14, respectively. In general, the
presence of two lifetimes for Pcs has been explained in terms of
ss the presence of aggregates. The first of the lifetimes, long life-
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Fig.6 Time correlated single photon counting (TCSPC) trace for
compound 6 in DMF with residuals. Excitation wavelength = 651 nm.

time, may be associated with monomeric non-interacting MPc
s molecules, while the second of them may be attributed to
quenching as a result of the interaction between the MPc

30

1

1!

2

2!

15}

5

0

o

framework and the substituents. In our study, two lifetimes were
observed in DMF for all the substituted Pcs. Average lifetimes were
also given in Table 2. The fluorescence lifetimes of the Pcs in DMF were
observed within the range expected for Pcs (Table 2).*** The Pcs 7 and 8
showed shorter fluorescence lifetimes in DMF due to lack of metal in the
cavity of Pc. On the other hand, the fluorescence lifetimes of the non-
peripherally substituted Pcs 3, 5 and 7 were shorter than those of
peripherally substituted Pcs 4, 6 and 8, respectively. This result shows the
position effect of Pc on fluorescence properties. The natural radiative life
time (o) and the rate constants for fluorescence (kg) values of Pcs (3-8
and In(OAc)Pc) were also determined in DMF. The 1o values of
unsubstituted In(OAc)Pc and the substituted In(OAc)Pcs 3 and 4 were
quite longer than ZnPcs (5 and 6) and H,Pcs (7 and 8) in DMF. The 1o
values of the ZnPcs 5 and 6 were also about 5 times longer than those of
metal-free counterparts due to metal effect (zinc). The peripheral
substituted Pcs 3, 5 and 7 showed longer 1o values than non-peripheral
counterparts 4, 6 and 8 because of the the substituent's position on the
Pc ring. The kg value of the unsubstituted In(OAc)Pc and the
substituted In(OAc)Pcs 3 and 4 were quite lower than those of
other Pcs (5-8) due to the heavy metal atom effect of indium.

3.5 Singlet oxygen quantum yields

Singlet oxygen quantum yields (®,) of the substituted Pcs and
unsubstituted In(OAc)Pc in DMF solution were determined by

Table 2. Photophysical and photochemical parameters for for unsubstituted indium(lI1) acetate (In(OAc)Pc), zinc (ZnPc) and substituted indium(l1I)
acetate (3 and 4), zinc (5 and 6) and metal-free (7 and 8) phthalocyanines in DMF.

Sample DF itgllo(lns) 215.20(3“5) (a%f;e) ?xklli)(%l) 70 (ns) @d (x107%) DA
In(OAc)Pc  0.019 0.56 (59.36) 3.27 (40.64) 1.66 1.15 87.37 0.54 0.75
3 0.010 3.06 (68.34) 0.24 (31.96) 2.16 0.46 216.00 2.25 0.88
4 0.013 3.87 (75.32) 0.28 (24.68) 2.98 0.43 229.34 191 0.85
ZnPc® 0.120 3.64 (100.00) - 3.64 3.30 30.34 0.023 0.56
5 0.130 2.85 (86.74) 1.31(13.26) 2.65 491 20.38 1.87 0.82
6 0.167 3.90 (89.07) 1.09 (10.93) 3.59 4.65 21.50 1.10 0.76
7 0.085 0.14 (89.24)  2.09 (10.76)  0.36 23.61 4.24 0.68 0.29
8 0.100 053 (89.44)  0.20(10.56)  0.49 20.41 4.90 0.64 0.22

2 Abundances shown in brackets.

P ke is the rate constant for fluorescence. Values calculated using Ke = @/t average)-

35 ° Data from Ref.®
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Fig. 7 A typical spectrum for the determination of singlet oxygen
quantum yield of compound 3 in DMF at 1x10°° M. (inset: plots of DPBF
absorbance versus time)

using 1,3-diphenylisobenzofuran (DPBF) as a quencher. There
was no change in the Q band intensity during the @,
determinations and the disappearance of DPBF absorbance at 417
nm, confirmed that complexes were not degraded during singlet
oxygen studies (Fig.7 for Pc 3 and Fig. S15 for Pcs 5, 8 and
unsubstituted In(OAc)Pc are examples). The ®, values of
In(OACc)Pcs (3, 4 and unsubstituted In(OAc)Pc) were higher than
those of ZnPcs (5, 6 and unsubstituted ZnPc) and H,Pcs (7 and 8)
in DMF. It seems that the coordination of large metal atoms in
the Pc cavity remarkably enhances the efficiency of singlet
oxygen formation. The ®, values of the H,Pcs (7 and 8) were
lower than those of the other studied Pcs and all the metallo-Pcs
gave good singlet oxygen quantum yields (®,) which indicate the
potential of the metallo-complexes as photosensitizers in
applications of PDT (Table 2). On the other hand, the ®, values
of the substituted In(OAc)Pcs (3 and 4) and ZnPcs (5 and 6) were
higher than those of the unsubstituted counterparts (In(OAc)Pc
and ZnPc). The substituent (2,3,6-trimethyl-phenoxy) on the Pc
skeleton might increase the singlet oxygen generation and
similar results were observed in the literature bearing similar
substituents like phenoxy groups.®”*2 The ®, values of the non-
peripherally substituted Pcs (3, 5 and 7) were higher than those of
the corresponding peripherally substituted Pcs (4, 6 and 8) in
DMF. This result can be explained with the substituent position
effect.

3.6. Photodegradation studies

The determination of the degradation of the molecules under
irradiation is especially important for those molecules intended
for use as photo-catalysts. Generally, Pcs exhibit optimal stability
against the decomposition caused by light irradiation. The band
shapes of the spectra of the Pcs were not deteriorated under light
irradiation and their intensities were observed to be decreasing in
B and Q bands (Fig. 8 for 8 and Fig. S16 for 4, 6 and
unsubstituted In(OAc)Pc). This result confirmed that the only
degradation (not photo-transformation) occurred during the were
quite lower than those of other Pcs (5-8) due to the heavy metal
unsubstituted In(OAc)Pc and the substituted In(OAc)Pcs 3 and 4
atom effect of indium.photodegradation studies under light-
irradiation. The photo-degradation quantum yield (®4) values of
the Pcs were similar to the values of the Pcs in the literature.*
Stable Pc compounds show @4 values as low as 10® and these
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Fig. 8 A typical spectrum for the determination of photodegradation
quantum yield of compound 8 in DMF (inset: plot of Q band absorbance
Versus)

values for unstable Pcs in the order of 10° have been reported.*®
It is believed that the formed singlet oxygen are a decisive
species which is responsible for the photodegradation of Pcs.*
The @y values of the substituted Pcs (3-8), unsubstituted
In(AcO)Pc and ZnPc derivatives in DMF were presented in
Table 2 In this study, the ®y4 values of the substituted Pc
compounds (3-8) were higher than those of the unsubstituted
counterparts (In(OAc)Pc and ZnPc). The substituted In(AcO)Pcs
(3 and 4) also showed lower stability against light irradiation
compared to the ZnPcs (5 and 6) and H,Pcs (7 and 8)
counterparts. Furthermore, the non-peripherally substituted Pcs
(3, 5 and 7) were less stable when compared to the corresponding
peripherally substituted Pcs (4, 6 and 8). The higher
photodegradation quantum yields of non-peripherally substitution
can be explained the HOMO of the phthalocyanine w-system has
large molecular orbital coefficients at non-peripherally positions
and is destabilized by electron-donating substituents, resulting in
a narrowing of the HOMO-LUMO gap and a decrease in the first
oxidation potential.?* While the non-peripherally substituted
In(OAc)Pc 3 was the least stable compared to the other
complexes, the peripherally substituted metal-free Pc 8 was the
most stable compared to the other complexes.

4. Conclusion

In the present work, the syntheses of new non-peripherally and
peripherally  2,3,6-trimethylphenoxy tetra-substituted In(lIl),
Zn(ll),  metal-free  phthalocyanines and  unsubstituted
indium(lI1)acetate were described and novel compounds were
characterized by standard methods (elemental analysis, *H-NMR,
13C-NMR, (for phthalonitrile compound) MALDI-TOF, IR and
UV-Vis and fluorescence spectral data). All phthalocyanines (3-8)
were quite soluble in general organic solvents such as
chloroform, DCM, toluene, THF, DMF and DMSO. The
photophysical and  photochemical  properties of the
phthalocyanine compounds in DMF were also determined in
DMF. The effects of substituent and its positions and the variety
of metal on the Pc cavity on these properties were also compared.
The excitation spectra of these complexes were similar to
absorption spectra of them and both spectra were mirror images
of the fluorescent spectra for zinc and metal-free phthalocyanines.
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Their fluorescence properties are affected significantly by the
change of the central metal. The increase of atom size of the
metal remarkably enhances the efficiency of singlet oxygen
formation whilst good fluorescence characteristics were retained.
The 2,3,6-trimethylphenoxy substituted In(OAc)Pcs (3 and 4) and
ZnPcs (5 and 6) have good singlet oxygen quantum yields (®,),
especially the non-peripherally In(OAc)Pc 3 results in the highest
value in DMF. The values of singlet oxygen quantum yield
ranging from 0.22 (for the peripherally substituted metal-free Pc
8) to 0.88 (for the non-peripherally In(OAc)Pc 3) in DMF
indicate of the potential of these complexes as photosensitizers
for the PDT of cancer where singlet oxygen is required (Type Il
mechanism). It was observed that the substitution of the Pc
framework with 2,3,6-trimethylphenoxy group as a substituent
decreases the photostability of metallo and metal free Pcs in
DMF.
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