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Abstract

This work hereby presents the syntheses, photochemistry and photophysics of octaphenoxy ((C)InOPPc) and octakis(4-tert-
butylphenoxy)chloroindium ((C1)InOTBPPc) phthalocyanines. Calculated nonlinear parameters of these complexes are compared with those of the
corresponding GaPc derivatives and tetrasubstituted GaPc and InPc complexes. Fluorescence quantum yields do not vary much between (C1)InOPPc
and (C)InOTBPPc complexes in different solvents. High quantum yields of triplet state (@7 ranging from 0.70 to 0.91 in dimethysulphoxide,
DMSO) and singlet oxygen generation (@, ranging from 0.61 to 0.79 in DMSO) were obtained. Short triplet lifetimes 50-60 s were obtained
in DMSO). The optical limiting threshold intensity (/) for the InPc derivatives were calculated and compared with those of corresponding

tetrasubstituted InPc and GaPc complexes. The latter were found to be better optical limiters.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Metallophthalocyanines (MPcs), a family of aromatic macro-
cycles based on an extensive delocalized 18- electron system,
are known not only as classical dyes in practical use but also
as modern functional materials in scientific research. There has
been growing interest in the use of phthalocyanines in a variety
of new technology fields including nonlinear optics [1] semicon-
ductor devices [2], Langmuir—Blodgett films [3], electrochromic
display devices [4], liquid crystals [5], and as photosensitizers in
photodynamic therapy (PDT) [6]. For nonlinear optical applica-
tions MPcs have advantages over inorganic compounds currently
in use due to their small dielectric constants [7], fast response
times, ease of processibility into optical components and their
economic feasibility [1,7]. The MPcs can be modulated in a
plethora of ways by changing the peripheral and non-peripheral
substituents on the ring in addition to changing the central metal
and the axial ligands.
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Heavy metals, especially diamagnetic metals, play a major
role in photosensitising and optical limiting mechanisms
because they enhance intersystem crossing through spin orbit
coupling. This is desirable because it improves the chances of
getting a large population in the triplet state. Axial ligands in
MPcs are useful in preventing or minimizing intermolecular
interactions which result in aggregation in solution. Aggrega-
tion can result in the fast decay of the excited states. Indium is
a useful central metal in MPc complexes since it is diamagnetic
and able to host axial ligands. Indium phthalocyanines have been
reported to have good photosensitising and optical limiting prop-
erties [1,7-11]. Mainly tetrasubstituted InPc derivatives have
been reported in the literature, since they have much higher sol-
ubility due to lower degree of order which facilitates salvation,
compared to octasubstituted derivatives. Octasubstituted MPcs
on the other hand have isomeric purity. In this work we study the
photochemical (singlet oxygen and photodegradation quantum
yields) properties and photophysical (triplet state lifetimes and
quantum yields, and fluorescence quantum yields and lifetimes)
behaviour of octasubstituted indium phthalocyanines in different
solvents. These are substituted on the peripheral position with
large ligands (phenoxy, (CDInOPPc, and tert-butyl phenoxy,
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Scheme 1. Synthetic pathway to octa-substituted phenoxy and tert-
butylphenoxy phthalocyaninato gallium and indium chloride on the peripheral
positions.

(CHInOTBPPc, Scheme 1) to prevent aggregation. The synthesis
of the (C)InOPPc complex has been reported before [12]. The
nonlinear optical parameters are also calculated and compared
with those of the corresponding GaPc derivatives reported before
[13] and with those of the peripherally and non-peripherally
tetrasubstituted GaPc and InPc derivatives [14], Fig. 1.
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Fig. 1. Molecular structure of tetra substituted GaPc and InPc derivatives.

2. Experimental
2.1. Materials

Acetic anhydride (Ac;0), acetone, ammonia solution
(NH40H), chloroform, methanol (MeOH), 1-chlorona-
phthalene, hexane and deuterated chloroform (CDCl3) were
obtained commercially and dried before use; formamide
(HCONH3,), potassium carbonate (K>CO3), phthalonitrile,
thionyl chloride (SOCI,), phenol and 4-fert-butylphenol
were purchased from Aldrich and used as received. 4,5-
Dichloro-1,2-dicyanobenzene [15] and unsubstituted (chloro)
indium phthalocyanine [16] were synthesized and purified
according to literature procedure. Zinc(Il) phthalocya-
nine (ZnPc) and 1,3-diphenylisobenzofuran (DPBF) were
obtained from Aldrich. Dimethylsulphoxide (DMSO) was
purchased from SAARCHEM, and dried in alumina before
use.

2.2. Equipment

Column chromatography was performed on silica gel 60
(0.04-0.063 mm) and preparative thin layer chromatography
was performed on silica gel 60 P Fzs4. Ground state elec-
tronic absorption spectra were performed on a Varian Cary 500
UV-vis-NIR spectrophotometer; Infra-red spectra (KBr pellets)
on Perkin-Elmer Spectrum 2000 FT-IR Spectrometer and 'H
nuclear magnetic resonance signals on a Bruker EMX 400 NMR
spectrometer. Fluorescence excitation and emission spectra were
recorded on a Varian Eclipse Fluorescence spectrophotometer.
Photo-irradiations were done using a General Electric Quartz
line lamp (300 W). A 600 nm glass cut off filter (Schott) and a
water filter were used to filter off ultraviolet and infrared radi-
ations, respectively. An interference filter (Intor, 670 nm with
a band width of 40nm) was additionally placed in the light
path before the sample. Light intensities were measured with a
POWER MAX 5100 (Molelectron detector incorporated) power
meter. Triplet absorption and decay kinetics were recorded on
a laser flash photolysis system. The excitation pulses were pro-
duced by a Nd: YAG laser (Quanta-Ray, 1.5J/90ns) pumped
tunable dye laser (Lambda Physic FL 3002, Pyridin 1 dye in
methanol). The analyzing beam source was from a Thermo Oriel
xenon arc lamp, and a photomultiplier tube (PMT) was used as
detector. Signals were recorded with a Tektronix TDS 360 two-
channel digital real-time oscilloscope. Triplet lifetimes were
determined by exponential fitting of the kinetic curves using
OriginPro 7.5 software.

2.3. Syntheses

The substituted phthalonitriles. 4,5-Bis(phenoxy)-1,2-
dicyanobenzene (2a) and 4,5-bis(4-fert-butylphenoxy)-1,2-di-
cyanobenzene (2b) were synthesized from 4,5-dichloro-1,2-
dicyanobenzene (1) and phenol (or 4-tert-butylphenol) in dry
DMSO according to literature methods [15].

Complexes 3a and 3b (Scheme 1) were synthesized and
characterised according the method reported before [12] with a
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slight modification (using corresponding phthalonitriles instead
of diiminoisoindolines) as follows:

3a ((C))InOPPc). A mixture of 4,5-bis(phenoxy)-1,2-
dicyanobenzene (2a) (2.81g, 10mmol), anhydrous InClj3
(0.99g, 5mmol) and 1-chloronaphthalene (~3.8ml) were
placed in a preheated oil bath (215 °C). The reaction mixture
was stirred at this temperature for 7 h under dry nitrogen atmo-
sphere. After cooling the green product was placed in a silica gel
column, washed with hexane to remove the brownish layer of 1-
chloronaphthalene. THF was then used to elute the green product
from the column. THF solvent was then removed by evaporation.
Preparative TLC (thin layer chromatography) silica gel plates
were used for further purification with chloroform as the eluting
solvent. The impurities (brown layers) were then cut from the
plates leaving the pure green product. The silica gel/green prod-
uct was placed in a beaker of chloroform to dissolve the product.
The mixture was then filtered, and the solvent was removed by
evaporation. Yield: 1.38 g (20%); UV/vis (DMSO): Amax (log €);
691 (5.23), 622 (3.59), 368 (4.08); IR (KBr): vpmax/cm™!; 3034,
3052 (Ar-H), 1588 (C=C), 1460, 1452, 1407, 1339, 1275 1201
(C-0-C), 1162, 1089, 1089, 1037, 1003; 'H NMR: (CDCl3,) §
ppm; 8.9 (s, 8H, Pc-H), 7.1-7.4 (m, 40H, phenyl-H). Calc. for
CgoH4gNgOgInCl: C, 68.65; H, 3.45; N, 8.01. Found: C, 67.79;
H, 3.37; N, 7.73.

3b ((C))InOTBPPc). 3b was synthesized as described above
for 3a except 2b was used instead of 2a. The amounts of
the reagents employed were: 2b (3.18 g, 8.00 mmol), anhy-
drous InCl3 (0.88 g,4.00 mmol) and 1-chloronaphthalene (4 ml);
Yield: 1.11 g (35%); UV—-vis (DMSO): Amax (log€); 692 (5.10),
622 (3.59), 367 (4.22); IR (KBr): vmax/cm™!; 3034-3052
(Ar-H), 2952-2866 (C-H), 1589 (C=C), 1506, 1489, 1454,
1411, 1338, 1274, 1205 (C-0-C), 1098, 1037, 891, 861,
741; '"H NMR: (CDCl3) 8 ppm; 8.7 (broad s, 8H, Pc-H),
7.0-7.4 (m, 32H, phenyl-H), 1.1-1.4 (m, 72H, CH3); Calc. for
C112H112NgOgInCL.CHCI3: C, 68.97; H, 5.79; N, 5.69; Found:
C, 69.42; H, 5.14; N, 5.29

The syntheses of (C1)GaOPPc (4a) and (C1)GaOTBPPc (4b)
have been reported [13] before, as well as tetrasubstituted deriva-
tives 5-8 [14] Fig. 1.

2.4. Photochemical and photophysical studies

2.4.1. Singlet oxygen quantum yields

Singlet oxygen quantum yields (@A) were determined in air
(no oxygen bubbled) using the relative method with ZnPc as
reference and DPBF as chemical quencher for singlet oxygen,
using the following equation:

Std
o — @St RDPBE [
A=A

ey

Std
Rppr/abs

where q)sAtd is the singlet oxygen quantum yield for the stan-
dard, ZnPc (@A =0.67 in DMSO [17], 0.56 in DMF [18],
0.58 in toluene [19] and 0.53 in THF [20]. Rppgr and
R]S)‘}‘}BF are the DPBF photobleaching rates in the presence of
the (CDInPc derivatives under investigation and the standard,

respectively. Ips and Isg‘sl are the rates of light absorption

by the (CDInPc derivatives and the standard, respectively. To
avoid chain reactions induced by DPBF in the presence of sin-
glet oxygen [18], the concentration of DPBF was lowered to
~3 x 107> mol dm 2. Solutions of sensitizer (absorbance =0.2
at the irradiation wavelength) containing DPBF were pre-
pared in the dark and irradiated in the Q band region using
the setup described above. DPBF degradation at 417 nm was
monitored. The light intensity for singlet oxygen studies was
2 x 10'® photons s~ ! cm~2.

2.4.2. Photodegradation quantum yields

To determine the stability of InPc derivatives ((Cl)InOPPc
and (C1)InOTBPPc) photodegradation quantum yields were cal-
culated using the following equation:
dpy = (Co= COVNA .

Laps St

where Cyp and C; in moldm—3 are (CDInOPPc and
(CHInOTBPPc concentrations before and after irradiation,
respectively, V the reaction volume, S the irradiated cell area
2.0 cmz), t the irradiation time, Na the Avogadro’s number and
Iaps 1s the overlap integral of the radiation source intensity and
the absorption of the Pc (the action spectrum) in the region of
the interference filter transmittance.

2.4.3. Fluorescence quantum yields and lifetimes

Fluorescence quantum yields (®@r) were determined by the
comparative method, using the following equation [21,22]:

2
P = Dp(Std) L ST 3)
FsuA NSt

where F and F'sq are the areas under the fluorescence curves of
the InPc derivatives and the standard, respectively. A and Agy
are the respective absorbances of the sample and standard at the
excitation wavelengths (which was ~0.05 in all solvents used),
and 7 and nsyq are the refractive indices of solvents used for
the sample and standard, respectively. ZnPc was employed as a
standard in DMSO (®g=0.18 [23].

Natural radiative lifetimes (79) were determined using Pho-
tochemCAD Program [24]. which uses the Strickler—Berg
equation, and fluorescence life times (tf) are given by the fol-
lowing equation:
TF
70

Pp = “

2.4.4. Triplet quantum yields and lifetimes
The triplet quantum yields were determined using the follow-
ing equation [25]:

Std

op = o 2ATET )
AAT ET

where AAt and AA%td are the changes in the triplet state
absorbances of the InPc derivatives and the standard, respec-
tively. et and 8%“‘ are the triplet state molar extinction
coefficients for the indium derivatives and the standard, respec-
tively. @%td is the triplet quantum yield for the standard, ZnPc
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(@1 =0.65in DMSO [26], 0.58 in DMF [27] and 0.65 in toluene
[28]).

Quantum yields of internal conversion (@jc) were obtained
from Eq. (6), which assumes that only three processes (fluo-
rescence, intersystem crossing and internal conversion), jointly
deactivate the excited singlet state of a (Cl)InPc molecule.

Pic =1—(PF + D7) (6)

Triplet lifetimes were determined by exponential fitting of
the kinetic curves using OriginPro 7.5 software.

2.5. Calculation of nonlinear optical parameters

2.5.1. Limiting threshold intensity (I1jin)

Optical limiters show optical limiting effects when the inten-
sity of a light beam is strongly attenuated, i.e. once the input
exceeds a threshold limit intensity (/i ). The limiting intensity
values were calculated using the following equation [1,10]:

ho*

27TO'5‘L’T

him = )
where w*, os and tr are the frequency at which the system
absorbs, singlet state absorption cross section and triplet life-
times, respectively.

2.5.2. Third order susceptibility x3) and second
hyperpolarizability, y

The imaginary part of the third order susceptibility x© was
calculated using the following equation [1]:

2.2
Inlx®1 = 2LEE 1922 ®)
Tw*

where n (n=1.478 for DMSO) and c are, respectively, the lin-
ear refractive index, and the speed of light and w* is as defined
above. 8 =5.3¢ese1[C]P1sc, Where g5 and et are extinction coef-
ficients for the ground and triplet state, respectively, [C] is the
concentration of active species in the triplet state and @1 is the
intersystem crossing quantum yield.

At a molecular level, x® is directly related to the second
hyperpolarizability, y, through the following equation [1,5].

In[x®]

Y= FACIN, ©)

where N, is Avogadro’s constant, [C] the concentration of the
active species in the triplet state and fis Lorentz local field factor,
F=?+2)/3.

Inn[x®] and y were used to quantify the nonlinear absorption.

3. Results and discussion
3.1. Syntheses and characterization

Scheme 1 gives the synthetic pathways for the InPc com-
plexes discussed in this work. 1,2-Dicyanobenzene was used

to prepare 4,5-disubstituted phthalonitrile derivatives, through
base-catalysed nucleophilic aromatic displacement. The same

route was applied to prepare phenoxy and fert-butyl phenoxy
substituted 1,2-dicyanobenzenes (2a and 2b) from phenol and
4-tert-butylphenol, respectively (Scheme 1). The reactions were
carried out in DMSO at room temperature and gave yields of
52% for 2a and 48% for 2b.

The syntheses of MPc complexes {(C1)InOPPc and
(CDHInOTBPPc} were achieved by treatment of substituted 1,2-
dicyanobenzenes 2a and 2b with anhydrous indium (III) chloride
in 1-chloronaphthalene (Scheme 1). Indium is a large metal, it
therefore requires high energy to insert it into the phthalocyanine
ring. For this reason a high boiling solvent, 1-chloronaphthalene,
was used to achieve this purpose. Complex 3a is octaphenoxy
substituted and 3b is octa-fert-butylphenoxy substituted. Col-
umn and preparative thin layer chromatography with silica gel
were employed to obtain the pure products from the reaction
mixtures.

Phthalocyanines generally have poor solubility in most
organic solvents; nevertheless introduction of phenoxy and
4-tert-butyl phenoxy substituents on the ring increases the
solubility. The synthesized complexes {(C1)InOPPc and
(CDHInOTBPPc)} show good solubility in organic solvents such
as dichloromethane and DMSO. Indium derivatives were char-
acterised by UV—vis, IR and NMR spectroscopies, and elemental
analysis. The analyses are consistent with the predicted struc-
tures as shown in Section 2. After conversion into indium
phthalocyanines, the characteristic C=N stretch at 2237 and
2213cm™! of 1,2-dicyanobenzenes 2a and 2b disappeared,
indicative of metallophthalocyanine formation. The character-
istic vibrations corresponding to ether groups (C—O-C) were
observed at 1209 and 1219 cm™! for dinitrile compounds (2a
and 2b), 1201 and 1205cm™! for phthalocyanine complexes
(3a and 3b). Aromatic CH stretching were observed from 3034
t03052cm ™.

The substituted InPc derivatives were found to be pure by 'H
NMR with all the substituents and ring protons observed in their
respective regions. The phenoxy substituted complex 3a showed
the resonances belonging to ring protons as a singlet at 8.9 ppm, a
multiplet between 7.1 and 7.4 ppm, integrating for 8 and 40 pro-
tons, respectively. The fert-butylphenoxy substituted complex
3b showed the resonances belonging to ring protons as a singlet
at 8.7 ppm and a multiplet between 7.0 and 7.4 ppm for aromatic
protons integrating for 8 and 32 protons each, respectively, mak-
ing a total of 40 protons as expected. The methyl protons appear
as multiplets between 1.1 and 1.4 ppm integrating for 72 protons.

3.2. Ground state electronic absorption and fluorescence
spectra

The ground state electronic absorption spectra of (C1)InOPPc
and (C)InOTBPPc show sharp Q bands (Figs. 2 and 3, Table 1),
typical of unaggregated MPc complexes. The Q bands were
observed at 686, 691 and 692nm in DMSO for (Cl)InPc,
(CDHInOPPc and (C1)InOTBPPc, respectively. The Q bands are
slightly red shifted in the latter two complexes, suggesting a
small electron donating ability of the substituents. Beer’s law
was obeyed for concentrations ranging from 1.85 x 10~/ to
2.28 x 107> moldm~3. For a particular MPc, ((CI)InOPPc or
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Fig. 2. Ground state absorption spectra of (Cl)InPc, (Cl)InOPPc and
(CHInOTBPPc in DME. Concentration: ~2.5 x 10~ mol dm 3.
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Fig. 3. Ground state absorption spectra of (C1)InOPPc and (C1)InOTBPPc in
CHCl3. Concentration: ~2.2 x 10~ moldm 3.

(CDHInOTBPPc) in different solvents, it can be observed that the
longest Q band absorption wavelengths are obtained in chlo-
roform while the shortest are obtained in DMF, Table 1. This
observation could, to some extent, be explained by considering

183

the refractive indices of the solvents. It is known that red-shifting
of absorption spectra is a function of the solvent’s refractive
index [19]. For the substituted derivatives, (Cl)InOPPc and
(CHInOTBPPc, new absorption bands are observed at ~430 nm
(Figs. 2 and 3). Since these bands are observed only for the
substituted derivatives, they must be due to charge transfer tran-
sitions involving the substituents.

3.3. Photophysical studies

3.3.1. Fluorescence quantum yields and lifetimes

The octasubstituted InPc complexes studied in this work
showed similar fluorescence behaviour in all the solvents. Fig. 4
shows the absorbance and fluorescence spectra of (C1)InOPPc
in chloroform. The fluorescence spectra are mirror images of
absorption spectra. The small Stokes shifts suggest that the struc-
tural change between the ground and excited states are small.
However, the fluorescence spectra is slightly more broadened

Absorption Emission

Intensity A.U.

680 700 720 740 760 780 800

Wavelength/nm

600 620 640 660

Fig. 4. Fluorescence emission (Aexc =640nm) and absorbance spectra of
(CHInOPPc in CHCI3.

Table 1

Spectral, photophysical and photochemical parameters of InPc derivatives in various solvents

Solvent MPe AmaxQabs (MM)  AmaxQemm (M) 71 (ps) Pk o1t Prct Ppa (x107) Py Sa®

DMSO (ChHInPc 686 700 50 0.018 0.91 0.01 9.90 0.61 0.67
(ChHInOPPc 691 705 60 0.025 0.84 0.14 1.39 0.79 0.94
(CHInOTBPPc 692 702 50 0.020 0.70 0.28 2.35 0.72 1.03

DMF (ChInPc 681 696 10 0.017 0.83 0.15 1.05 0.70 0.94
(C1)InOPPc 686 700 20 0.018 0.76 0.22 5.64 0.60 0,79
(CHInOTBPPc 686 697 9.5 0.022 0.61 0.37 4.83 0.50 0.82

Toluene? (C1)InOPPc 698 707 20 0.023 0.55 0.43 2.75 0.31 0.56
(ChHInOTBPPc 698 708 10 0.021 0.41 0.60 3.19 0.30 0.71

THF (ChInPc 687 698 8.8 0.076 - - 1.15 - -
(C)InOPPc 696 708 7.8 0.020 - - 0.82 - -
(CHInOTBPPc 697 707 30 0.020 - - 1.87 - -

CHCl54 (C1)InOPPc 700 710 8.1 0.056 - - 5.96 - -
(CHInOTBPPc 701 710 7.8 0.059 - - 6.09 - -

2 Values not obtained in THF and CHCIl3 due to lack of reference standards.
b S =PplDr.

¢ Values were from literature, Ref. [13].

4 (ChInPc is not soluble in CHC3 and toluene.
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Fig. 5. Excitation and fluorescence emission (Aexe =640nm) spectra of
(CDInOPPc¢ in CHCl3.

compared to the absorption spectra. The excitation spectra are
different from absorbance spectra, Fig. 5. The Q bands of all
the excitation spectra suggests that following excitation, there
were some changes in the molecule, presumably due to loss
of symmetry. This loss of symmetry may be the cause of the
slight broadening of the fluorescence spectra stated above. This
behaviour was not observed in the corresponding GaPc com-
plexes (complexes 4 in Scheme 1) reported before [13]. This
could be due to the fact that indium is a rather large metal, hence
more likely to lose symmetry due to the metal which does not fit
well in the ring. Fluorescence quantum yield (@) values can be
affected by a number of factors that include temperature, molec-
ular structure and solvent parameters, such as polarity, viscosity,
refractive index, and the presence of heavy atoms in the solvent
molecule. Table 1 shows @g values of InPc derivatives stud-
ied in this work. The differences of @ values among the InPc
derivatives is not significant, for example in DMF, @ values for
(CDInPc, (CDInOPPc¢ and (C1)InOPTBPPc are 0.017, 0.018 and
0.022, respectively. The @ values for these InPc derivatives are
low relative to their corresponding gallium counterparts, which

Table 2
Rate consatants for the excited singlet state deactivation processes

ranged from 012 to 0.22 [13]. The low values were expected and
are due to the heavy indium atom which enhances intersystem
crossing (through spin orbit coupling) which then affords large
triplet quantum yields, Table 1, see discussion below.

Chloroform, unexpectedly, yielded the highest @ values of
0.056 and 0.059 for (C1)InOPPc and (C1)InOTBPPc, respec-
tively. Because chloroform contains a heavy Cl atom which
promotes intersystem crossing, lower @ values were expected.
This could be proof that it is not only the heavy atom effect
that affects @ values. @p values in THF showed interesting
behaviour in that the unsubstituted InPc (®r = 0.076) yielded the
largest @f value. High values of @ in THF have been reported
before [19].

Table 2 shows that the fluorescence lifetimes (7g) of the com-
plexes were within the accepted range for phthalocyanines. In
highly viscous solvents such as DMF and DMSO, the rate con-
stant of fluorescence (kr) decreases with increasing size of sub-
stituents as follows: (CI)InPc> (Cl)InOPPc > (CDHInOTBPPc.
The opposite was observed in toluene and chloroform, i.e.
the rates increased with increasing size of substituents,
(CHInOTBPPc > (CDHInOPPc. kg values in THF did not conform
to any pattern.

3.3.2. Triplet quantum yields and lifetimes

Table 1 gives the triplet state parameters, @1 and t1. The
triplet quantum yields (&) which are a measure of molecules
that undergo intersystem crossing to occupy the triplet state,
were calculated using Eq. (5). From the results in Table 1,
it seems both solvent and the introduction of phenoxy and #-
butylphenoxy onto the (Cl)InPc ring had an effect on the @t
values. Larger @t values were obtained in highly viscous and
coordinating solvents, for example in DMSO values of 0.91,
0.84 and 0.70 were obtained for (Cl)InPc, (C1)InOPPc and
(CHInOTBPPc, respectively. @ values in toluene were the
smallest. The small values in toluene could be due poor inter-
system crossing as a result of loss through internal conversion,
large quantum yields of internal conversion (®jc) were observed
in toluene, Table 1.

Solvent MPc

tF (ns) kg (1077 571y kisc (1078s71)2 kic (107771 ka (s71)?
DMSO (ChHInPc 0.18 8.74 0.36 0.016 2.44
(C)InOPPc 0.32 7.81 26.3 43.8 2.05
(CHInOTBPPc 0.26 7.70 27.0 107.7 3.54
DMF (ChHInPc 0.11 15.5 75.4 136.4 10.5
(C)InOPPc 0.16 11.3 47.5 137.5 28.3
(C)InOTBPPc 0.21 10.5 29.0 176.2 50.8
Toluene (C)InOPPc 0.19 12.1 28.9 22.6 10.5
(CHInOTBPPc 0.10 21.0 42.0 600.0 6.23
THF (CDInPc 0.62 1.22 - - 13.8
(C)InOPPc 0.05 40.0 - - 31.9
(C)InOTBPPc 0.05 30.2 - - 13.0
CHCI3 (C)InOPPc 0.61 9.18 - - 73.2
(CHInOTBPPc 0.57 10.3 - - 78.0
?
akF=%f; klsc=%T; klc=%c; kd=TpTd~
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It is interesting to note that the quantum yields of triplet
state (@) decrease with increase in size of substituents, in
the order (CD)InPc > (CI)InOPPc > (C)InOTBPPc. This could
be due to a concept called the “loose bolt” effect [29] for
the fert-butyl phenoxy substituted (Cl)InOTBPPc. The effect
is associated with the vibrations of the bonds set off by the
parent molecule in a similar way as a loose bolt in a mov-
ing part of the machine, which tends to be set in motion by
the other moving parts of the machine. It seems the o C-H
bonds of the #-butyl substituents may show this effect. The effect
increases the rate of internal conversion as electronic energy
is lost through C-H vibrations [29]. The “loose bolt” effect
is expected to be less pronounced in the (C)InOPPc complex
since it has less C—H bonds than (Cl)InOTBPPc. The triplet
lifetimes tT Table 1, were relatively small. The short triplet life-
times could be due to their large triplet state quantum yields.
Table 1 gives the rate constants for internal conversion and
intersystem crossing. There were no well-defined trends in these
values.

3.4. Photochemical studies

3.4.1. Singlet oxygen quantum yields (D)

Table 1 lists singlet oxygen quantum yield (@) values. @
measures the photosensitizer’s ability to generate singlet oxy-
gen. Singlet oxygen is formed through energy transfer from
an energy rich photosensitizer in the triplet excited state to
ground state molecular oxygen. The generation of singlet oxy-
gen depends on a number of factors such as the triplet quantum
yield, triplet state lifetime, the effectiveness of energy transfer,
the ability of the subsituents to quench the triplet state and the
triplet energy. The largest @ values of 0.79 and 0.72 was for
obtained (CI)InOTPPc and (C)InOTBPPc in DMSO, respec-
tively. In DMSO, DMF and THF, (CI)InOPPc yielded larger
@, values than (C)InOTBPPc. The values were similar in
toluene.

S A measures the efficiency of the excited energy transfer from
the triplet photosensitizer to the molecular oxygen in its triplet
state. The results for most of the InPc derivatives in different sol-
vents were near unity (except for (C1)InOPPc in toluene) which
reflects that there’s an efficient quenching of the triplet state by
the molecular oxygen in its triplet state.

3.4.2. Photodegradation quantum yields (®pq)
Photodegradation is a process where a phthalocyanine ring is

degraded under irradiation. ®pq are affected by several factors,

such as the nature of the solvent and of the ring substiuents.

1.8E-161 (Cl)GaOPPc

(CI)InOPPc

1.6E-16

1.4E-16 (Cl)GaOTBPPc

(C1)InOTBPPc
1.2E-161
1E-161

8E-171

sigma cm?

6E-17 1

4E-171

2E-171

400 45')0 5(')0 5;')0 660
Wavelength/ nm

Fig. 6. Absorption cross sections for the excitet triplet state for gallium and
indium phthalocyanine derivatives.

Some susbtituents are known to stabilize the ring against pho-
todegradation and others make it more vulnerable to oxidative
attack. Although there is no defined trend to the @p,q values in
Table 1, all the MPcs studied in this work fall within the reported
[19,30,31] stability range (x 10~>) for phthalocyanines. The rate
constants for photodegradation were within the normal range for
MPcs.

3.5. Nonlinear optical parameters

These parameters were calculated for (C1)InOPPc (3a) and
(CHInOTBPPc (3b) and compared with the corresponding
(C1)GaOPPc (4a) and (C1)GaOTBPPc (4b) and to the peripher-
ally and non-peripherally tetrasubstituted InPc (5,7) and GaPc
(6,8) derivatives. Triplet absorption cross sections for indium
and gallium derivatives occurred in the region between 400
and 600nm, Fig. 6 for all four complexes. An ideal optical
limiter should have a low threshold limit value (/};,) because
if it is too high, it becomes less reliable in terms of protec-
tion of optical elements. The Iy, values give an indication of
the saturation energy density values, Fga, Which are commonly
employed in nonlinear optical studies. Table 3, gives the Ijiy
values for the octasubstituted InPc derivatives and compares
them with the corresponding octasubstituted GaPc complexes.
(C1)GaOPPc has the lowest value of 0.15 W cm ™2, followed by
(C1)GaOTBPPc with 0.20 W cm~2. The value of 10> W cm =2 is
generally taken as the standard value for the minimum inten-
sity using the human eye as the reference light-sensing element
[1]. Thus the I, values obtained in Table 3 for octasub-
stituted GaPc and InPc derivatives show that the derivatives

Table 3

Optical limiting parameters for octa substituted GaPc and InPc derivatives in DMSO

MPc (in DMSO) X (nm) 71 (U8) Im[x®] (esu) y (esu) (k)oexlog Tim (W em™2)
(C)GaOPPc 530 370 7.99 x 1011 349 x 1073 9.96 0.15
(C1)GaOTBPPc 540 290 1.12x 10710 4.88 x 1073 3.13 0.20
(CHInOPPc 520 60 4.59 x 10711 2.00 x 1073 414 1.16
(CHInOTBPPc 520 50 2.87 x 10711 3.07 x 1073 534 1.92
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Table 4

Optical limiting parameters for tetra substituted GaPc and InPc derivatives in DMSO

MPc (in DMSO) A (nm) 71 (Us) Im[x®] (esu) y (esu) (K)oexlog Tim (W em™2)
a-(Cl)GaTPPc 520 230 6.44 x 10711 2.81 x 1073 1.11 0.22
a-(C)GaTBPPc 540 350 4.67 x 10710 2.04 x 1073 3.76 0.26
B-(C)GaTBPPc 520 340 4.85x 10~ 2.12x 10733 3.19 0.20
a-(C)InTPPc 550 40 1.12x 10710 4.83x 1073 2.12 2.11
a-(C)InTBPPc 540 40 8.40 x 10~11 3.66 x 10~ 5.24 1.81
B-(CDInTPPc 510 50 9.19 x 10~ 401 x 1073 2.58 1.93
B-(CI)InTBPPc 510 50 3.23x 1071 141 x 1073 1.24 1.71

are good optical limiters, with OPPc derivatives showing bet-
ter nonlinear optical behaviour that the OTBPPc complexes.
The smaller the limiting intensity, the better, hence the octa-
substituted GaPc derivatives are better than the corresponding
octasubstituted InPc derivatives discussed in this work as optical
limiters.

Among the tetra substituted the GaPc derivatives show better
optical limiting behaviour than InPc derivatives. Peripheral (8)
substitution show better optical behaviour than non-peripheral
(o) substitution in Table 4. Comparing octa with tetra substitu-
tion, shows that the former are better optical limiters than the
latter.

The excited state (oex) to ground state (og) absorption cross-
sectionratio (k= 0ex/0g) is also an excellent indicator of limiting
power. The values of k are listed in Tables 3 and 4. As with fjip
values, the k values are highest for InPc derivatives, showing that
these complexes are good optical limiters. The k values for GaPc
derivatives ((C)GaOPPc and (C1)GaOTBPPc) are within the
range of the values reported in the literature for MPc containing
metals including Ga, Zn, Co, Cu, Ni, Si and In [32-36] ranging
between 3 and 15. The & values for InPc peripherally substituted
with tert-butyl groups were however found be much high k ~ 30
[32]. The values obtained for (C1)InOPPc and (C1)InOTBPPc in
this work are 41.4 and 53.4, respectively, hence are slightly larger
than reported in the literature. Compared to octa-substituted
derivatives, the tetra-substituted counterparts gave lower k val-
ues (Table 4) suggesting that octa-substitution improves optical
limiting characteristics.

The values of third order susceptibility (/[ X(3)]) and sec-
ond hyperpolarizability (y) for InPc and GaPc derivatives are
listed in Tables 3 and 4. The I1y[ x(3)] values were well within
expected ranges for phthalocyanines (~10~1! to 107%) [1,7,37].
The In[x®] are larger for octasubstituted GaPc derivatives
compared to corresponding InPc complexes. There is a general
increase in Iy [ X(3)] of the tetra substituted derivatives compared
to the corresponding octasubstituted ones, Tables 3 and 4, with
the exception of (Cl1)GaOPPc and (Cl)GaTBPPc. In general,
peripheral substitution decreases the I, [ x‘*] values.

The y values are listed in Tables 3 and 4. Of the octa-
substituted derivatives, smaller y were obtained for phenoxy
substituted GaPc and InPc derivatives, compared to TBPPc
derivatives. In general, tetra substitution increases y values for
InPc derivatives and decreases the values for GaPc complexes,
whereas peripheral (8) substitution decreases the values. The y
values are within the range reported for MPc complexes [1,7].

4. Conclusion

From the results obtained in this work, it can be con-
cluded that the substituted InPc derivatives ((Cl)InOPPc and
(CHInOTBPPc) gave large triplet state (P1) and singlet oxy-
gen quantum yields (@) due to the heavy atom effect of the
In central metal, which also resulted in short triplet lifetimes
(7T). The @t values ranged from 0.70 to 0.91 and @ 5 from 0.61
to 0.79 in DMSO. The lowest @5 were obtained in toluene.
The good performance of these complexes in producing singlet
oxygen radicals shows that they are suitable candidates as PDT
agents. The photodegradation studies showed that they are sta-
ble. The optical limiting threshold intensity (/i) for the InPc
derivatives were calculated and compared with those of corre-
sponding GaPc complexes. The latter were found to be better
optical limiters. The i, values obtained were far less than of
102 W cm~2 which is generally taken as the standard value for
the minimum intensity using the human eye as the reference
light sensing element.
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