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Synthesis, photophysical and nonlinear optical
properties of a series of ball-type phthalocyanines
in solution and thin films†

Njemuwa Nwaji, John Mack, Jonathan Britton and Tebello Nyokong*

In this study, we report on the enhanced nonlinear optical properties of novel tetrakis-4-(hexadecane-

1,2-dioxyl)-bis(phthalocyaninato zinc(II)) (4), tetrakis-4-(hexadecane-1,2-dioxyl)-bis(phthalocyaninato gallium

chloride) (5) and tetrakis-4-(hexadecane-1,2-dioxyl)-bis(phthalocyaninato indium chloride) (6) both in

solution and when embedded in polymer thin films. Complexes 5 and 6 bearing heavy atoms showed

enhanced triplet quantum yield and nonlinear optical response. The nonlinear third-order susceptibility

and second-order hyperpolarizability values are also reported. Time dependent density functional theory

(TD-DFT) calculations were performed in order to explain the origin of the observed UV-vis and

magnetic circular dichroism (MCD) spectra of the complexes.

Introduction

Over the last few decades there has been increasing interest in the
design of optical limiters that can afford a measure of protection
to optical sensors and the human eye from laser-induced damage.
Good optical limiters strongly attenuate high incident light
intensity or fluence, while exhibiting high transmittance at low
values. The development of new materials with strong nonlinear
optical (NLO) properties continues to attract considerable
research interest.1 The NLO and optical limiting (OL) properties
of porphyrins and phthalocyanines have received considerable
attention2–6 due to their thermal stability and extensive deloca-
lized p electron systems.7,8 Optical limiting materials have been
found to possess multiphoton absorption, reverse saturable
absorption (RSA), nonlinear scattering, or nonlinear refraction
as the dominant mechanisms responsible for their NLO
behaviour.9 The presence of an extended p electron conjugation
system can result in a significant increase in the triplet excited
state lifetime, which leads to improved RSA at 532 nm for
nanosecond laser pulses.10

Ball-type phthalocyanines possess highly conjugated p-systems
and their possible applications in electrochemistry and photo-
voltaic cells have been reported.11 Apart from one literature report,12

optical limiting properties of ball-type phthalocyanines have not
received much attention. In this paper, the NLO behaviour of novel

ball-type tetrakis-4-(hexadecane-1,2-dioxyl)-bis(phthalocyaninato
zinc) (4), tetrakis-4-(hexadecane-1,2-dioxyl)-bis(phthalocyaninato
gallium chloride) (5) and tetrakis-4-(hexadecane-1,2-dioxyl)-
bis(phthalocyaninato indium chloride) (6) (Scheme 1) is reported.
The incorporation of a heavy atom (Ga, In, and Zn) into the central
cavity of a Pc macrocycle will increase intersystem crossing thereby
leading to high population of the triplet state which is required for
improved NLO behavior. Phthalocyanines containing more than
one ring such as bis-phthalocyanines are known to show improved
optical nonlinearities due to their expanded p electron system,13

hence ball-type Pcs are expected to show improved NLO behaviour.
In addition, the formation of a ball-type dimer should lead to
significant changes in the optical and electronic properties of Pc
complexes. Long alkoxyl side chains could result in symmetry
distortion. Previous reports have shown the importance of
asymmetry on the photophysical, photochemical and optical
limiting (OL) properties of phthalocyanines.14 The NLO behaviour
of complexes 4–6 was studied in solution and when embedded in
polymer thin films using polystyrene as the polymer. Casting of
optically active compounds in the solid state is a practical means
of enhancing the optical limiting properties of materials.15

Experimental
Materials

Polystyrene (Mw 192 000 g mol�1), zinc acetate, gallium chloride,
indium chloride, 4-nitrophthalonitrile (2), and 1,2-hexadecanediol
(1) were obtained from Sigma Aldrich. Deuterated DMSO, tetra-
hydrofuran (THF), chloroform, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), dimethyl formamide (DMF), methanol and dimethyl
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sulphoxide (DMSO) were purchased from Merck. All solvents were
of reagent grade. The purification processes were carried out by
column chromatography on silica gel 60 (0.063–0.200 mm).

Equipment

Infrared (IR) spectra were recorded on a Bruker Alpha IR
(100 FT-IR) spectrophotometer. 1H NMR spectra were recorded
on a Bruker AVANCE II 400 MHz NMR spectrometer using
tetramethylsilane (TMS) as an internal reference. Elemental
analyses were done using a Vario-Elementar Microcube ELIII,
while mass spectra data were collected on a Bruker AutoFLEX
III Smart-beam TOF/TOF mass spectrometer using a-cyano-4-
hydrocinnamic acid as the matrix in the positive ion mode.
Ground state electronic absorption spectra were recorded on a
Shimadzu UV-2550 spectrophotometer. Fluorescence excitation
and emission spectra were measured on a Varian Eclipse
spectrofluorimeter using a 360–1100 nm filter. Fluorescence
lifetimes were measured using a time correlated single photon
counting setup (TCSPC) (FluoTime 300, Picoquant GmbH) with
a diode laser (LDH-P-670, Picoquant_GmbH, 20 MHz repetition
rate, 44 ps pulse width) as previously described.16 Magnetic
circular dichroism (MCD) spectra were measured using a
Chirascan plus spectrodichrometer equipped with a 1 T (Tesla)
permanent magnet by using both the parallel and antiparallel
fields. The conventions of Piepho and Schatz are used to
describe the sign of the MCD signal and the Faraday terms.17

The triplet decay kinetics were determined using a laser flash

photolysis system. The excitation pulses were produced by a tunable
laser system consisting of a Nd:YAG laser (355 nm, 135 mJ/4–6 ns),
pumping an optical parametric oscillator (OPO, 30 mJ/3–5 ns) with a
420 to 2300 nm (NT-342B, Ekspla) wavelength range as previously
reported.16 Triplet lifetimes were determined by the exponential
fitting of the kinetic curves using the ORIGIN 6 Professional
software. The absorbance value used for triplet state studies was
kept at 1.5 and the solution was degassed by bubbling argon for
30 min prior to measurements.

All Z-scan analyses were performed using a frequency-
doubled Nd:YAG laser (Quanta-Ray, 1.5 J/10 ns fwhm pulse
duration) as the excitation source. The laser was operated in a
near Gaussian transverse mode at 532 nm (second harmonic);
details have been provided before.18

Syntheses

4-(Hexadecane-1,2-dioxyl)-bis(phthalonitrile) (3). A mixture of
1,2-hexadecanediol (1) (1.0 g, 3.86 mmol) and 4-nitrophthalonitrile
(2) (1.34 g, 7.72 mmol) in dry DMF (20 mL) was stirred in a 100 mL
round bottom flask at 50 1C under an inert atmosphere for 1 h. Dry
K2CO3 (1.5 g, 10.5 mmol) was added in two equal portions at an
interval of 6 h and the reaction was stirred undisturbed at ambient
temperature for 7 days. The reaction mixture was poured into ice
water and the precipitated product was filtered under reduced
pressure. The light yellow precipitate was purified by column
chromatography using THF/methanol (9 : 1) as the eluent to give
a crystalline yellow solid. Yield: 0.95 g (41%), IR (ATR): n (cm�1):
2914 (Ar–CH), 2233 (CRN), 1595 (CQN/CQC), 1248–1095
(C–O–C). 1H NMR (300 MHz, DMSO) d 8.26–8.05 (d, J = 8.1 Hz,
2H, Ar–H), 8.04 (d, J = 7.6 3.9 Hz, 2H, Ar–H), 7.55 (d, J = 7.5, 3.7 Hz,
2H, Ar–H), 4.28–4.20 (d, J = 9.2, 8.6 Hz, 3H, Aliph-H), 3.25 (t, J = 8.8,
8.6, 7.5 Hz, 2H, Aliph-H), 1.30–1.23 (m, 24H, long alkyl-H), 0.91
(s, 3H, long alkyl-H). MALDI TOF-MS: calculated: 510.30; found:
510.39 [M + 1]+.

Tetrakis-4-(hexadecane-1,2-dioxyl)-bis(phthalocyaninato zinc(II))
(4). A mixture of zinc acetate (0.20 g, 1.4 mmol), 4-(hexadecane-1,2-
dioxyl)-bis(phthalonitrile) (3, 0.25 g, 0.49 mmol), DBU (3 drops)
and 1-pentanol (5 mL) was refluxed at 140 1C for 24 h under an
argon atmosphere. Upon cooling, methanol was added and the
precipitate was collected through centrifugation. The product was
washed with methanol, ethanol and diethyl ether. The dark green
product was further purified by column chromatography using
THF and methanol (98 : 2) as the eluent to give a green product.
The purified product was dried in an enclosed fume hood. Yield:
0.09 g (24%), IR (ATR): n (cm�1): 3017 (Ar–CH), 1613 (CQN/CQC),
1261–1138 (C–O–C). 1H NMR (400 MHz, DMSO) d 8.68 (dd, J = 8.8,
2.5 Hz, 1H, arom-H), 8.49 (d, J = 8.8 Hz, 2H, arom-H), 8.03 (m, 7H,
arom-H), 7.51 (m, 8H, arom-H), 7.48 (m, 6H, arom-H), 5.12–4.98
(m, 3H, alkyl CH2/CH), 4.48–4.18 (m, 8H, alkyl CH2), 4.00 (m, 2H,
alkyl CH2), 1.78–1.75 (m, 7H, alkyl CH2), 1.5–1.0 (m, 96H, alkyl-H)
0.80 (t, J = 6.9 Hz, 12H, alkyl CH3). Anal: calc for C128H152N16O8Zn2

C, 70.73; H, 7.05; N, 10.31. Found: C, 71.27; H, 6.88; N, 10.76. UV-
vis., lmax/nm (log e): (THF), 682 (5.24), 617 (4.62), 349 (5.18). MALDI
TOF-MS: calculated: 2173.52; found: 2173.81.

Tetrakis-4-(hexadecane-1,2-dioxyl)-bis(phthalocyaninato
gallium(III) chloride) (5). Complex 5 was synthesised in the same

Scheme 1 Synthetic route for the preparation of complexes 4–6.
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manner as 4 using gallium trichloride (0.3 g, 1.70 mmol), yield:
0.27 g (49%), IR (ATR): n (cm�1): 3003 (Ar–CH), 1607 (CQN/
CQC), 1258–1115 (C–O–C). 1H NMR (400 MHz, THF) d 8.52
(dd, J = 8.1, 2.5 Hz, 1H, arom-H), 8.52 (d, J = 8.6 Hz, 2H, arom-H),
8.02 (m, 7H, arom-H), 7.53 (m, 8H, arom-H), 7.49 (m, 6H, arom-
H), 5.03–4.85 (m, 3H, alkyl CH2/CH), 4.52–4.25 (m, 9H, alkyl
CH2), 4.01 (m, 2H, alkyl CH2), 1.78–1.75 (m, 7H, alkyl CH2),
1.5–1.0 (m, 95H, alkyl-H) 0.85 (t, J = 6.9 Hz, 12H, alkyl CH3). Anal:
calc for C128H152Cl2Ga2N16O8 C, 68.24; H, 6.80. Found: C, 69.04;
H, 6.15; N, 10.27. UV-vis., lmax/nm (log e): (THF), 697 (5.37), 619
(4.69), 352 (5.21). MALDI TOF-MS: calculated: 2253.07; found:
2253.97 [M + 1]+.

Tetrakis-4-(hexadecane-1,2-dioxyl)-bis(phthalocyaninato
indium(III) chloride) (6). Complex 6 was synthesised in the same
manner as 4 by using indium trichloride (0.2 g, 0.90 mmol),
yield: 0.21 g (47%), IR (ATR): n (cm�1): 3063 (Ar–CH), 1623
(CQN/CQC), 1271–1185 (C–O–C). 1H NMR (400 MHz, DMSO)
d 8.68 (dd, J = 8.6, 2.3 Hz, 1H, arom-H), 8.30 (d, J = 8.6 Hz, 1H,
arom-H), 7.88 (dt, J = 7.7, 3.8 Hz, 7H, arom-H), 7.62 (dd, J = 24.2,
2.6 Hz, 8H, arom-H), 7.39 (ddd, J = 30.5, 8.8, 2.6 Hz, 7H, arom-H),
5.06 (dd, J = 6.1, 3.5 Hz, 3H, alkyl CH2/CH), 4.53–4.27 (m, 6H,
alkyl CH2/CH), 2.61 (s, 3H, alkyl-CH2), 1.97–1.80 (m, 7H, alkyl
CH2), 1.49–1.20 (m, 97H, alkyl CH2), 0.91 (t, J = 6.6 Hz, 12H, alkyl
CH3). Anal: calc for C128H152Cl2In2N16O8 C, 65.61; H, 6.54; Cl,
3.03; In, 9.80; N, 9.56; O, 5.46. Found: C, 66.12; H, 6.82; N, 10.02.
UV-vis., lmax/nm (log e): (THF), 705 (5.14), 642 (4.72), 356 (5.13).
MALDI TOF-MS: calculated: 2343.26; found: 2344.02 [M + 1]+.

Fabrication of Pc-polystyrene based thin films. Polystyrene
(200 mg) was weighed into clean vials containing 4 mL of
chloroform and the mixture was sonicated for 30 min. Then
1� 10�2 moles each of 4–6 were dissolved in 1 mL of chloroform
and transferred into the vials, followed by stirring for 24 h. The
homogeneous mixture of Pc-polystyrene was coated on thin glass
slides using a Pasteur pipette. The coated glass slides were air
dried to remove the chloroform. The resultant thin films are
labelled as 4-PS, 5-PS, and 6-PS respectively. The thicknesses of the
thin films were determined with the knife edge attachment of a
Bruker D8 Discover X-ray diffraction (XRD) system and were found
to be 0.015 mm (4-PS), 0.021 mm (5-PS) and 0.017 mm (6-PS).

Results and discussion
Structural characterization

The route for preparation of 4-(hexadecane-1,2-dioxyl)-bis(phthalo-
nitrile) (3) and complexes 4–6 is shown in Scheme 1. Complexes
4–6 exhibit varying solubility in different organic solvents, thus
making chromatographic purification easier to handle. The
disappearance of the sharp CRN band at 2233 cm�1 in the
FTIR spectrum of 3, after cyclotetramerization to form 4–6, while
retaining the aromatic and aliphatic C–H bands between 2952
and 3065 cm�1 (for 4–6) confirms the formation of the respective
phthalocyanine complexes.

The CQC and C–O–C vibrations were observed between
1271 and 1115 cm�1. The 1H NMR spectra of 4–6 were similar
with only a slight variation in chemical shifts (Fig. S1, ESI†).

The spectra showed complex patterns due to the mixed isomer
character of these complexes. The aromatic protons from the Pc
ring were observed between 8.68 and 7.39 ppm and were
integrated to give a total of 24 protons. The long alkyl chain
protons resonate from 5 to 1 ppm and were integrated to give a
total of 128 protons. The elemental composition and mass
spectral data of the complexes corresponded to the expected
values. The increased probability of multiple heavy isotopes
with an increase in the mass of a molecule causes a decrease in
the relative abundance of the monoisotopic peak, hence the
isotopic distribution model has been shown to be the accurate
method of assigning molecular mass in large molecules19 such as
the one employed in this work. The isotopic mass distribution of
the complexes was simulated and compared with the experimental
MALDI-TOF measured masses. All the complexes showed fragmen-
tation with a molecular ion peak as [M + 1]+ (Fig. S2, ESI†).

Electronic absorption properties

The main spectral bands in the electronic spectra of 4–6 can be
readily assigned to the Q and B bands of Gouterman’s 4-orbital
model20 in the 650–750 and 300–400 nm regions, respectively.
The shoulder to the red of the B band has been assigned previously
to np* states associated with the lone pairs of the peripheral oxygen
atoms of alkoxy-substituted Pcs,21 but a destabilization of pp* states
has also been suggested on the basis of TD-DFT calculations.22 The
Q-bands of 4–6 are observed at 682, 697 and 705 nm (Table 1),
respectively. A red-shift and broadening are observed in the Q band
regions of the ground state electronic absorption spectra of 4–6
(Fig. 1) as the atomic weight of the central metal ion increases.

A strong intermolecular interaction between the Pc rings in
ball-type Pc complexes is expected to result in splitting of
molecular orbitals and hence lowering of symmetry, resulting in
the splitting (or broadening) of the Q band11 as observed for 5 and
6. The broadening could also be due to the usual aggregation of
phthalocyanines. A further broadening of the spectral bands was
observed when the complexes were embedded in polymer thin
films. Aggregation of MPc complexes tends to result in two non-
vibrational bands at low and high energies, resulting from the
monomer and dimer respectively.23 Aggregation in thin films was
judged by red-shifting of the Q band and the presence of high
energy peaks at 620, 650 and 655 nm in 4-PS, 5-PS and 6-PS
respectively (Fig. 1B). A lack of clear B band peaks is typical of
the solid state spectra of phthalocyanines;24 this could be due to
the blue-shifting of all peaks in the solid state. The absorption
spectra of 4–6 were recorded at different concentrations in
solution. The plots of concentration against absorbance obeyed
the Beer–Lambert law confirming non-aggregated species
(Fig. 1C, using 5 as example). This confirms that the broad-
ening of the Q band observed for 5 and 6 is not due to
aggregation.

MCD spectroscopy and TD-DFT calculations

Analyses of the three Faraday terms,A1, B0 and C0 that form the
basis of the theory of MCD spectroscopy provide information
on state degeneracies and band polarizations that cannot
be derived from the UV-visible absorption spectrum alone.25
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The MCD spectrum of 4 (Fig. 2) is very similar to what would
normally be expected for a monomeric ZnPc since pseudo-A1

terms are observed in the Q and B band regions with cross-over
points that correspond to the absorption band maxima26 This
is the pattern that is normally anticipated for dimers with
eclipsed rather than staggered structures.27

The TD-DFT calculations for 4 (see the ESI† for calculation
details) predict single intense bands arising from the Q and B
transitions of Gouterman’s 4-orbital model20 in a similar
manner to what would be observed for a monomeric MIIPc
complex. Similar spectra are predicted for 5 and 6 (Fig. S3 and
S4, ESI†) with some minor differences in the B band region, due
to the effect of axial chloride ligands on the energy of the 2a2u

MO of the parent D4h symmetry MIIPc ring. The 1a1u and 1eg*

frontier MOs of the parent D4h symmetry MIIPc ring combine in
bonding and antibonding manners and there is a slight nar-
rowing of the HOMO–LUMO gap for 4–6 (Fig. 3), which
accounts for the red shifts that are observed for the Q bands
of 5 and 6.

There is scope for isomerism in the structures of 4–6, since
the point of attachment of the bridging substituent can be at either
the 3- or 4-position. Six different structures were calculated for 4,
two with either 3,3- and 3,4-attachments, and four mixed structures
arranged in a 3 : 1, oppositely and adjacently arranged 2 : 2, and 1 : 3
manners (Fig. S5, ESI†). Their energies were found to lie within
15 kcal mol�1, so it is reasonable to anticipate that a mixture of
these isomers is formed in each case. The calculated TD-DFT
spectra are similar enough (Fig. S5 and Table S1, ESI†) that it is
reasonable to anticipate a single dominant pseudo-A1 term in the
Q and B band regions. The presence of isomers and the possibility
of weak intensity for the forbidden bands that are predicted in the
TD-DFT spectra (Fig. 2 and Fig. S3, S4, ESI†) explain the band
broadening that is observed in the Q band region relative to the
spectra of monomeric MIIPc complexes.23 It is noteworthy in this
regard that although the isomer with only 3,3-position attachments
is predicted to be almost perfectly eclipsed, the other isomers are
not (Fig. S5, ESI†).

Fig. 1 Absorption spectra of (A) 4, 5 and 6 in solution, (B) 4, 5 and 6 in thin films
and (C) 5 at different concentrations (inset: Beer–Lambert plot). Solvent: THF.

Fig. 2 Absorption and MCD spectra of 4 in THF. The calculated TD-DFT
spectrum of the isomer of 4 with four 3,3-position attachments (Fig. S5, ESI†) is
plotted against a secondary axis. Red diamonds are used to highlight bands
associated with the Q and B bands of Gouterman’s 4-orbital model while blue
diamonds are used for transitions associated with what would be the 2a2u MO
of the Pc rings, if D4h symmetry were assumed.

Table 1 Photophysical data of complexes 4–6 in THF

lmax FF tF (ns) FT tT (ms) kf
a (s�1) tisc

b (ns) k (s)

4 682 0.16 3.28 � 0.05 0.59 305 4.88 � 107 5.56 � 0.12 6.87 � 104

5 697 0.08 1.24 � 0.08 0.73 112 6.45 � 107 1.70 � 0.16 3.89 � 104

6 705 0.03 0.96 � 0.03 0.81 74 5.00 � 107 1.19 � 0.09 1.44 � 104

a kf ¼
FF

tf
(kf = fluorescence rate constant). b tisc ¼

tF
fT

(tisc = lifetime for intersystem crossing).
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The optical spectra of 5 and 6 differ somewhat from that of 4
(Fig. 1), because of the presence of axial chloride ligands and

the larger Ga(III) and In(III) sitting out of the plane of the Pc
p-system (Fig. 4). This leads to significant changes in the
vibrational band envelope to the blue of the Q band (Fig. 1), and
the differences observed at higher energy in the B band region can
be readily explained by the TD-DFT calculations (Fig. 2 and Fig. S3,
S4, ESI†), because the axial chloride ligands interact significantly
with Pc ring MOs with 1a2u and 2a2u symmetry (under the D4h

symmetry of MPc monomers), since they have large MO coefficients
on the pyrrole nitrogen atoms.28

Photophysical properties

The emission and excitation spectra of 4 and 6 (as examples)
are shown in Fig. 5A and B, respectively. For all complexes, the
emission spectra are mirror images of the excitation spectra.
For complex 4, the Q band of the excitation spectrum is slightly
red shifted compared to the absorption spectrum, probably due
to the different equipment employed for excitation and emission.
For complexes 5 and 6, the excitation spectra no longer show the
broadening observed in the absorption spectra.

The fluorescence quantum yields for 5 and 6 are relatively
low (FF = 0.08 and 0.03, respectively) when compared to that of 4
(FF = 0.16) (Table 1), which can be attributed to an enhancement
of the rate of intersystem crossing by the heavy atom effect.
Details of the calculations are provided in the ESI.† The fluores-
cence lifetimes (tF) were obtained by fitting the fluorescence
decay data (Fig. 6). A biexponential fit (hence two lifetimes) of

Fig. 3 The angular nodal patterns and energies of the six frontier p-MOs of the
isomer of 4 with four 3,3-position attachments (Fig. S5, ESI†) that are associated
with the Q transition of Gouterman’s 4-orbital model20 are shown from two
perspectives (top). The MO energies and HOMO–LUMO gaps for the isomers of
4–6 with four 3,3-position attachments (bottom). The HOMO–LUMO gaps are
highlighted with red diamonds and are plotted against a secondary axis.

Fig. 4 Side views of the B3LYP optimized geometries of 4–6 for isomers
with four 3,3-position bridging moieties.

Fig. 5 Absorbance (i), excitation (ii) and emission (iii) spectra of (A) 4 and
(B) 6 in THF.
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3.17 � 0.08 (22.7%) and 0.32 � 0.01 ns (77.3%) was obtained for
6 (Fig. S6, ESI†). The average fluorescence lifetime is shown for 6
in Table 1. One lifetime was observed for complexes 4 and 5. The
presence of two lifetimes in Pcs has been reported in terms of
the presence of aggregates which quench fluorescence, resulting
in quenched (shorter) and unquenched (longer) lifetimes.29 The
fluorescence lifetime is longer for complex 4 compared to
complexes 5 and 6, corresponding to fluorescence quantum
yield values. A faster rate of intersystem crossing results in
enhanced nonlinear optical properties and a shorter intersystem
crossing lifetime. The intersystem crossing lifetimes of the
complexes showed that 6 has the lowest value of 1.19 ns while
4 has the longest value. 6 is expected to show enhanced NLO
properties as will be discussed below.

An ideal optical limiting material will possess a low fluorescence
quantum yield and lifetime, with a high triplet state quantum
yield.30 A typical triplet decay curve is shown in Fig. 7, using complex
4 as an example. The triplet absorption data were fitted to rate
eqn (1) in order to determine the triplet lifetime (tT)

AðtÞ ¼ A0e
� t
tT

� �
þ kt (1)

where A(t) and A0 are the relative absorbance at time t = t and
t = 0 respectively; k is the triplet state absorption rate constant

and tT is the triplet excited state lifetime. A best fit to eqn (1)
showed triplet lifetimes of 305, 112 and 74 ms, respectively, for
4, 5 and 6 (Table 1). The corresponding triplet quantum yield
values are 0.59, 0.73 and 0.81, respectively. Thus the triplet
lifetimes are longer when the triplet quantum yields are smaller
as expected.

The corresponding triplet state absorption rate constants (k)
were found to be 6.87 � 104, 3.89 � 104 and 1.44 � 104 for 4–6,
respectively, which indicate that at every point in time within
the irradiation period, 6.87 � 104, 3.89 � 104 and 1.44 � 104 of
4, 5 and 6, respectively, are available in the T1 state (Fig. 8).

This explanation could only be valid with the assumptions that:
(1) All transitions to excited states occur from the ground

state, S0.
(2) The population of the S1 state is confined by the rate of

its deactivation to S0 or its conversion to the T1 state through
intersystem crossing.

(3) The population of Sn states is negligible (Sn E 0) since the
time-scale of Sn is shorter than the nanosecond pulse duration
of the laser.

(4) The intersystem crossing transition from S1 - T1

becomes spontaneous only when the population of S1 has been
saturated.

(5) The S1 - T1 transition is determined by the quantum
mechanical condition, DN = Nt, where Nt is the number density
of excited molecules in the T1 state per unit time.

With these assumptions in mind, 5 and 6 with DN = 3.89 � 104

and 1.44 � 104, respectively, will have faster transitions from
T1 - Tn than 4 with DN = 6.87 � 104 and hence an enhancement
of the triplet–triplet absorption transition in the former.31

Nonlinear optical (NLO) studies

Reverse saturable absorption. The nonlinear absorption
behaviour was measured by using the open aperture Z-scan
technique with an excitation pulse of 10 ns at a wavelength of
532 nm and a peak intensity of 360.0 MW cm�2. Reverse
saturable absorption (RSA) is one of the main distinguishing
features of a suitable nonlinear absorber for optical limiting
applications.32–36 The Z-scan profiles of 4–6 exhibit typical RSA
signatures (Fig. 9) and the measurements showed NLA behaviours.

Fig. 6 Fluorescence decay (blue), X2 fitting (red) and IRF (black) curves of
4 in THF.

Fig. 7 Triplet absorption decay of complex 4 with the fitting curve. Data
were obtained with 3.05 � 10�6 M of 4 in THF.

Fig. 8 Energy diagram explaining the dynamics of the excited state
population of the complexes.
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The minimum transmittance values were found to drop below 50%,
which makes these materials potential candidates for optical
limiting applications.37,38 Table 2 shows the effective nonlinear
absorption coefficient values, beff, which were obtained for each
sample by fitting the experimental data to the transmittance
equations, eqn (S1)–(S4) (see the ESI† for equations).

It was found that the beff values increase when the com-
plexes are embedded in polymer thin films (Table 2), but the
differences in beff values between thin films and solutions for 5
and 6 are considerably smaller than that of 4 as can also be
seen from Fig. 8. Thin film samples have been reported to
exhibit higher photo-degradation thresholds than those in
solution. The close NLO response of 5 and 6 both in solution
and thin films implies that the two complexes exhibit high
photo-stability even in solution. The larger beff values of 5 and 6
(compared to 4) correspond to their large triplet quantum
yields as a result of the heavy atom effect.

The plot of beff against absorbance shows the dependence of
beff on the concentration of 4–6 (Fig. 10). It was observed that
beff values increase with the concentration,39,40 indicating a
strong dependence of beff on the number of available active
excited state molecules.

An important measure of a good optical limiting material at
532 nm involves a quantitative evaluation of the ratio of the
excited and ground state absorption cross-sections. This is
sometimes referred to as the merit coefficient36 denoted by k. One
prerequisite for reverse saturable absorption in optical materials is
an excited state absorption cross-section dexc (d1 and d2) (S1 - Sn and
T1 - Tn transitions) that is larger than the ground state
absorption cross-section (d0, S0 - S1)6 (Fig. 8). The occurrence

of RSA in complexes 4–6 indicates the existence of an excited state
with higher absorption cross-section than the ground state. The
excited dexc values were determined by fitting the data to eqn (S4)
(ESI†) and the fit is shown in Fig. S7 (ESI†). This was done in order
to determine the dominant mechanism responsible for non-
linearity of each complex at 532 nm and 10 ns pulses.

The ground state absorption cross-sections (d0) of the com-
pounds at 532 nm were calculated using an equation described
by De Boni et al.,40 eqn (2).

d0 = a/N0 (2)

where a is the linear absorption coefficient and N0 is the
number of molecules per cm3 at 532 nm respectively. The ratios
of the excited state cross section to the ground state cross
section (k) were evaluated (Table 2). All of the complexes in this
study have dexc values far above those of the ground states (d0)
by factors ranging from 17.72 to 80.35, both in solution and
polymer thin films (Table 2). The population dynamics can be
explained using a 5-energy level model (Fig. 8). Depending on
the laser pump intensity and wavelength, the absorption
mechanism could be (1) transition from the ground state S0

to the first excited singlet state S1 and then to the first triplet
state T1 via intersystem crossing, (2) direct transition from S0 to
Sn through sequential two photon absorption (TPA), (3) transi-
tion from the first excited singlet S1 to a higher excited state Sn

(excited state absorption (ESA)/RSA) or (4) transition from T1 to
Tn states (ESA/RSA). Studies have shown that the nonlinear
absorption of phthalocyanines at 532 nm and nanosecond
pulse is dominated by ESA/RSA.31,41,42 In this study, we propose
that the mechanism in the observed RSA involves transfer of
significant electronic population from the ground singlet state
to the lower excited singlet state S1 or higher excited state Sn.
Due to the shorter lifetime of the Sn state, relaxation to S1

almost occurs immediately and subsequently populates the
triplet state via intersystem crossing with a lifetime of tisc. With
a high absorption cross-section of the triplet state resulting
from high population, most of the incident light will be
absorbed leading to a change in transmittance of the laser
pulse through the sample in a reverse saturable manner.

Fig. 9 Nonlinear absorption open-aperture Z-scans for 4–6 in THF and
their polymer thin films. A = 1.5, I00 = 360 MW cm�2.

Table 2 Nonlinear optical properties of 4–6 in THF and thin films

beff

(cm GW�1) Im[w3] (esu) g (esu) k (dexc/d0)
Ilim

( J cm�2)

4 THF 20.20 4.72 � 10�8 3.61 � 10�27 17.72 0.35
Film 31.30 8.42 � 10�8 5.68 � 10�27 28.59 0.23

5 THF 94.20 2.20 � 10�7 2.50 � 10�26 57.42 0.11
Film 95.01 2.56 � 10�7 2.60 � 10�26 59.93 0.09

6 THF 105.00 2.45 � 10�7 2.78 � 10�26 78.81 0.07
Film 108.12 2.94 � 10�7 2.78 � 10�26 80.35 0.05

Fig. 10 Plots of absorbance versus beff for 4–6. Each data point repre-
sents an independent Z-scan measurement. I00 E 360 MW cm�2 for each
measurement. Solid lines are theoretical fits.
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Third-order nonlinear susceptibility and second order
hyperpolarizability. An important indication of a good optical
limiting material is the value of the imaginary component of
the third-order nonlinear susceptibility (Im[w3]) since this pro-
vides a measure of the speed of the response of an optical
material to the perturbation initiated by an intense laser
beam.43 The Im[w3] values reported in this work (Table 2) are
in the order of 10�8–10�7 (esu), which are considerably higher
than those reported for Pcs and other related macrocycles in
solution,43,44 where values range between 10�12and 10�10,
indicating that these complexes could be good candidates for
optical limiting materials.

Upon exposure of a molecule to light, the permanent dipole
of the molecule interacts with light which causes a bias in the
average orientation of the molecule, resulting in induced
hyperpolarizability (g).

Generally, nonlinear optical properties of a material increase
with the g value. The reported optimal hyperpolarizability values lie
in the 10�34 to 10�29 esu range for Pcs in solution.43,44 The
obtained values of g in this work (Table 2) lie in the range of
10�27 to 10�26 which implies that these complexes possess superior
nonlinear optical properties. The values of Im[w3] and g for 5 and 6
are greater in thin films and in solution than those of 4, which
could be attributed to the presence of heavy atoms in the former.

Optical limiting properties. A good optical limiting (OL)
material displays reduced transmittance with increasing inci-
dent fluence. This type of device has a linear transmittance at
low incident fluence, but abruptly changes at higher incident
fluence or there is a threshold at which the output fluence
becomes a constant value that should be less than the amount
required to damage the optical element.32,44 This critical point is
called the threshold limit intensity or fluence, (Ilim),44,45 which is
a very important parameter in optical limiting measurements.

The Ilim value may be defined as the input fluence at which
the transmittance is 50% of the linear transmittance. Nonlinear
optical materials perform better at a low value of Ilim. The
output–input fluence curves obtained for 5 and 6 (as represen-
tatives) in solution and in thin films at 532 nm, 10 ns, and I00 E
360 MW cm�2 are shown in Fig. 11. The red solid line on the
plot represents the linear response from which the magnitude
of the nonlinearity of the samples is estimated. The complexes

exhibit a better performance when embedded in thin films,
Table 2, with 6-PS showing the lowest value of 0.05 (J cm�2),
indicating the best optical limiting potential. For the complexes
in solution, it was found that 5 and 6 have higher triplet
quantum yields than 4 and also have the lowest Ilim values,
demonstrating the importance of introducing a heavy atom as
the central metal ion.

Conclusion

In conclusion, we have synthesised long alkyl ball-type zinc(II),
gallium(III) and indium(III) phthalocyanines. The photophysical
and nonlinear optical response of the synthesized complexes
was evaluated. The Q bands of complexes 5 and 6 containing
heavy atoms were more red-shifted compared to that of complex
4. Low fluorescence quantum yields of 0.08 and 0.03 with the
corresponding high triplet quantum yields of 0.73 and 0.81 were
also observed for 5 and 6, respectively. TD-DFT calculations were
employed to explain the broadening of the absorption spectra of
complexes 5 and 6 as well as the MCD spectra of the complexes.
The Z-scan data were fitted taking into account both the non-
linear and excited state absorption processes. All the complexes
showed a strong reverse saturable absorption at the excitation
wavelength. Complexes 5 and 6 containing heavy atoms were
found to give better nonlinear optical response both in solution
and when embedded in polymer thin films. Complex 6 bearing
indium displayed the best limiting threshold of 0.05 (J cm�2).
These results demonstrate that these compounds are good
candidates for use in optical limiting applications.
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