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Optical and nonlinear optical properties of an octasubstituted
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Abstract

The optical and nonlinear optical properties of an octasubstituted, liquid crystalline copper phthalocyanine, which was synthesized by the
reaction of 1,2-dibromo-4,5-bis[dodecanoxymethyl]-benzene with a small excess of CuCN in dilute anhydrous N,N0-dimethylacetamide solution,
are described. The ratio of the excited to ground state absorption cross-section (k¼ sex/s0) and the linear optical absorption coefficient of the
compound were measured in dry toluene solution; their values were about 2.4� 0.5, and 1.4 cm�1, respectively. In the solid state the compound
shows signs of irreversible thermal damage when illuminated by laser at the lowest energy per pulse setting used. In solution, the values of both
the nonlinear absorption coefficient and the third-order nonlinear susceptibility decreased with increasing incident intensity, this being indicative
of saturation effects arising from higher triplet excitations.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Copper(II) phthalocyanine (CuPc) is planar and displays the
gradually falling long-wavelength absorption of a simple,
nearly vertical ‘‘deck-of-cards’’ structure [1]; it has attracted
much attention in the last 10 years because of its potential
applications in chemical sensors, optical data storage, organic
solar cells, and organic field-effect transistors [2]. The presence
of the paramagnetic CuII atom in the cavity of the phthalocya-
nine molecule creates a very fast path for the internal conver-
sion S1 / T1. The fluorescence yield of monomeric CuPc in
solution is <0.01%, implying an intersystem crossing rate
constant of >1012 s�1 [3]. Organic field-effect transistors that
employ CuPc as the semiconducting layer can function as
p-channel accumulation-mode devices [4]. When the substrate
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temperature for deposition of CuPc is 125 �C, a mobility of
0.02 cm2/V s and an on/off ratio of 4� 105 can be achieved
[4a]. A 2.4-inch organic light emitting diode panel (device
structure: ITO/CuPc/NPD/DPVBi/Alq3/LiF/Al:Li (0.1 wt%))
with blue monochrome emission and resolution of 160� 160
has been fabricated using vacuum evaporation [2d]. An exter-
nal power conversion efficiency of a p/n-junction photovoltaic
device with a configuration ITO/CuPc/PTCBI/BCP/Ag (ITO:
indiumetin-oxide as conducting anode; PTCBI: 3,4,9,10-
perylene-tetracarboxylic-bisbenzimidazole as acceptor; BCP:
bathocuproine as an organic exciton-blocking layer) reached
2.4� 0.3% [5]. This device structure demonstrates that control
of exciton diffusion in solid-state organic devices leads to a sig-
nificant increase in the photo-to-carrier conversion efficiency.

Many experimental results have demonstrated that the liquid
crystalline phthalocyanine can adopt a high interfacial surface
area morphology and a vertically ordered composition and ex-
hibit exciton diffusion lengths of a few hundred nanometers as
well as high charge-carrier mobility (0.1e1 cm2/V s) [6]. This
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is undoubtedly beneficial for the further improvement of the
performance of the CuPc based optoelectronic devices. Pie-
chocki et al. [7] reported briefly the first peripherally octakis
(dodecyloxymethyl) substituted CuPc displaying a disordered,
hexagonal columnar mesophase over a wide temperature range.
Subsequently, the influence of the number of side chains, type
of linking group and the central metal ion, length of the side chains
and branching of the chains on both the mesophase stability and
optoelectronic properties of phthalocyanines have been investi-
gated [8]. In this contribution, we report the optical and nonlinear
optical (NLO) properties of an octasubstituted liquid crystalline
copper phthalocyanine, which was simply synthesized by the re-
action of 1,2-dibromo-4,5-bis[dodecanoxymethyl]-benzene with
a small excess of CuCN in dilute anhydrous N,N0-dimethylaceta-
mide solution, as shown in Scheme 1. The compounds 2 and 3
were synthesized according to the procedures reported in the
literatures [7,9].

2. Experimental

The operations for synthesis prior to the termination reac-
tion were carried out under purified argon. All chemicals
were purchased from Aldrich and were used without further
purification. Solvents were purified, dried and distilled under
dry nitrogen. UV/vis absorption spectra were recorded on
a Jasco V-530 UV/vis spectrophotometer; photoluminescence
spectra were measured by Shimadzu spectrofluorophotometer;
1H NMR spectra were performed on a JEOL Lambda 400
NMR spectrometer (1H: 250.131 MHz; CDCl3 as solvent).
Analytical thin layer chromatography (TLC) was performed
using aluminium coated Merck Kiesegel 60 F254 plates.
MALDI-TOF-MS measurements were performed on a Bruker
REFLEX III-S mass spectrometer [10] and elemental analyses
were performed using a CarloeErba elemental analyzer 1104,
1106. The texture of compound 6 was observed with an Axi-
olab Zeiss polarizing microscope.

Cyclic voltammetric data were obtained on a BAS CV-50W
voltammetric analyzer using a scan rate of 100 mV/s. A glassy
carbon, platinum wire and Ag/Agþ were used as the working,
counter and reference electrodes, respectively; tetrabutylam-
monium hexafluorophosphate (TBAH, 0.1 M) in dry acetoni-
trile was used as electrolyte. Before scanning, solutions were
saturated with nitrogen. The HOMO/LUMO values of the
phthalocyanines were estimated by the onset of the redox
potentials taking the known reference level for ferrocene,
4.8 eV below the vacuum level.

Nanosecond transient absorption measurements were car-
ried out using third harmonic generation (THG, 355 nm)
employing a Nd:YAG laser (Spectra-Physics, Quanta-Ray
GCR-130, 6 ns FWHM) as exciting source. For transient
absorption spectra in the near-IR region (600e1400 nm), mon-
itoring light from a pulsed Xe-lamp was detected with a
Ge-avalanche photodiode (Hamamatsu Photonics, B2834).
For transient absorption spectra in the visible and near-IR
regions (400e1000 nm), monitoring light from a pulsed
Xe-lamp was detected using an Si-PIN photodiode (Hama-
matsu Phonics, S1722-02).

Open aperture Z-scanning was used to probe total transmit-
tance through the samples. The second harmonic, 532 nm, of
a Q-switched Nd:YAG laser with a pulse repetition rate of
10 Hz was used, the beam having been spatially filtered to re-
move the higher order modes and tightly focused with a 9 cm
focal length lens. The solution based NLO experiments were
undertaken in quartz cuvettes with a path length of 1 mm.

Synthesis of compound 1. To o-xylene (95 ml) containing
iodine (0.4 g) was added, dropwise, Br2 (80 ml) over 2 h at
0 �C; the reaction mixture was then allowed to attain room
temperature. The resultant solid was left at room temperature
Scheme 1.
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overnight before being dissolved in Et2O (600 ml), washed
with 2 N NaOH (600 ml), H2O (600 ml), dried over Na2SO4,
filtered, and concentrated under vacuum to give a white oil
which crystallized upon standing. Recrystallization from
MeOH gives a white crystalline solid in the yield of 71%.
1H NMR (in CDCl3): d/ppm¼ 2.2 (6H, s, 1,2-Me), 7.3 (2H,
s, 3,6-H).

Synthesis of compound 6. To the stirred solution of com-
pound 3 (1.20 g) in anhydrous N,N0-dimethylacetamide
(DMA, 50 ml) was added CuCN (0.54 g). The reaction
mixture was heated for 10 h at 170 �C under reflux, and then
concentrated to 10 ml under slightly decreased pressure. The
residual solution soon turned bluish green. After continuing
reaction for an additional 4 h at the same temperature, the
solvent was evaporated and the greenish residue was subjected
to column chromatography (Al2O3, eluent: toluene) in order to
remove the excess of metallic salt. The green fraction was
collected, the solvent evaporated and the resultant copper
phthalocyanine was recrystallized from heptane. Yield: 55%.
1H NMR: d/ppm¼ 1.2 (br m, 184H, paraffin), other
peaks were not observed due to paramagnetic copper ion.
MALDI-TOF-MS: calcd for C136H224O8N8Cu: m/z¼
2162.8); found: 2162.8 (Mþ), 1977.6 [Mþ� CH3(CH2)11O],
1793.5 [Mþ� 2CH3(CH2)11O]. Its UV/vis absorption is
strongly concentration dependent, implying some aggregation
process.

3. Results and discussion

o-Xylene is treated with bromine to give compound 1; the
methyl groups are then brominated with N-bromosuccinimide
(NBS) via a radical mechanism. It should be noted that light
must be strictly excluded during this step in order to avoid
the multi-substitution of methyl groups. The reaction of
compound 3 with a small excess of CuCN in dilute DMF or
N,N0-dimethylacetamide (DMA) solution produces dicyano-
compound 4. However, the formation of 4 depends greatly on
the experimental conditions used. In our work, the resultant
dark-green copper phthalocyanine 6 ([CH3(CH2)11OCH2]8CuPc)
was obtained in 55% yield. The molecular ion peak at
m/z¼ 2162.8 was detected from the MALDI-TOF mass spectrum
of 6. Like most of the discotic mesophases, the mesophase of 6 is
of a typical hexagonal columnar phase.

The polarized optical images and electron diffraction
pattern of compound 6 are shown in Fig. 1. The sharp spots
of reflections in the electron diffraction pattern displayed at
room temperature imply the existence of larger particles in
the solid state. Upon heating at 120 �C for several minutes,
the solid crystalline phase of 6 is transformed into a viscous,
birefringent liquid. When the sample was slightly cooled,
a typical fan-like pattern of discotic liquid crystals was
obtained with a two-dimensional hexagonal lattice.

The UV/vis absorption spectrum of 6 exhibits strong con-
centration dependence, suggesting aggregation; the maximum
peak of the Q-band is located at 683 nm (3¼ 2.2� 105). Fig. 2
compares the influence of the laser irradiation on the Q-band
in the UV/vis absorption spectrum of 6. The results indicate
that this compound is unstable under long-term laser
irradiation. In the solid states the sample shows signs of irre-
versible thermal damage at lowest energy per pulse under laser
illumination. This means compound 6 is unsuitable for the fab-
rication of solid photonic devices, especially optical limiters.
The HOMO/LUMO values of the phthalocyanines were exper-
imentally estimated by the onset of the redox potentials [11]

Fig. 1. Polarized optical images of [CH3(CH2)11OCH2]8CuPc: (a) at room

temperature; (b) after heating at about 120 �C for several minutes. Inset: (a)

electron diffraction pattern; and (b) characteristic structure of the discotic

mesophases.

Fig. 2. The Q-bands in the UV/vis absorption spectra of [CH3(CH2)11OCH2]8-

CuPc in chloroform (1� 10�4 M) before (solid line) and after (dashed line)

laser irradiation.
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taking the known reference level for ferrocene, 4.8 eV below
the vacuum level, according to the following equation:
HOMO/LUMO¼�[Eonset� Eox.(ferrocene)]� 4.8 eV. For 6,
the HOMO and LUMO positions are located at �5.2 eV and
�3.4 eV, respectively; from which the HOMO/LUMO gap is
calculated to be 1.8 eV. The absolute HOMO position may
be measured by UV photoelectron spectroscopy (UPS). In or-
der to give an efficient n/p characteristic for the photovoltaic
cells, the materials should not only have the appropriate
conduction type but also have their frontier orbitals in a posi-
tion that leads to a junction which separates the light-induced
charge carriers in a way so that the electrons end up in the n-
type material and defect-electrons (holes) end up in the p-type
material [12]. For the phthalocyanines as p-type materials, the
ideal n-type materials are usually 3,4,9,10-perylenetetracar-
boxylic acid diimide derivatives (PTCDI) [1,12]. The energy
levels of 6 are well-matched with those of PTCDI (as an exam-
ple, for N,N0-bismethyl-3,4,9,10-perylenebiscarboximide
(PTCDIa), its HOMO and LUMO values are �6.8 and
�4.6 eV, respectively). This suggests that compound 6 might
be used as a p-type material for organic solar cells with
such a configuration ‘‘ITO/6/PTCDI/Au’’. Further studies on
this issue are currently in progress.

Upon excitation with nanosecond laser pulse at 355 nm
(i.e., roughly at the centre of the B band) the transient absorp-
tion spectra of 6 were observed in argon-saturated anhydrous
chloroform. The transient absorption band at 520 nm after
the laser pulse irradiation is attributable to the tripletetriplet
absorption of the phthalocyanine compounds [13]. Stronger
triplet excited state absorption in the high-transmittance opti-
cal window comprised between Q- and B-bands in the UV/
vis absorption spectrum of 6 ensures that the absorption
cross-section of the excited state is always larger than that
of the ground state. From photophysical experiments, one
can easily measure the ratio of the excited to ground state
absorption cross-section (k¼ sex/s0), and the linear optical
absorption coefficient (a0). For 6, these two values obtained
in dry toluene solution are about 2.4� 0.5, and 1.4 cm�1,
respectively.

Open aperture Z-scanning has been used to study the
imaginary third-order nonlinear optical processes in molecu-
lar materials; by moving the sample along the z axis
through the focus, the intensity-dependent absorption can
be measured as a change of the transmission through the
sample using a detector in the far field [14]. On approach-
ing the focus the intensity increases by several orders of
magnitude relative to the intensity away from focus, thus in-
ducing nonlinear absorption in the sample. For 6, a clear
decrease of transmittance about the focus was observed, typ-
ical of an induced positive nonlinear absorption (Fig. 3).
The absorption mechanism, in which the transmission
decreases as a function of intensity, is due to population
of excited states through a multi-step nonlinear absorption.
For focal intensities of 0.14 and 0.29 GW cm�2, the nonlin-
ear absorption coefficients (bI) measured in solution were
4.53� 10�8 and 2.13� 10�8 cm W�1, respectively, while
the corresponding effective third-order nonlinear
susceptibilities (Im{c(3)}) are 1.71� 10�12 and
8.04� 10�13 esu. The results show that both the bI and
Im{c(3)} values decreased with increasing incident intensity,
being indicative of saturation effects arising from higher
level triplet excitations. The optical limiting data plotted
with the normalized transmission (Tnorm) against the inci-
dent energy density per pulse (J cm�2) are depicted in
Fig. 4. The solid line represents theoretical fits to the exper-
imental data. The saturation energy density (Fsat) value of 6
was determined to be (17� 7.27) J cm�2, smaller than that of
tBu4PcInCl (24.2� 0.8 J cm�2) and tBu4PcGaCl (27.0�
1.0 J cm�2) [15].

4. Conclusions

A new one-pot synthesis of an octasubstituted liquid
crystalline copper phthalocyanine from 1,2-dibromo-4,5-bis
[dodecanoxymethyl]-benzene is described. The ratio of the
excited:ground state absorption cross-section (k¼ sex/s0),
and the linear optical absorption coefficient of this compound
were measured in dry toluene solution, producing values of
2.4� 0.5, and 1.4 cm�1, respectively. The NLO experimental
results obtained at 532 nm show that both the bI and Im{c(3)}

Fig. 3. Open aperture Z-scan spectra of compound 6 in toluene at 532 nm with

normalized transmission plotted as a function of sample position in the z

direction.

Fig. 4. Plot of normalized transmission against pulse energy density for 6 in

toluene.
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values decreased with increasing incident intensity, being
indicative of saturation effects arising from higher level triplet
excitations.
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