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This paper investigates the third-order nonlinear optical properties of two azo-nickel chelate compounds by the

optical Kerr gate method at 830 nm wavelength with pulse duration of 120 fs. Both of the two compounds exhibited

large third-order optical nonlinearity. The second-order hyperpolarizability, γ, of Compound 1 is of 1.0 × 10−31 esu.

Due to the charge transfer, the γ of Compound 2 with electron donor and acceptor group is 4.9 × 10−31 esu, which is

a four-time enhancement in comparison with Compound 1. The absorption spectra show that the electron push–pull

effect, which induces intramolecular charge transfer, leads to the increased optical nonlinearity.
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1. Introduction

Besides an important class of dyes for textile
industry, azo dyes attract interest in the fields of
optical storage[1−5] and nonlinear optics.[6−8] Previ-
ous reports[9,10] showed that the third-order opti-
cal nonlinearity were significantly enhanced by the
formation of organic–metal complexes.[11,12] Charge-
transfer between metal and organic ligand leads to
the intramolecular electron delocalization, which is
generally considered to be responsible for the en-
hancement. Therefore, electron donor and accep-
tor groups were connected as azo-metal compounds.
On the other hand, different from those main group
metals, the transition metal atoms have unoccupied
d-orbits. The d-orbit overlapping with π-orbits is
more efficient in nonlinear optical effects than main
group elements.[13] Based on these ideas, the tran-
sition metal-azo chelates have been synthesized for
nonlinear optical materials.[14−16] These experiments
show that they have large third-order optical nonlin-
earity in comparison with the monomers. In addition,
their second-order hyperpolarizability, γ, varied ac-
cording to laser wavelengths. For example, at 830 nm,

the γ was about 10−32 esu,[16] while it is 10−29 esu
at 647 nm.[14] The thin film was also tested with χ(3)

10−8 esu at 532 nm.[15] The high nonlinear optical
response at 647 nm and 532 nm were attributed to
resonant enhancement, since these wavelengths were
within the absorption bands.

2. Sample and experimental

setup

In this paper, we report our investigation on
the third-order optical nonlinearity of two azo-nickel
chelate compounds, compound 1 (C1) and compound
2 (C2), as shown in Fig.1.

The two compounds are similar in structure. The
primary difference is that the former one has no elec-
tron donor group and acceptor group attached to the
azo ligands while the later one has. The synthesis fol-
lowed the procedure reported previously.[17] For C2,
2-amino-6-carbomethoxybenzothiazole was diazotized
with solid sodium nitrite in 85% phosphoric acid un-
der 0–5◦C in an ice-brine bath. Then the as-prepared
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Fig.1. Molecular structures of C1 (left) and C2 (right).

diazonium solution was added portion-wise to the
coupling component, N , N -diethyl-o-anisidine-4-
sulphonic acid dissolved in a 2:1 mixture of wa-
ter and acetic acid. The azo dye then formed.
Subsequently, the azo dye was metallized with
nickel acetate to produce chelate C2. By replac-
ing the 2-amino-6-carbomethoxybenzothiazole with 2-
aminobenzothiazole, and using a coupling compo-
nent, 3-(n-propylsulfonylamnio)-N , N -diethylaniline
dissolved in the 1:1 mixture of water and acetic acid,
the chelate C1 was obtained. Analysis confirmed that
both C1 and C2 are ML2 type coordination configu-
ration.

The nonlinearities of the samples were tested
by the time-resolved optical Kerr gate (OKG)
technique.[18] The laser source is a Ti:sapphire laser
system (Mira 900F, Coherent, USA) pumped by a
solid state green pump laser (Verdi-10, Coherent,
USA). The system delivers laser pulse of 120 fs, at
830 nm, 76 MHz. The laser beam was split into two
portions with intensity ratio of 12:1. The stronger one
acted as pump beam while the weaker one was probe
beam. The polarizations between the two linear po-
larized beams were adjusted to 45◦. The two beams
propagated parallel before being focused by a single
convex lens. The pump beam and the probe beam
overlapped in the 1 mm-thick sample cell, which was
placed at focus. After the sample cell, the pump beam
was blocked; the probe beam was collimated and then
went through a polarization analyser, whose transmit-
ting axis is perpendicular to the original polarization
of the probe beam. The analyser picked out the gen-
erated Kerr signal. Finally, it was collected by a pho-
todiode connected to a lock-in amplifier (Stanford,
SR830). For time-resolved measurement, the pump
beam propagated through an optical delay line driven
by a step motor to provide relative temporal delay to

the probe beam. To improve the signal to noise ra-
tio, dual-beam chopping with different frequency was
applied.

3. Results and discussion

Both of the compounds were dissolved in 2,2,3,3-
tetrafluoro-1-propanol at concentrations of about
10−4 mol/l. The optical Kerr (OKE) response of the
solvent was small and neglectable. The OKE response
of C1 was shown in Fig.2. It is a symmetric curve with
its full width at half maximum similar to the laser
pulse width of 120 fs. It proved that the signals came
from the electronic instantaneous response.

Fig.2. OKE signal of C1 at concentrations of 1 ×
10−4 mol/l, 6.7× 10−5 mol/l and 4.4× 10−5 mol/l.

The third-order optical susceptibility of the sam-
ple was calculated by comparison with the refer-
ence sample, CS2, which was tested under the same
condition. As the χ(3) of CS2 was accredited as
1 × 10−13 esu,[19] χ(3) of the sample solutions can be
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calculated with the following equation:

χ
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The subscripts, S and R, refer to sample and refer-
ence; I, n, α and l are the optical Kerr signal intensity,
the refractive index, the absorption coefficient, and
the effective length of the sample respectively. χ(3)

of C1 solution at of 1 × 10−4 mol/l was calculated as
0.37× 10−13 esu. The concentration dependence were
also verified under the same condition. This means
that the nonlinearites observed is from isolated single
molecule instead of any aggregation effect. The third-
order optical nonlinearity of the single molecule, i.e.,
the second-order hyperpolarizability, γ, was calculated
as:

γ = χ(3)/(NL), (2)

where N is the concentration of the molecule, L is
the local field correction factor, which is defined as
L = [(n2 + 2)/3]4. The γ of C1 was then obtained as
1.0×10−31 esu. Same procedure was applied to C2. Its
γ was 4.9× 10−31 esu. Comparing with other organic
compounds, we find that the two samples have rela-
tively large third-order optical nonlinearities at this
non-resonant condition.

Heflinet al [20] pointed out that the non-resonant
second-order hyperpolarizability mainly came from
virtual transitions between states that produce large
charge separation. This charge separation can be im-
proved by introducing conjugation into the system.
Generally, there are two ways to produce charge-
transfer states: the first is to connect electron donor
groups and acceptor groups with molecular conjuga-
tion systems, the other is to introduce metal atom into
conjugation systems to form a coordinate compound.
In the later case, the transfer of electron density be-
tween the metal atom and the conjugated ligands leads
to large molecular hyperpolarizability. Tailoring these
materials with various central metal atoms, we find
that their oxidation states, sizes and so on can opti-
mize the nonlinear optical properties of the system.

For our samples, the large third-order optical non-
linearities came from intramolecular charge transfer,
which are shown in the absorption spectra. In azo sys-
tem, there are three absorption bands in UV–visible
region.[21] The band at 200–300 nm is the φ−φ* tran-
sition localized in aromatic system, which is not sen-
sitive to the environment. The band at 300–400 nm is
π−π* transition, which is very sensitive to substituent

effect. The 400–500 nm band comes from n−π* tran-
sition. This transition is partially forbidden. When
the respective components in the azo system are sub-
stituted by electron donating groups, or, metal atoms,
π − π* band will undergo a large bathochromic shift
and may overlap with n− π* band, as shown in Fig.3
for 450–800 nm.

Fig.3. Absorption spectra of C1 and C2.

In C2, even the π − π* transition shifts to the
right of the n − π* transitions. In C1, this band is
mainly contributed from π − π* transition, while the
n − π* transition appears as shoulder on red side. It
can be seen that the π − π* transition undergoes a
large bathochromic shift due to the intra-molecular
electron transfer. Large molecular hyperpolarizabili-
ties are then expected. The bathochromic shift in C2
is much larger than that of C1. We refer this differ-
ence to the electron push–pull effect formed by the
COOCH3 and OCH3 groups attached to the azo com-
ponent. This effect enhances the charge transfer in
this compound. Greater third-order optical nonlin-
earity for C2 was observed.

According to the three-level model,[22,23] the
mechanism for the third-order optical nonlinearity can
be expressed by three terms: the one-photon reso-
nance term, the two-photon resonance term and the
dipole moment difference term. At wavelength of
830 nm, the absorption of the two compounds is nearly
zero. One-photon resonance is minimized. At two-
photon resonant wavelength, 415 nm, their absorption
is very small, the two-photon absorption can be ne-
glected also. Then the third-order optical nonlin-
earity of the two compounds came from the dipole
moment difference between ground state and excited
state. That means the nonlinearity came from the
charge separation in laser excitation field.
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4. Conclusion

The third-order optical nonlinearities of the two
Ni-azo compounds were measured by time-resolved
OKE method. Both compounds exhibited large
second-order hyperpolarizability. By analysing their

absorption spectra, the third-order nonlinearities are
figured out as off-resonance effect, coming mainly from
the electron delocalization by charge-transfer. The
electron push–pull effect formed by the donor and ac-
ceptor group in C2 enhanced the charge transfer of the
system. Larger third-order optical nonlinearity than
that of C1 was observed.
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