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a b s t r a c t

We report on the third order nonlinearities of a bis-iminopyridine-tetrathiafulvalene appended ligand
and of its corresponding zinc metal complex. The measurements have been carried out using the Z-scan
technique employing 30 ps, 532 nm laser excitation. The nonlinear optical response of the zinc complex
has been found to be significantly enhanced with respect to the ligand. We illustrate the possibility to
control the nonlinear optical response of this electroactive bisiminopyridine ligand. Moreover the ob-
tained results are discussed and compared with previous findings reported in the literature.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction the chelating 2,6-bis(imino)pyridyl unit are well known to form
Recently, there has been intense interest concerning the inves-
tigation of organic materials exhibiting sizeable optical non-
linearities in order to be employed in various opto-electronic and
photonic applications [1e6]. Tetrathiafulvalene (TTF)-based mate-
rials are of great interest because of their low-first oxidation po-
tential and their unusual stability and solid state properties of the
radical cations resulting from the one-electron oxidation of their
parent molecules [7]. They have been widely used as the p-donor
components in the preparation of molecular conductors and su-
perconductors [8,9]. In addition, they have also found use as redox
switches in molecular and supramolecular architectures [10e12].
An active ongoing research theme is the covalent linking of the
electroactive TTF unit with a coordinating group in order to pro-
duce multifunctional materials which can exhibit interplay be-
tween two or more physical properties such as magnetism and
conductivity [13e15]. Pyridine based Schiff bases ligands such as
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stable complexes, with various transition metals, that have been
extensively used as catalysts for olefin polymerization [16,17].

Recently we have demonstrated that the nature of the metal cat-
ionsplays an important role in thenonlinearabsorptionof orthogonal
TTF-based units where an increase of the nonlinearity was observed
in the caseofplatinumascomparedwithpalladium[18].Moreover, in
the case of TTF-based iron and rutheniummetal complexes we have
shown that the incorporation of metal cations results in switching of
the character of the nonlinear absorption of the systems from Satu-
rable Absorptive (SA) to Reverse Saturable Absorptive (RSA) [19].

As a continuation of our work, we report herein on the
nonlinearity of a TTF-based bisiminopyridine ligand 1 and its cor-
responding zinc complex 2 (Scheme 1) [20]. The objective of this
work is to find out the impact of the complexation of the ligand by
introducing a metal cation on the nonlinear optical response.
2. Experimental

2.1. Z-scan technique

For the determination of the third order nonlinear optical prop-
erties of the systems 1, 2 the well-known Z-scan technique has been
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Scheme 1. Chemical structures of ligand 1 and zinc complex 2.
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utilized [21], employing a 30 ps diode pumped Nd:YVO4 laser with a
repetition rate of 10 Hz. The Z-scan setup will not be presented in
detail here as the information can be found in the literature [21,22].
This setup is widely used for the determination of the nonlinearities
as it allows the investigation of the magnitude of the nonlinear ab-
sorptionandrefractionof amaterial, aswell as their sign. It isbasedon
measuring the transmittance of a focused laser beam through the
sample as it moves along the transmission axis. The transmittance is
measured in two different ways, which take place simultaneously.
The “open aperture” Z-scan includes detection of the totality of the
laser beam after the sample, while concerning the “closed aperture”
Z-scan, only the part of the beam which passes through a narrow
aperture is detected. By the former the imaginary part of the third
order nonlinear susceptibility (Imc(3)) related to the nonlinear ab-
sorption can be determined. The latter includes the contribution of
both the nonlinear refraction and absorption to the nonlinearity.
Under certain limitations the division of the “closed aperture” by the
“open aperture” Z-scan traces (called “divided” Z-scan) can provide
the real part of the third order nonlinear susceptibility (Rec(3)),which
is related to the nonlinear refraction of the investigated system. In the
case of the nonlinear absorption a minimum or maximum of the
transmittancearound the focalpoint corresponds topositive (Reverse
Saturable Absorption (RSA)) or negative (Saturable Absorption (SA))
response. In the case of the nonlinear refraction a “valley-peak” or
“peak-valley” configuration correspond to positive (self-focusing) or
negative (self-defocusing) response.

More specifically from the “open aperture” Z-scan the nonlinear
absorption coefficient (b) can be obtained by fitting the experi-
mental data according to the following equation:

T ¼
XN

m¼0

h
� bI0Leff=

�
1þ z2=z20

�im

ðmþ 1Þ3=2
(1)

where T is the normalized transmittance, Leff ¼ (1 � exp(�a0L))/a0
is the effective thickness of the sample, a0 is the linear absorption
coefficient at the laser excitation wavelength and I0 is the on-axis
irradiance at the focus. Additionally from the fitting of the
divided Z-scan data by means of the following equation:

T ¼ 1� 4DF0x�
x2 þ 9

��
x2 þ 1

� (2)

the on-axis nonlinear phase shift at the focus DF0 can be obtained.
The latter is related with the nonlinear refractive index parameter
through the equation DF0 ¼ kI0g
0
Leff. By using the following

equations the Rec(3) and Imc(3) can be determined from the
nonlinear refractive index parameter and the nonlinear absorption
coefficient respectively:

Recð3ÞðesuÞ ¼ 10�6cn2
0

480p2 g
0�cm2 W�1�

Imcð3ÞðesuÞ ¼ 10�7c2n2
0

96p2u
b
�
cmW�1� (3)

where c is the speed of light in cm s�1 and u is the fundamental
frequency in cycles s�1. The second order hyperpolarizability (g)
can be determined from the third order nonlinear susceptibility
(c(3)) using the equation:

g ¼ cð3Þ

NL4
(4)

where N is the number density and L is the local field correction
factor.

3. Results and discussion

3.1. UVeVis absorption studies

The electronic absorption spectrum of the ligand (1) was
recorded in dichloromethane solution (w2 � 10�5 M at room
temperature; black line in Fig. 1). This ligand exhibits two strong
electronic absorption bands at 269 and 336 nm, which are assigned
to the p / p* absorption bands of the TTF and the phenyl ring
respectively. The broad band observed in the visible region at about
433 nm is characteristic of the intramolecular charge transfer
transition (ICT) from the highest occupied molecular orbital in the
two TTFs to the lowest unoccupied molecular orbital in the
electron-accepting imino-pyridyl unit [23,24] and is responsible for
the dark orange-red color of this compound.

In our previous report, we prepared and characterized single
crystals of the resulting zinc metal complex 2 [20]. The UVeVis
electronic absorption spectrum of the dissolved crystals is shown in
Fig. 1, red line. The complex 2 exhibits the same features as the free
ligand in the UV region (<400 nm). In the visible region the ICT
transition is red shifted indicating an increase of the electron
acceptor behavior of ligand 1 upon complexation. In addition, the
presence of a new shoulder around 385 nmwhich corresponds to a
ligand centered (LC, p / p* and n / p*) absorption is probably
due to conformational change of the ligand after complexationwith



Fig. 1. UVeVis titration of ligand 1 (C ¼ 2.5$10�5 M) by ZnCl2 in a mixture dichloro-
methane/acetonitrile, 1/1.
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zinc chloride. In order to confirm the presence in solution of a
single zinc complex specie, UVeVisible electronic absorption
titration was performed by adding increasing amounts of a zinc
chloride solution into a CH2Cl2 solution of the ligand 1 (Fig. 1).
These additions result in a decrease of the bands located at 281 and
335 nm and the appearance of the new band around 385 nm and a
red shift of the ICT band. The presence of three isobestic points at
365, 437 and 490 nm clearly indicates the formation of single zinc
complex specie. Note that no additional absorption changes were
observed upon introduction of more than one equiv. of ZnCl2, as
expected for the formation of the 1:1 complex.

3.2. Nonlinear optical investigation

For the characterization of the nonlinear refraction and ab-
sorption, the samples have been put in 1 mm thick quartz cells and
studied by means of the Z-scan technique (see experimental sec-
tion). Several different concentrations ranging from 0.5 to 2 mM, in
DMF have been prepared for each molecule. For each investigated
Fig. 2. “Open aperture” Z-scans of the investigated compounds (a) Ligand 1 (b) Zn-
complex 2.
concentration, energy-dependentmeasurements have been carried
out. The solvent has been separately investigated showing that its
contribution to the nonlinear absorption has been negligible, while
the contribution to the nonlinear refraction has been significant
under the same experimental conditions.

Concerning the nonlinear absorption of the samples the “open
aperture” Z-scans obtained revealed a decrease of the trans-
mittance around the focal point of the lens, which is attributed to
Reverse Saturable Absorption (RSA)-type behavior of the sample. In
Fig. 2 two characteristic “open aperture” Z-scans are shown cor-
responding to solutions of the ligand 1 and complex 2. To facilitate
direct comparison both curves, which are shown in Fig. 2 corre-
spond to 1 mM concentration in DMF and were obtained using the
same incident laser energy (i.e. 1 mJ). It becomes obvious that the
nonlinear absorption of the Zn complex is higher than that of the
ligand and this has been verified by a plethora of scans in several
different energies and concentrations.

Then, the nonlinear absorption parameter b and the corre-
sponding imaginary part of the third order nonlinear susceptibility
(Imc(3)) have been determined from several “open aperture” Z-
scans and are presented in Tables 1 and 2. In Fig. 3, the variation of
the Imc(3) of both compounds 1 and 2, as a function of concen-
tration is shown. The large difference between the slopes of the two
curves in this graph demonstrates unambiguously the fact that the
nonlinear absorption of the Zinc complex 2 is much larger than that
of the ligand 1. From the slopes shown in Fig. 3 the imaginary part
of the second order hyperpolarizability has been determined and is
shown in Tables 1 and 2.

However the nonlinear refraction of ligand 1 has been found to
be negligible as the “closed aperture” and “divided” Z-scans have
shown that the only contribution has been emanating from the
solvent. For this reason, the second order hyperpolarizability pre-
sented in Table 1 in the case of ligand 1 is equal to Img. On the
contrary, in the case of the zinc complex 2, a nonlinear refractive
character of the sample has been found as can be seen in Fig. 4,
where two “divided” Z-scans of the solvent and of a of 1.0 mM
solution of the zinc complex 2 in DMF, under the same experi-
mental conditions (i.e. laser energy of 1.6 mJ), are presented. It is
clear that the solvent exhibits a positive nonlinear refraction (self-
focusing) as the divided Z-scan reveals a “valley-peak” configura-
tion, while in the solution of the complex 2 a “peak-valley”
configuration has been found, corresponding to negative nonlinear
refraction (self-defocusing). As a result we can deduce that com-
pound 2 has a negative nonlinearity, which (at least for the specific
laser energy and concentration) is not only canceling the positive
contribution of the solvent, but it is also adding up to the self-
defocusing character of the sample, resulting finally to a peak-
valley configuration. The magnitude of the DTp-v (the difference
between the valley and the peak of the divided Z-scan) was
dependent upon the concentration and the incident laser energy,
and in several cases low or even zero DTpev values have been ob-
tained, which corresponded to cancellation of the two contribu-
tions to the nonlinearity. By adjusting the concentration/incident
laser energy we have achieved to obtain sufficient signal to noise
ratios, as shown as an example in Fig. 4. This behavior clearly
Table 1
Nonlinear optical parameters of the ligand 1 (532 nm, 30 ps).

Ligand 1

Conc. (mM) b (�10�11 m/W) Imc(3) (�10�13 esu) g (Img) (�10�32 esu)

0.5 0.18 0.10 1.25
1.0 0.46 0.25
1.5 0.66 0.36
2.0 1.01 0.55



Table 2
Nonlinear optical parameters of the zinc complex 2 (532 nm, 30 ps).

Zinc complex 2

Conc. (mM) b (�10�11 m/W) Imc(3) (�10�13 esu) Img (�10�32 esu) Reg (�10�32 esu) g (�10�32 esu)

0.50 0.80 0.44 4.50 �9.30 10.24
0.75 1.30 0.70
1.00 1.78 0.96
1.50 2.36 1.28

Fig. 3. Imc(3) as a function of concentration for ligand 1 and complex 2.
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indicates a high nonlinear refraction for the zinc complex. The
second order hyperpolarizability has been determined for the zinc
complex 2 and can be seen in Table 2.

The nonlinear optical parameters presented in Tables 1 and 2
indicate an increase of the nonlinear absorption of the Zinc com-
plex by about 4 times. This fact combined with the appearance of
nonlinear refraction in the case of the complex results to a total
increase of the second order hyperpolarizability by about 8 times.
This significant enhancement might be explained by the red shift of
Fig. 4. “Divided” Z-scans obtained for the zinc complex 2 (1.0 mM) and the solvent
(DMF).
the intramolecular charge transfer occurring between the TTF unit
and bis-iminopyridine fragment upon complexation as clearly
shown during the titration of the ligand by adding increasing
amount of zinc chloride (Fig. 1).

In a previous publication we have demonstrated [18] that the
nonlinear absorption of orthogonal pyrrolo-TTF derivatives is signif-
icant if comparedwith that of the initial ligand,which has been found
to be negligible. This result is in agreementwith our current findings.
Additionally in another recent publication [19] we have shown that
the introduction of metal cations can be of great importance as far as
the optical nonlinearity of TTF-based systems is concerned. More
specifically it hasbeen found that there is a switchingof the nonlinear
absorption of themolecular systems upon complexationof the ligand
with rutheniumorwith iron. This behavior has been attributed to the
presence of the metal to ligand charge transfer (MLCT) band in the
complexes. It is worth noting that in the present case, although no
MLCTband ispresent in complex2, the coordinationofmetal cation is
beneficial for the nonlinear optical response.
4. Conclusions

In conclusion, a comparative study of the nonlinear optical
response between an electroactive TTF-based ligand and its cor-
responding zinc complex has been performed. The obtained results
demonstrate an enhancement of the nonlinearity upon complex-
ation of the ligand. In this study we have shown the possibility of
controlling the nonlinear optical response of these systems by a
metal cation complexation. This fact opens new prospects for
photonic/opto-electronic applications.
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