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We report the nonlinear optical properties of Ruthenium metal complex a promising organic material for
use in scientific and technological applications. The thin films of newly synthesized ruthenium metal
—organic complex were fabricated using spin coating technique. Z-scan and degenerate four wave
mixing (DFWM) techniques used to extract the third-order nonlinear optical (NLO) parameters. The data
reveals the investigated material exhibited relatively large NLO properties. The pump—probe experi-

ments shows that the switch-on and off times of the material were in the order of ps at different pump
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in nanosecond regime.

intensities and the energy dependent transmission studies reveal good limiting property of the material

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metal-organic or organometallic materials have received sig-
nificant interest over the past decade because of their large NLO
properties and have possible applications in optical devices such as
all-optical switching, power limiters etc [1—4]. High nonlinearity,
ease in structural modifications, relatively cheap and ease in syn-
thesis make these materials more attractive and have the capability
of replacing the inorganic systems [5]. Organometallic systems
obtained by the incorporation of transition metal ions into organic
systems, which introduces more sublevels into the energy hierar-
chy, thus permitting more allowed electronic transitions and
resulting in larger NLO effects. The advantages of organometallic
systems are by changing metal ion and/or surrounding organic
environment we can tune the NLO properties [5—7].

Keeping this in mind, we synthesized new salophene based
ruthenium complex and investigated the NLO properties using Z-
scan and DFWM technique. To explore the suitability of the
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material for photonic device applications, all-optical switching and
optical power limiting measurements were carried out using
pump-probe and energy dependent transmission techniques
respectively.

2. Experimental techniques
2.1. Materials and methods

Analytical grade chemicals were used. Solvents were purified
and dried according to standard procedure (Vogel 1989).
Ruthenium (II) chloride trihydrate and all other reagents were
procured from Sigma Aldrich Chemicals, and were used without
further purification. The synthesis of ligand, salophene (L) = N,
N'-disalicylidene-1,2-ethylendiimine dianion is reported in else-
where [8].

The Ru(Il) Schiff base complex, Ru (salophene) (HO) (Cl)
(named as Ru-L) was prepared in high yield via the interaction of
the free Schiff base, HyL, with RuCl3.3H30 in a 1:1 mol ratio in
refluxing absolute ethanol for 12 h. Ru-L: 1TH NMR (DMSO-dg):
0 8.40 (s, 2H, HC=N), 7.88—7.86 (m, 2H, ArH), 7.37—7.34 (m, 2H,
ArH), 7.03 (d,] 7.6 Hz, 2H, ArH), 6.86 (d, ] 7.6 Hz, 2H, ArH) and 6.44 (t,
J 7.6 Hz, 2H, ArH). IR (cm-1, KBr): 3314 m, 1613 s, 1585 s, 1540 s,
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Fig. 1. UV—visible absorption spectrum of the sample Ru-L. Inset Molecular Structure
of Ru-L.

1467 s, 1444 s,1389 m, 1238 s, 1193 s, 1107 m, 975 m, 737 s.

NLO properties were investigated in both liquid and solid form.
Liquid samples of different concentrations were obtained by dis-
solving material into N,N-dimethylformamide (DMF). Solid samples
of different concentrations were fabricated using spin coating
technique [9]. The Z-scan and DFWM techniques were used to
determine the NLO properties of the samples [10—16]. Optical
power limiting studies of the samples carried out by energy
dependent transmission technique [9]. All-optical switching char-
acteristics were performed using standard pump-probe technique
[9,16].

3. Results and discussion

The molecular structure and UV—Vis absorption spectra of the
sample are shown in Fig. 1. The peaks between 230 and 350 nm are
attributed to intra-ligand charge transfer transitions and small peak
in between 390 and 500 nm represents the DMSO-dg forbidden
transitions.

3.1. Z-scan studies

The open aperture Z-scan technique was used obtain the
magnitude and sign of nonlinear absorption (NLA) coefficient (8ef)
of the sample. Fig. 2 shows the open aperture Z-scan curves of the
sample with theoretical fits [10,17] and characteristics of the curve
suggests the intensity dependent absorption of the sample. Reverse
saturable absorption (RSA) via excited state absorption (ESA) is
attributed for large NLA in the sample, this can be explained with
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five-level model reported in the literature [17]. The excited state
absorption cross section Gexc, can be measured using the normal-
ized energy transmission of open aperture Z-scan [18—21].

do do
1+ x? 1+x2)°

where gy = Zectfo(=Olyy

X = z/z,, z is the distance of the sample from the focus, z, is the
Rayleigh length given by the formula Z, = 1<a)(2)/2, where k is the
wave vector and w, is the beam waist at the focusLeff =
[1 — exp(—al)]/a, and F, is the on -axis fluence at the focus.

The value of excited state absorption cross section Gexe, were
obtained by fitting the open aperture data using equation (1) and
the ground state absorption cross section, oz, were calculated using
the relation given below and the values are given in Table 1,

T=1n(1+ )

o = 0gNgC, (2)
where N, is the Avogadro's number and C is the concentration in
mol/L.

The magnitude of ESA cross-section, ey larger than ground-
state absorption cross-section, og of the sample suggests that the
NLA is due to RSA. In Fig. 3, the value of 8. decreases while
increasing the on-axis intensity Iy which is evident of NLA due to
RSA [22]. The closed aperture Z-scan technique was used to obtain
the pure nonlinear refraction. Fig. 4 shows the pure nonlinear
refraction Z-scan curves with theoretical fits of the sample. The
signature of the curve indicates the nonlinear refractive index (1)
is negative (self-defocusing effect). The magnitude of n, and Rex®®
were determined and tabulated in Table 1. The thermal effects were
taken in to account in the experiments by performing in the single
shot mode. More over the closed aperture z-scan curve displays a
peak-valley separation of less than ~1.7Zg. A peak-valley separation
of more than 1.7 times the Rayleigh range (Zg) is the signature of
thermally induced nonlinearity and hence thermal effects can be
neglected. Hence, the observed nonlinearity is predominantly
electronic in nature, in addition there is a possible presence of
orientational contribution to the observed nonlinearity [23].

3.2. DFWM studies

The magnitude of y® was also determined using DFWM tech-
nique. The variation of DFWM signal with pump energy of CS; and
sample are shown in Fig. 5 where the solid line is the cubic fit to the
experimental data. The X(3) data of the sample was obtained by
comparing the DFWM signal of CS; and calculated using the
following equation [24],
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Fig. 2. Open aperture Z-scan of (a) sample in liquid form at the concentration of 2.5 x 104 mol/L and (b) sample in solid form at the concentration of 0.5 wt%. In (a) and (b) solid

line depicts theoretical fit.
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Table 1
Third-order nonlinear optical parameters of the sample in liquid form.

Concentrations (x 1074 mol/L)  Begr (M/W) x 107" Im % (esu) x 10713

og (cm?) x 10719

Gexe (€M?) x 1078 Ny (esu) x 107" Re % (esu) x 10713

25 11.574 1.741 8.827 3.626 —5.895 —6.221

5 17.052 2.565 5.698 4.683 —7.503 —-7.918

10 32.648 4912 5.442 5.824 —13.852 —14.618
Table 2

Third-order nonlinear optical parameters of the sample in solid form.

Dopant concentration (Wt%)  Berr (m/W) x 102 Im % (esu) x 10~

og (cm?) x 10717

Gexe (cmM?) x 1071 n, (esu) x 1072 Re %® (esu) x 10~1°

0.50 20.778 4574 9.643 4742 -11.408 -1.551

1.00 25.103 5.526 6.393 5.729 -13.727 -1.867

1.50 27.003 5.944 5.759 6.162 —~14.856 —2.020

2.00 38.884 8.560 4978 8.874 -20.324 —2.764
25 by the single beam Z-scan technique.

Results show that NLO properties of sample in solid form
=20 possess two orders of magnitude larger than that in sample in
S liquid form. This is due to the number molecules in solid form is
§,15 4 more than that in the liquid form, which creates large number of
= A absorbing centers [26].

: 10 The XG) values of the investigated complex are one order larger
£ A compare to the values obtained for thin films of metal-
@ g lophthalocyanine chlorides by A. Zawadzka et al. [27] and for
porphyrin nanorods obtained by N. Mongwaketsi [28]. The ob-

0 . . . tained values were also comparable with metallophthalocyanines

0 2 4 6 8 (MPcs, with M = Co, Cu, Zn, Mg) thin films obtained by B. Der-

1,(GW/cm?)

Fig. 3. Nonlinear absorption coefficient (Befr) vs. on-axis input intensity Ip of the
sample.

1/2 2
3) ) Isample Nsample lref
Xsamp le Xref Iref nref lsample

al
x e—al/2(1 — e-al)

where I, n, | and « are the DFWM signal intensity, refractive index,
length of the medium and linear absorption-coefficient respec-
tively. The ‘ref refers to CS,, the xg} is taken to be 4 x 10~ B esu [25]
and estimated ) value of the complex is 1.486 x 10~ esu. The
values of third order nonlinear optical susceptibility X(3) obtained
by the DFWM technique were consistent with the values obtained

kowska [29], ruthenium and iron metal complexes obtained by K.
lliopoulos et al. [30], bis-iminopyridine-tetrathiafulvalene
appended ligand obtained by K. Iliopoulos et al. [31] and also
comparable with values obtained for Azo-Based Iminopyridine
Ligand by Imen Guezguez [32]. The values of the complex were
also two orders less compared to the values obtained for metal-
lophthalocyanine thin films nanostructures obtained by A.
Zawadzka et al. [33].

The linear and nonlinear optical properties of the Ru (II) com-
plex with salophene ligand investigated here is a combination of
aliphatic and aromatic diimine bridges. The N,O, tetradentate
ligand with delocalized w-systems impart strong ligand fields
leading to almost square-planar geometries and low-spin ground
states for the metal complexes (for those that have more than one
spin ground state), inducing high degrees of covalence/delocaliza-
tion within the metal—ligand bonds. The presences of these elec-
tronic properties are important in the design of molecules with
high nonlinear optical properties. NLO responses can also be fine
tuned by the extending m-conjugation through metal [34,35].
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Fig. 4. Pure nonlinear refraction Z-scan of (a) sample in liquid form at the concentration of 2.5 x 10~ mol/L and (b) sample in solid form at the concentration of 0.5 wt%. Solid line

depicts theoretical fit.
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Fig. 5. DFWM signal of sample in liquid form at concentration of 1 x 103 mol/L. Inset
shows DFWM signal of CS,.

3.3. Optical power limiting studies

The large NLA in the sample leads to exhibit good power limiting
property is shown in Fig. 6. The output energies are clamped at ~34,
~24 and ~18 yJ at the concentrations of 2.5 x 1074, 5 x 10~* and
10 x 10~% mol/L respectively for sample in liquid form and for
sample in solid form the output energies are clamped at ~52, ~41,
~32 and 26 pJ at the concentrations of 0.5, 1.0, 1.5 and 2.0%
respectively. Thus, investigated sample would be a promising ma-
terial for making optical power limiting devices.

3.4. All-optical switching (AOS) studies

The all-optical switching behaviour of the sample is shown in
Fig. 7. The modulation of the probe was observed to be 23, 29 and
38% for pump-beam intensities of 5, 10 and 15 GW/cm?, respec-
tively. The higher probe modulation at higher intensity of pump
beam may be ascribed to the increase in the population of triplet
state [36]. The switching response times were in the range of a few
micro seconds. The relaxation of the triplet state to the ground state
is forbidden, resulting in slow switching time of the molecules [37].
In fact, the observed optical switching indicates that one can
fabricate an optical inverter or NOT gate.

4. Conclusions

In summary, the third-order nonlinear optical parameters of the
complex were extracted and compared using the Z-scan and
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Fig. 7. All-optical switching response of the sample with various pump intensities.

DFWM techniques at 532 nm with 7 ns pulses. The Z-scan results
shows that the complex exhibits negative nonlinear refractive in-
dex and reverse saturable absorption. The value of excited state
absorption cross-section, Gexc of the complex is larger than ground-
state absorption cross-section, og suggests that the nonlinear ab-
sorption occurs mainly due to RSA assisted process. The real and
imaginary parts of third-order nonlinear optical susceptibility x(3)
were of the order of 10~ esu which is comparable to the well NLO
materials belonging to the class of organometallics. The observed
nonlinearity is predominantly electronic in nature, in addition to
the possible presence of orientational contribution to the nonlin-
earity. The complex investigated here possess good optical power
limiting capability based reverse saturable absorption process
indicating the photo thermal stability of the complex which is
essential for use in protecting human eye and optical detectors. All-
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Fig. 6. Optical power limiting response of (a) sample in liquid form and (b) sample in solid form at various concentrations.
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optical switching performance indicates that the material can be
used to fabricate an optical inverter, hence the complex investi-
gated here is a potential material for fabricating optoelectronics
devices.
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