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Optical nonlinearity investigations of the
Tetracarbonyl(2,2’-bipyridyl)tungsten(0) using z-scan

technique
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A CW diode laser (A= 635 nm, 26 mW) has been used in the z-scan experiment to evaluate the 3" nonlinear optical
parameters of tetracarbonyl(2,2'-bipyridyl)tungsten(0) in CHCIs at two different concentrations. The results indicated that the
nonlinear parameters; such as the nonlinear absorption () and nonlinear refractive index (nz) increase with more
concentrated solution. Also, the nonlinear parameter (B) values decrease with increase in input intensity (Ip). The new
tungsten complex may be considered for future optical applications.
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1. Introduction

Organometallic materials with large nonlinear optical
susceptibility (y’) have considerable attentions due to their
potential applications in various optoelectronic devices,
such as human eyes and optical sensors protection from
high power laser beams [1-3]. Such important applications
have encouraged the scientists to find new organometallic
complexes to serve as passive optical modulator for
potential optical applications. Recently, there are a number
of new optical limiting materials that exhibited nonlinear
optical effect. The delocalization of & -electrons and the
transfer of electrons between the metal center and the
ligands make the organometallic complexes exhibit large
third NLO effects.

The popular z-scan technique [4-5] is considered to be
effective tools for determining the 3™ nonlinear optical
coefficients for different nonlinear optical materials,
including organic molecules [6-8], organic dyes [9],
fullerenes molecules [10-11], and organometallic
complexes [12-23].

To explore the nonlinear optical properties of
organometallic complexes, very recently, we have reported the
nonlinear optical absorptions of tetracarbonyl (2,2"-
bipyridyl)molybdenum(0) [24], 1,1’-Methylenedipyridinium
tetrachloridocuprate(Il) [25] and tris(2',2-bipyridyl)iron(II)
tetrafluoroborate [26]. In this article, the well-known method
“z-scan” was utilized to estimate the nonlinear optical
parameters of the tetracarbonyl(2,2’-bipyridyl)tungsten(0)
complex. Our objective is to find the figures of merit of the
nonlinear parameter of the tungsten(0) complex. This presents
a strong indication to use such tungsten(0) complex in the field
of nonlinear optical application.

2. Experimental

Tetracarbonyl(2,2’-bipyridyl)tungsten(0) is prepared
according to literature method that described in the
reference [27]. The hexacarbonyltungsten(0) and 2,2’-
bipyridine purchased from (MERCK) and used as
received. Fig. 1 depicts the structure of
Tetracarbonyl(2,2’-bipyridyl)tungsten(0). =~ The  Ultra-
Violet-Visible spectrum of the sample was recorded
between the 230 and 800 nm using UV-3101 PC
Shimadzu Spectrophotometer and is depicted in Fig. 2.
The broad absorption bands between 230 and 310 nm can
be assigned to the m—bands of the pyridyl subunit. This 7-
band is also called the conjugation band as its position and
intensity was reported to reflect the extent of conjugation
in the bipyridyl core [28].

The experimental set-up was described with full
details in ref. [6]. The measurements were done with
linearly polarized TEMOO Gaussian beam of a CW Diode
laser (A = 635nm). The experimental parameters were used
as follow: the beam of the CW laser was focused by a 10
cm focal length lens to a waist radius (w,) of 34um at the
focal point. The diffraction length (Rayleigh length) z, is
5.71 mm, the radius of the aperture (r,) was 0.5 mm and
the radius of the beam waist (m,) was lmm on the
aperture. The errors in the present measurements (Table
2) arise from the uncertainties in the measuring of the
focal spot size (+5%), linear refractive index (+0.3%),
linear absorption coefficient (+£5%) and Rayleigh length
(+4%). The maximum error in such measurements should
be less than 5% for each parameter. The studied samples
were prepared with two concentrations of 5x10* M and
1x10*M. The sample cell was 2 mm thick which fixed on
translational stage, and moved across the focal region
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along the direction of the propagation of the laser beam.
Both the transmitted and reference laser beams were
measured with optical detector (ThorlabsPM300E).
Consequently, the transmitted signals were acquired,
stored, and later on processed by a computer.
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Fig. 1. The structure of tetracarbonyl(2,2 -bipyridyl)tungsten(0)
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Fig. 2. UV-vis spectrum of tetracarbonyl(2,2 -
bipyridyl)tungsten(0)

3. Results and discussion

The obtained UV-Vis spectrum of tetracarbonyl(2,2’-
bipyridyl) tungsten(0) is quite informative (Fig. 2),
exhibiting four distinctive maximum absorption peaks at
250.5, 300.5, 356 and 503. 5nm. The remarkable shift of
absorption peaks for the organometallic complex toward
longer wavelengths (visible region) comparing to the
parent ligand 2,2’-bipyridyl and W(CO)s fragment gives
strong indication that the energy “AE” between the
appropriate highest occupied (HOMO) and lowest
unoccupied molecular orbitals (LUMO) of the complex is
effectively decreased. As a result of the complex
formation [W(CO)4(2,2°-bpy)], the two rings of W-
coordinated bidentate 2,2’-bipyridyl ligand are forced to
be relatively coplanar, which enhances the conjugation of
the delocalized m-electron system (7—7* transition is very
considerably shifted to lower energy) and also

significantly reduces energy difference for d—d transition
and metal-ligand charge transfer (MLCT) transitions.

In the present investigation, z-scan technique was
employed to extract the two parameters n, and  of
tetracarbonyl(2,2’-bipyridyl)tungsten(0) in chloroform
solution at an input intensity of )= 826 W/cm?.

Fig. 3 displays the open aperture z-scan experimental
results obtained of the tetracarbonyl(2,2’-
bipyridyl)tungsten(0) in CHCl; at two different
concentrations of 5x10* M and 1x10* M. The curves
show the characteristic of reverse saturable absorption
(RSA), because at higher input intensity “Iy” the
transmittance at focus (z=0) will decrease [3-7]. The
nonlinear RSA processes in organic compounds with
extended n- electrons system have been explained on the
bases of the classical five - level model [29-30].

The B coefficient was evaluated from a best fitting
performed on the open-aperture (OA) data using Equation
1 [4-5]:

T(z)= z (-4,) . (1
" (m+1)?
For qo<1, Where qq (z) is a parameter function of Iy, L.
and B:
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Solving the summation and for 0y<<l;
T(z)=1- 4(;10 Lf:ff 1‘2)

[27(+55)]

“ 3)

In the above equations (1-3), L¢i = (1- exp (-agL))/ay
is the effective thickness of the sample, L is the thickness
of the sample, oy is the linear absorption coefficient, zy =
no>/A is diffraction length of the beam, A is the laser
wavelength, and = 826W/cm? is the intensity focus of the
beam (z = 0). The solid lines (Fig. 3) are the fitting curves
while the symbols are the experimental data.

It can be extract from Fig. 4 that the nonlinear
absorption coefficient  decreases with increase in the
input intensity I, which it means the nonlinearity is the
result of TPA and ESA assisted RSA [31]. The ground-
state absorption cross section (c,) and the excited-state
absorption cross section (o) were calculated according to
similar method [26]. Their values were listed in Table 2.
The resulting values (c.>> o,) confirmed that the
nonlinearity here was mostly associated with RSA.

Fig. 5 shows the pure nonlinear refraction curves of
the tetracarbonyl(2,2’-bipyridyl)tungsten(0) in CHCI; at
two different concentrations of 5x10* and 1x10™M,
obtained by division method [8].

To evaluate the nonlinear phase shift at the focus, Ady,
fitting procedure was applied to the data (the symbols in
Fig. 5) using Equation 4 [4-5]:
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Where is X = (Z/Zy), and T is the normalized
transmittance. After that, the nonlinear refractive index n,
coefficient can be estimated from equation 5 [4-5]:

A0,

27l Lejf 5)

n,

The real and imaginary parts of the ’ are related to
the experimental measurements of n, and B through the
below relations [4-5]:

Re %° (esu) = (107 goc”n*/m) ny (cm?/w) (6)
Imy? (esu) = (107 goc’ng™ VA7) B (cm/w) — (7)

Where ¢ and g, are the speed of light and vacuum
permittivity, respectively.

Both values of a, and ny were evaluated by described
method in ref. [8] and shown in Table 1. All the obtained
values of the nonlinear optical parameters such as : n,, 3,
IRe % |and [Im %’| in this work are listed in Table 2.

The peak-valley configuration (Fig. 5) indicates that
the tetracarbonyl(2,2’-bipyridyl)tungsten(0) exhibiting
self-defocusing effect and negative sign of n,. The origin
of the self-defocusing effect rose from the absorption of
the CW beam, which propagates through an absorbing
medium. The variation of the n, led to form a thermal lens
[32, 33]. The calculated value of n, may have
contributions of distinct origins, such as electronic (n%,) or
thermal effects (n",), this can be shown by the relation: n,
=n° + n™,. The thermal and electronic nonlinearities will
have similar effects in z-scan measurements (nonlinear
refractive index mnp) but their underlying physical
mechanisms are completely different. In the thermal
component the sample absorbs incident light, heats up and
the index of refraction of the medium is modified due to
the increase of temperature. But, in the -electronic
component the incident light induces nonlinear electronic
polarization of the medium and the index of refraction is
modified due to the direct interaction of the
electromagnetic wave with electrons in the sample. In the
electronic component (n%) the effect can be described in
terms of the third order optical susceptibility Re [y’|.

Concentration dependence effect was investigated
(Figs. 3 and 5). It is indicated that the B and the n,
parameters are related to the sample concentrations. Both
values of B and n, increase with more concentrations of the
samples. This means that higher concentration; more
particles are thermally agitated, resulting enhancement of
the thermal nonlinearity [31].

As a CW laser employed in this work, the thermal
effect arises from the predominantly non-radiative
relaxation of the upper states, which causes a local
temperature rise and thus, the thermal n, change through
the thermo-optic coefficient [ dn j [2, 34].

dT

4n,x

2
OyW o

(d"j _
dr ©

where K is the thermal conductivity of the solvent. Using

Equation (8), the thermo-optic coefficient [ dn_ j of

dT
tetracarbonyl(2,2’-bipyridyl)tungsten(0) with two
concentrations of 5x10™* and 1x10™*M have been estimated
and listed in Table 2.

The experiments were repeated for the pure solvent to
find any contribution, but no significantly measurable
signals were produced in either the opened/closed data.
Also, it was found that the time employed for recording
the z-scan data in each plot did not affect the results for
evaluating the nonlinear coefficients.

The calculated values of n, and f in this work (Table
2) can be compared with other values of n, and B of
different materials reported [19, 35-39]. It can be seen that
tetracarbonyl(2,2’-bipyridyl)tungsten(0) shows large 3™
nonlinear optical properties because of the delocalized
electronic states formed by the overlapping between
n—7* and d orbitals [19,40].
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Fig. 3. Open—aperture z-scan data of 5x107 M and
Ix10™ M of tetracarbonyl(2,2 -bipyridyl)tungsten(0) in
CHCl;. Solid lines depict the fitting curves
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Fig. 4. Nonlinear absorption coefficient f versus the input
intensity 1, of tetracarbonyl (2,2 -bipyridyl)tungsten(0) in CHCI;
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Fig. 5. Pure nonlinear refraction data of 5x107 M and 1x107* M of tetracarbonyl(2,2 -bipyridyl)tungsten(0)
in CHCI;. Solid lines depict the fitting curves

Table 1. The measured values of linear refractive index ny and linear absorption coefficient a0 of 5x107* M
and 1x10* M concentrations of tetracarbonyl(2,2 -bipyridyl)tungsten(0)

Concentration (m/l) g 1y
(ecm™)
5x 10 0.77 1.449
1x10* 0.47 1.448

Table 2. The calculated nonlinear parameters of 5x107* M and 1x10* M concentrations of
tetracarbonyl(2,2’-bipyridyl)tungsten(0) solutions

Concentration B ny oy - . dn Re(y) Im ()
(m/) (cm/W) | (cm¥W) (cm?) (cm?) (1'?5) (esu) (esu)
5x10* 6.89x10* | 1.36x107 2.56x10"% | 5.53x107* 1.74x10™ | 7.24x10°® 1.85x10°
1 x10™* 6.11x10* | 049 x107 | 1.56x10" | 8.04x10™ 1.03x10" | 2.63x10°° 1.64x107

4. Conclusion Acknowledgements

In summary, we have demonstrated the z-scan
experiment of the organometallic complex
tetracarbonyl(2,2’-bipyridyl)tungsten(0), using a CW
diode Laser at 635 nm wavelength. According to the
experimental results, the values of ay, ng, n,, B, Re| x3|, and
Im|y’ | are estimated, and they are affected by the nature of
attached ligand. As expected, in the organometallic
complex tetracarbonyl(2,2’-bipyridyl)tungsten(0), the
combination of the organic fragment 2,2’-bipyridyl (with
delocalized m-electrons system) and the inorganic part
W(CO), (with d orbitals and n-electrons system) led to a
relatively characteristic optical nonlinearity property.

We appreciate help of Prof. I. Othman, Prof. A. H. Al-
Rayyes and Prof. M. K. Sabra.
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