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The organic-inorganic hybrid salt: 1,1’-methylenedipyridinium pentacynidonitrosoferrate(II)pentahydrate is
synthesized and characterized by multinuclear NMR, IR, and UV-vis spectroscopies and elemental analysis.
The third order nonlinear optical properties of the new complex in an aqueous solution have been studied us-
ing Z-scan technique. Measurements were performed for input intensities (Io) of 437 and 241 W /cm? for the two
concentrations with a CW diode laser at 635 nm wavelength. The nonlinear optical absorption coefficient (3) and
nonlinear refraction (n2) are found at 1.28 x 107* em/W and 10.17 x 10~ em? /W, respectively. The overall results
suggested that better nonlinearity was observed at a higher concentration of sample. Our results suggest that this
material is considered as a promising candidate for future optical device applications.
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1. Introduction

Nonlinear optical (NLO) materials have been exten-
sively studied for their potential applications in the pro-
tection of human eyes and solid-state optical sensors from
high intensity laser beams [1-3]. A variety of organic ma-
terials have been investigated for NLO properties and
optical limiting, such as: organic molecules [4-6], or-
ganic dyes [7], metallophthalocyanine [8] and fullerenes
molecules and their derivatives [9, 10].

Special kind of m-conjugated organometallic complexes
has attracted attention as promising third-order NLO
materials [11-14]. These materials, which contain tran-
sition metal ions, exhibit new properties due to the rich-
ness of the various excited states present in the system
and the ability to tailor the metal-organic ligand interac-
tions. Furthermore, the delocalization of m-electron and
the transfer of electron between the metal atom and the
ligands make these complexes exhibit large third order
NLO coefficients.

The proposed Z-scan method by Sheik-Bahae
et al. [15, 16] was applied as a standard technique for
separate determination of the nonlinear changes in re-
fractive index and absorption. This method is sensi-
tive to all nonlinear optical mechanisms that give rise
to a change of the refractive index and absorption coef-
ficient. Although number of organo-metallic complexes
have been reported [17-22], using Z-scan technique, the
investigation of organic-inorganic hybrid salts is lim-
ited [23], especially to third order NLO properties.
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The aim of this article is to present the synthesis,
characterization, and investigation of the third-order
NLO properties of the novel organic-inorganic hybrid
salt: 1,1’-methylenedipyridinium pentacynidonitrosofer-
ate(Il)pentahydrate in aqueous solution using Z-scan
technique at 635 nm wavelength.

2. Experimental techniques

2.1. Materials and methods

All reactions and manipulations were carried out in
air with reagent grade solvents. [(C5HsN)2CHz|Cly-H2O
was prepared according to literature method [24].
Nay [Fe(CN)5;NOJ]-2H20 was purchased from Merck and
used as received. The Fourier transform infrared (FTIR)
spectrum was recorded on Thermo-Nicolet 6700 FTIR
spectrometer taken as KBr disc with a resolution of
4 em~!. 'H and ¥C{'H} nuclear magnetic resonance
(NMR) spectra were acquired on a Bruker Bio spin 400
spectrometer. Microanalysis was performed using EURO
EA. The ultraviolet-visible (UV-vis) absorption spectrum
was recorded in the wavelength range 250-600 nm using
UV-3101 PC Shimadzo spectrophotometer.

2.2. Synthesis of 1,1’ -methylenedipyridinium
pentacynidonitrosoferate(1l)pentahydrate

A solution of [(C5H5N)2CH21012H20 (040 g,
1.53 mmol) in HyO (3 ml) was added to a solution
of Nag[Fe(CN);NO]-2H20 (0.45 g, 1.53 mmol) in HyO
(3 ml) at room temperature and stirred for overnight.
The mixture was then left aside for two days to give
brown powder, which was separated, washed with EtoO
and dried to afford an earth brown powder (0.5 g, yield
70%, at melting point 200 °C starts to decompose.).
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2.8. Spectroscopic data
The spectroscopic NMR, data are the following;:

e 'H NMR (400 MHz, D50, 25°C): § = 7.34 (s, 2H,
CH,), 8.24 (m, 4H, Py), 8.76 (m, 2H, Py), 9.24 (m,
4H, Py).

o BC{1H} NMR: § = 80.91 (s, CH,), 132.56 (s, Py),
148.06 (s, Py), 152.87 (s, Py), 136.91 (cis-C=N),
134.69 (trans-C=N).

e IR(KBr): v em™!: 2146.1 (C=N), 1920.5 (NO).

o UV(H20): Amax(€) = 218.0 (1.014), 257.5 (0.642).

2.4. Analytical data
The analytical data are as follows:

(] ClGHQQNgogFe (48724), C 41.04 (calc.
H 5.20 (4.64); N 23.29 (23.43).

2.5. Z-scan measurements

40.18);

The Z-scan experimental setup was analogous to that
described in Refs. [6, 25]. The measurements were done
with linearly polarized TEMy, Gaussian beam of a CW
diode laser at maximum power of 26 mW (A = 635 nm).
The experimental parameters during the measurements
of the samples were used as follows: the laser beam is fo-
cused by a 10 cm focal length lens to a waist radius (wp)
of 33.5 pm at the focal point. The diffraction length (the
Rayleigh length) zo is 5.5 mm, the radius of the aperture
is r, = 0.5 mm and the radius of the laser beam waist
is Wy = 7 mm on the aperture at far field. The studied
samples were dissolved in water with two concentrations
of 5x 1073 M and 5 x 10~* M. The sample cell used in
this work is a 2 mm thick quartz cell and the cell was
held on an optical rail and translated across the focal
region along the axial direction that is in the direction
of the propagation of the laser beam. The power trans-
mitted through the sample is measured as a function of
the sample distance z from the waist plane of the Gaus-
sian beam. The transmission of the beam through an
aperture placed in the far field is measured with a power
meter (Thorlabs PM300E).

3. Results and discussion

8.1. NMR, FTIR, and UV-vis characterizations

The obtained product was purely isolated as an earth
brown powder and characterized by multi-nuclear NMR,
FTIR, UV-vis absorption spectra and elemental analysis
(see Sect. 2). The spectroscopic data are very informative
and quite consistent with the molecular structure of the
product (Fig. 1).

The FTIR spectrum (Fig. 2) shows the characteristic
band at 2146.3 cm~!, which is readily assigned to the
CN groups [26], while the distinctive absorption band
at 1920.5 ecm ™! is characteristic of Fe-NO group. Fur-
thermore, the relatively high absorption frequency of the
nitrosyl group (in the range 1650-1900 cm™!) indicates
that NO is coordinated to the Fe center in a linear ge-
ometry [27]. The 'H NMR spectrum shows the expected
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Fig. 1. Molecular structure of 1, 1’-methylenedipyridi-
nium pentacynidonitrosoferrate(II)pentahydrate.
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Fig. 2. FTIR spectrum of 1, 1’-methylenedipyridinium

pentacynidonitrosoferrate(II)pentahydrate (KBr disc).

four resonances for four different proton groups at 7.34
(singlet) representing the CHz while the three resonances
at 8.24, 8.76, and 9.24 ppm correspond to three environ-
mentally different proton groups of pyridine. The 'H
NMR, peaks are in their expected intensity ratio. The
BBC{1H} NMR spectrum gives six singlets for six envi-
ronmentally different C centers, three peaks at 132.56
(CHy), 148.06, and 152.87 ppm represent the C nuclei
of the pyridine rings, while two peaks at 134.69 and
136.91 ppm are observed for the two environmentally dif-
ferent CN groups. One (low intensity) CN group is in the
trans-position, while the second (high intensity) repre-
sents four C=N groups in the cis-positions to the nitrosyl
group of [Fe(CN);NO]. It is worth mentioning, except the
extra peaks associated with [Fe(CN);NO] moiety of the
product, its IR, 'H and *C{'H} NMR spectra have the
same features to their corresponding ones of the related
structurally characterized organic-inorganic hybrid salts
[(C5H5N)oCH,|[MCly| (M = Zn, Cd, Pt or Cu) [28-30].

The UV-vis absorption spectrum of the product
(Fig. 3) shows two maximum absorption peaks at
257.5(2.40) and 218.0(1.8) nm, which are readily at-
tributed to m — 7* transition within the 1, 1’-methylene-
dipyridinium dication and ligand-metal charge transfer
transitions (LMCT) and/or any d — d* transition of the
anionic fragment, respectively.

3.2. Nonlinear measurements

In the present investigation, Z-scan experiments were
performed in order to determine the nonlinear absorp-
tion coefficient 8 and the nonlinear refractive index ny of
the 1,1-methylenedipyridinium pentacynidonitrosofer-
ate(IT)pentahydrate in aqueous solution at two concen-
trations of 5x 1073 M and 5x 10~* M for input intensities
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Fig. 3. UV-vis spectrum of 1,1'-methylenedipyridi-

nium pentacynidonitrosoferrate(II)pentahydrate in wa-
ter.
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Fig. 4. Open-aperture Z-scan data of 1,1’-methyl-
enedipyridinium pentacynidonitrosoferrate(II)-
pentahydrate in water for input intensities of

(a) I = 437 W/cm? and (b) Iy = 241 W/cm? at
two concentrations of 5 x 107> M and 5 x 10™* M.

of Iy = 437 W/cm? and 241 W/cm? for the two concen-
trations.

The open-aperture and closed-aperture of the Z-scan
transmittance curves of the samples solutions were shown
in Figs. 4 and 5, respectively. In the open-aperture
Z-scan measurements (S = 1), when the sample is moved
from negative z to focus (z = 0), initially the laser beam
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Fig. 5. Closed-aperture Z-scan data of 1,1’-methyl-
enedipyridinium  pentacynidonitrosoferrate(II)penta-
hydrate in water for I = 437 W/cm? at concentration
of 5x 107% M.

intensity is low and the normalized transmittance is close
to one. When the samples move closer to the focus,
the laser beam intensity increases, leading to thermal-
lensing effect in the sample media. The transmittance
curves obtained are symmetric about focus for all sam-
ple concentrations, as shown in Fig. 4a,b. This char-
acteristic indicates that our sample exhibits thermal in-
duced nonlinearity due to the nonlinear absorption pro-
cesses [16, 31, 32]. The nonlinear absorption in such ma-
terials arises from multiphoton absorption processes.

Figure 5 shows the closed-aperture data of the 1,1’-
methylenedipyridinium  pentacynidonitrosoferrate(II)-
pentahydrate in aqueous solution at concentration of
5 x 1073 M. The experimental data show that 1,1'-
methylenedipyridinium  pentacynidonitrosoferrate(II)-
pentahydrate exhibits strong self-defocusing effect and
negative sign of ny (n2 < 0) as revealed in the obtained
peak-valley shaped curve. The self-defocusing effect
obtained in the studied sample is due to the local
variation of the refractive index with the temperature
(dn/dT), and is attributed to a thermal nonlinearity
resulting from the incident tightly focused CW laser
beam. The localized absorption of the laser beam
propagating through an absorbing solution medium
produces a spatial distribution of the temperature in
sample solution and, consequently, a spatial variation of
the refractive index that acts as a thermal lens results in
the phase distortion of the propagating beam [25, 33, 34].
The thermal effect has been discussed by Sheik-Bahae
et al. [15, 16, 35] in terms of temperature derivative of
the index of refraction (dn/dT) of the medium.

The laser beam induced nonlinear absorption and
nonlinear refraction change in Z-scan measurements.
The nonlinear absorption coefficient S can be obtained
from this open aperture Z-scan data by fitting the nor-
malized transmittance data to the open aperture formula
given as [15, 16] for go<1:
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Z (1)

= (m+ 1
where ¢o(z) is a parameter function of I,
qo(2) = IoLegB/(1 + 2%/ =3),

where Log = [1 — exp(—agL)]/ag is the effective thick-
ness of the sample, L is the thickness of the sample, aq
is the linear absorption coefficient.

Solving the summation (1) and for ap < 1:

T(z) =1 - IoLB/12**(1 + 2%/23)], (2)
where zg = mw3 /A is diffraction length of the beam, \ is
the laser wavelength, wy is the laser beam waist radius
at the focal point and I is the intensity of the laser
beam at focus z = 0. The solid lines in Fig. 4 are the
fitting curves using Eq. (2), while the symbols are for
the experimental data. The depth of the valley in open
aperture Z-scans (Fig. 4) should be changed linearly after
varying the intensity of the laser beam by nearly a factor
of 2 (Ip = 241 W /cm? and Iy = 437 W/cm?). But, at the
lower concentration of 5 x 1074 M and Iy = 241 W /cm?,
this did not follow the linear behavior.

To determine the sign and magnitude of nonlinear re-
fractive index nqy of the studied sample, the normalized
transmittance of closed aperture is given by [16, 35-37]:

4X
T(z,Ap) =1— (X2+9)(X2+1)A<po’ (3)

where X = z/z and Agy is on-axis nonlinear phase shift.
The normalized closed aperture Z-scan data are fitted
with Eq. (3) to obtain Agg values. The nonlinear refrac-
tive index ny is related to Apgy by Eq. (4):
AA
Sl @
T Lo Loeff
The variation between the normalized peak and valley
transmission Tj,_, as function of Ayy is given by
AT,_, = 0.406(1 — S)°2*| Ay, (5)
where S is the linear aperture transmittance S = 1 —
exp(—2r2/w?), r, is the radius of the aperture and w, is
radius of the laser beam waist.

Also, the nonlinear refractive index no of the studied
samples can be obtained experimentally from Fig. 5 by
measuring T,_, and using Egs. (4) and (5).

The calculated value of ne may have contributions of

Leg, and 3:

ng =

J
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distinct origins, such as electronic (n$) or thermal effects
(ni"). Hence, one can separate such contributions by the
relation [38]:

ny = ng +ni. (6)
The thermal nonlinearity no is related with the thermo-
optic coefficient dn/dT by the

dn\  4niPk .
(dT)  awp’ Q
where £ = 0.609 W/(m K) and wy are the thermal con-
ductivity and the radius of beam waist, respectively. All
the calculated values of the nsy, 8, and the thermo-optic
coefficient dn/dT of our samples have been estimated
and listed in Table I.

From the nonlinear refractive index n, and nonlinear
absorption coefficient 3, the real and imaginary parts of
the third-order nonlinear optical susceptibility (x3) were
calculated according to the following relations [15, 16]:

Rex?(esu) = (1074606271,(2)/71')712 [cm? /W], (8)

Imyx?(esu) = (10 2gpc?ng\/47%) B [cm/W], (9)
where ¢¢ is the vacuum permittivity and c is the speed
of light in vacuum.

Values of g and ng were measured for the studied sam-
ple and shown in Table II. Value of og was measured us-
ing a CW diode laser (A = 635 nm) at low incident power.
The output power varies linearly with incident power,
the transmittance obeyed the Beer law: [ = Ije~*0L,
where I, Iy, ag and L are the output power, the incident
power, the linear absorption coefficient, and the sample
path length, respectively. An Abbe refractometer is used
for measurement of the linear refractive index (ng).

TABLE II

The measured values of linear refractive in-
dex no and linear absorption coefficient ag of
1, 1’-methylenedipyridinium pentacynidonitroso-
ferrate(IT)pentahydrate in aqueous solution at two
concentrations of 5 x 1072 M and 5 x 10~% M.

Concentrations Qo [cmfl] no
5x 1072 M 0.67 1.3315
5x107* M 0.46 1.3339

TABLE I

The calculated nonlinear optical parameters of 1,1’-methylenedipyridinium pentacynido-
nitrosoferrate(Il)pentahydrate in aqueous solution for input intensities of Iy = 437 W/ cm?
and 241 W/cm? at two concentrations of 5 x 107* M and 5 x 10™*

. dn/dT Io na x 1077 | B x 1073 [ Re(x®) x 1077 | Im(x®) x 107°
C trat 3
ORECHERONS | WK1 | [W/em? | [em®/W] | [em/W] [esu] [esu]
32.9 437 10.17 1.28 4.57 2.91
-3
5x 107 M 241 64.8 20.03 1.87 9 4.25
5% 104 437 45.7 9.7 1.11 4.37 2.53
47.6 241 10.1 1.89 4.55 4.31
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Concentration dependence effect was investigated and
shown in Fig. 4. It is indicated that the nonlinear absorp-
tion coefficient (8) and nonlinear index of refraction (nz)
are functions of concentrations of the samples. It has
been found that the 8 and no values increase with an in-
crease in concentration of the samples (Table I). This may
be attributed to the fact that the number of molecules
participating increases with an increase in concentration
and more number of particles are thermally agitated, re-
sulting in an increase in third-order optical nonlinear-
ity [39]. From Table I it is clear that § and ny decrease
with an increase in the intensity which is produced as a
result of thermal nonlinear process [40]. This indicates
that the thermal effect becomes more prominent at lower
beam intensity.

The obtained values of 3, na, |[Rex®| and |Imy?| of the
studied samples were determined using the fitting curves
of the open/closed aperture measurements (Figs. 4 and 5)
and Egs. (1)-(7), and shown in Table I. The errors in
estimating these values (Table I) arise from the uncer-
tainties in the measuring of the focal spot size (+5%),
linear refractive index (4:0.3%), linear absorption coeffi-
cient (£5%) and the Rayleigh length (£4%). The maxi-
mum error in such measurements should be less than 5%
for each parameter.

The reported values of ny and 3 of the studied sample
in Table I can be compared with recently reported values
of no and ( of different nonlinear optical materials with
CW laser excitation [19, 41-44].

It can be seen that 1, 1’-methylenedipyridinium penta-
cynidonitrosoferrate(II)pentahydrate shows large third-
order nonlinear optical properties because of the delocal-
ized electronic states formed by the overlapping between
m — 7* and d orbitals [19, 44, 45].

The experiments were repeated for the pure solvent
to account for its contribution, but no significant mea-
surable signals were produced in either the opened or
the closed Z-scan traces. Also, it was found that the
time employed for recording the Z-scan data in each plot
does not affect the results for evaluating the nonlinear
coefficients.

4. Conclusion

Synthesis, spectroscopic characterization, and the
Z-scan measurements of 1,1’-methylenedipyridinium
pentacynidonitrosoferrate(II)pentahydrate, using a CW
diode laser at 635 nm wavelength have been presented.
Depending on the experimental results, values of «y,
no, n2, B, Rex?, Imx?, and the thermo-optic coefficient
dn/dT are calculated, and they are affected by the nature
of attached ligand. It can be concluded that the com-
bination of organic dication (with delocalized m-electron
system) and inorganic anion (with m-electron system and
d orbitals) in 1, 1’-methylenedipyridinium pentacynido-
nitrosoferrate(IT)pentahydrate gives good optical nonlin-
earity. The studied sample exhibits self-defocussing prop-
erty with a negative value of nonlinear refractive index.
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