Vol. 128 (2015)

ACTA PHYSICA POLONICA A

No.

Determination of Nonlinear Optical Properties
of MgO Nanoparticles Doped in Poly (Ether) Urethane

M. NADAFAN®, R. MALEKFAR®* AND Z. DEHGHANTI’
“Department of Physics, Tarbiat Modares University, P.O. Box 14115-175, Tehran, I.R. Iran
Faculty of Sciences, Department of Physics, University of Neyshabur, Neyshabur, I.R. Iran

(Received September 17, 2014; in final form May 10, 2015)

The third-order optical nonlinearities of poly (ether) urethane open cell (PEUOC)/MgO nanocomposites,
dissolved in dimethylformamide are characterized by Z-scan technique with CW Nd:YAG laser at its second
harmonic frequency of 532 nm with TEMO0O Gaussian profile. The synthesized samples are also characterized
by optical microscopy and scanning electron microscopy imaging. The nonlinear refractive indices and nonlinear
absorption coefficients of the synthesized samples are obtained in the order of 10™® cm?/W with negative sign and
107° cm/W, respectively. The origin of optical nonlinearity in this case may be attributed due to the presence of
strong saturable absorption effect. All the results suggest that the nonlinear coefficients of the synthesized samples
can be controlled by nanoparticles content into PEUOC. Furthermore, the results show that PEUOC/MgO may

be promising candidate for the application to optical limiting in the visible region.
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1. Introduction

In the last few decades, great efforts have been made
in the field of nonlinear optics (NLO) and it has been de-
veloped as a promising area of research with wide range
of potential applications [1-5]. There is considerable in-
terest in finding materials having large yet fast nonlin-
earities. This interest, that is driven primarily by the
search for materials for all-optical switching and sensor
protection applications, concerns both nonlinear absorp-
tion (NLA) and nonlinear refraction (NLR) [6].

Among these, organic polymeric materials have advan-
tages with considering their easy modified structures, the
ability of converting them into thin films, their high laser
damage thresholds, faster response time and others [7].
However, inorganic materials such as different nanopar-
ticles play a crucial role in determining their linear and
nonlinear optical properties through their surfaces, such
as emission behavior and third-order optical nonlineari-
ties [8]. The latest interests attribute to design new nano-
material systems with improved performances such as
polymer nanocomposites because of including both char-
acteristics of organic-inorganic properties.

In the present work, we will evaluate the effects of
MgO nanoparticles (NPs) in PEUOC matrix by consid-
ering its optical properties such as optical microscopy
imaging and scanning electron microscopy (SEM) imag-
ing. Furthermore, we will investigate on the third-order
nonlinear optical properties of PEUOC/MgO nanocom-
posites by using the closed-aperture (CA) and open-
aperture (OA) Z-scan techniques with the Nd:YAG laser
at a 532 nm wavelength with continuous-wave (CW).
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2. Materials

Magnesium oxide (98+%, S-type, 20 nm, polyhedral)
were purchased from US Research Nanomaterials, Inc.
The PU foam material was composed of two commer-
cially reactants: component A and component B in the
form of liquid kindly supplied by Exxon Panah Co., Iran
(SROC: semi rigid open cell polyurethane foam) without
any commercial filler. The polyisocyanate employed was
diphenylmethane diisocyanate (MDI, p =1.23 g cm—3)
as component A. Component B consists of polyol (based
on polyether,p = 1.1 g cm™3), blowing agent, catalyst,
and surfactant. Polyether polyols are extensively used for
producing various polyurethanes, such as flexible, semi-
flexible, and rigid foams [9]. Water is chosen as blowing
agent.

3. Samples preparation

3.1. Preparation of blank PEUOC

The one-step system is currently used in the PEUOC
foam fabrication [10]. For blank PU foam, two compo-
nents mixed at a 1:1 ratio at 2000 rpm for about 10 s in an
open cylindrical mould at room temperature. No heating
was necessary. The polymerization reaction then takes
place and simultaneously foaming begins due to CO- gas
generation.

3.2. Preparation of PEUOC/MgO

Three different weight percentages of MgO NPs (1.0,
1.5 and 2.0 wt.%) were dissolved into polyol component
solution individually using MS2 Minishaker IKA (Ger-
many) for 20 s with 3000 rpm in an open cylindrical
mould at room temperature until a homogenized solution
was reached. Then MDI part was added to the solution
by doing vortex at 2000 rpm for 10 s. As discussed [10],
the preparation of foams is a simultaneous occurrence of
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polymer formation and gas generation. For a well pre-
pared sample and producing CO5 gas during reaction
time, the cover of the container of PEUOC/MgO was
taken off. After 10-12 s reaction was ended by formation
of foams in the samples. The ratio of polyol:MDI was
1 (2 ml):1 (2 ml) in all the synthesized samples. The pro-
cedure for fabricating PEUOC/MgO was similar to the
procedure mentioned above. For the analysis purposes
the samples were kept in the stream of the liquid nitrogen
gas and then were cut in the slices with 1 mm diameter.

@
O
oy
@
£
o
[72]
Q
<
O —
250 300 350 400
Wavelength (nm)
Fig. 1. UV-VIS absorption spectra of the PEU foams

with MgO NPs content of (a) 0.0 wt.%, (b) 1.0 wt.%,
(c) 1.5 wt.%, and (d) 2.0 wt.%.

The linear absorption spectra for all the compounds
were obtained using UV-VIS spectrophotometer (PG In-
strument UV-Visible system, model T80+) are shown
in Fig. 1. The optical absorption spectrum has been
recorded from 100 to 600 nm for blank PEUOC
and PEUOC/MgO nanocomposites dissolved in N,N-
dimethylformamide (DMF).

4. Results and discussion

In this section, the PU foams characterizations are
studied and discussed via optical and SEM micrographs,
and measurement of nonlinear optical properties via
Z-scan technique results.

4.1. Optical micrographs

In order to determine the cell size of PEUOC/MgO
foams and observing its microstructure, optical micro-
scope is used. For this aim, thin layers of the synthe-
sized samples were cut with a sharp razor blade into cir-
cular slices with 10 mm diameter and 1 mm thickness.
The freeze-fractured surfaces of all the synthesized sam-
ples were obtained at liquid nitrogen temperature and
then were examined. Optical micrographs were taken
using an optical microscope (Nikon; TE 2000-S) in trans-
mission mode with 40x magnification. All optical micro-
graphs were provided from the surface perpendicular to
the foaming direction.

Fig. 2. Optical micrographs of the PEU foams with
MgO NPs content of (a) 0.0 wt.%, (b) 1.0 wt.%,
(c) 1.5 wt.%, and (d) 2.0 wt.%.

Figure 2 shows the transmission optical microscopy im-
ages of PEUOC including MgO NPs. Accordingly, by
adding NPs in blank PEUOC the mean cell sizes in the
matrix have been changed since PEUOC/MgO nanocom-
posites have smaller cell size in comparison with blank
PEUOC. Figure 2a—d shows that the mean cell size of
the foams decreases on the addition of MgO NPs from
0.0 wt.% up to 2.0 wt.%.

4.2. SEM analysis

Resulting samples are analyzed under a FESEM in dif-
ferent magnifications. Images are provided under a FE-
SEM Hitachi (Japan) s4160 model using 30 kV acceler-
ating voltage after coating the samples with a thin layer
of gold. All foam pictures are taken perpendicular to the
foam rising direction.

SEM
(a) 0.0 wt.%,
(d) 2.0 wt.% MgO NPs.

PEU foams with
(¢) 1.5 wt.%, and

Fig. 3. images of the

(b) 1.0 wt.%,

The synthesized samples are analyzed under a FESEM
in different magnifications. Figure 3 clearly reveals dif-
ferences between PEUOC nanocomposites in the case of
different loadings of NPs in macroscopic view. By in-
creasing MgO NPs contents from 0.0 wt.% to 1.0 wt.%
into PEUOC matrix, the cell sizes of the synthesized sam-
ples have decreased but by increasing MgO NPs contents
from 1.0 wt.% to 2.0 wt.% into polymer matrix the cell
sizes of the synthesized samples have increased.

Here, only the SEM images of nanocomposite foams
with MgO NPs contents of 2.0 wt.% is shown in Fig. 4.
The cell struts reveals that the PEUOC/MgO nanocom-
posite foams have microporous skeleton. As it is seen
in Fig. 4a—e, close inspection (with 100x, 300x, 1kx,
6kx, and 30k x magnifications, respectively) of the strut
cross-section shape in the cell structure of PEUOC foams
that is concave equilateral triangular cross-section [10].
The presence of the microvoids can be explained in terms
of the chemical reactivity of NPs with the isocyanate
monomer [11]. Presence of NPs in a microvoid of foams
gives evidence of the mentioned claim.
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Fig. 4. SEM images of PEU nanocomposite loaded
with 2.0 wt.% MgO NPs with different magnification,
(a) 100x, (b) 300x, (c) 1kx, (d) 6kx, and (e) 30kx to
show micro voids.

According to Fig. 4e, MgO NPs in the struts of foam
skeleton are pulling out of the fracture surface to form
interconnecting bridge structures between polymer/NPs
interfaces, facilitating a load transfer mechanism for
MgO NPs reinforcement of polymers [12].

4.8. Z-scan setup

The experimental setup for the Z-scan experiment is
shown in Fig. 5. An incident laser beam from a CW
Nd:YAG laser at its second harmonic frequency of 532 nm
with TEMyy Gaussian profile which is propagating and
focused by a lens (f = 5 cm) illuminating the sample.
The radius of the beam waist wgy was determined by edge
scan method as 37 pum.

Lens Sample Aperture
|
- |
Laser : Detector
1
|
—
CZE 7
Fig. 5. Experimental setup for the close aperture

Z-scan technique.

The sample is moved along the z axis in the vicinity
of the focal plane of lens (the +z direction is the laser
propagation direction) [13]. The transmitted intensity is
collected and recorded by a photodiode detector.

4.8.1. Z-scan theories on nonlinear process
Dependent intensity on the NLR and NLA are ex-
pressed by the equations

n(I) = ng + nal, (4.1)
2o (4.2)

al) = 1+1/1°
where ng is the linear refractive index, ny is the NLR in-
dex, aq is the linear absorption coefficient, I is the inten-
sity of the laser beam and I is the saturation intensity,

respectively. In the case of I/I; < 1, Eq. (4.2) turns to
a(I) = ap+ A1 in which § is the NLA coefficient [14-17].

Z-scan is a simple but sensitive single-beam method
for determining both of the magnitude and sign of NLR
index, ny, and NLA coefficient, 3, of a given material by
close and open aperture, respectively [18].

In this technique, a polarized Gaussian laser beam is
focused on a narrow waist. The samples moved along
z-direction through the beam focus (z = 0), self-
focusing (positive) or self-defocusing (negative) modifies
the wave front phase, thereby modifying the detected
beam intensity [14].

For the close aperture condition the normalized trans-
mission is given by [18-20]:

AT,y = 0.406(1 — 5)%2*(27m /A\)nolo Leg, (4.3)
where AT,_, is the difference between the normal-
ized peak transmittance and valley transmittance,
S is the aperture’s linear transmittance, L.g =
[1 — exp(—alL)] /a is the effective thickness of the sam-
ple, Iy = 2P, /mw? is the incident intensity at focal point
that is 2493.7 W/ cm? and Py, is the laser power that is
55 mW in this work [5, 19, 20]. The linear absorption,
« in low incident powers can be found from the following
equation [17, 21]:

o= 1lnp
L Py

The values of « for different compositional percentages
of MgO NPs in PEUOC are listed in Table.

(4.4)

TABLE

Z-scan data and calculated values of nonlinear optical
properties of synthesized samples.

ne x 1078[8 x 107°
[cm®/W] | [em/W]
blank PEUOQC 0.1106 | 0.99449 [0.032268| 0.292568 | 2.48
PEUOC/1%MgO [0.975522| 0.49771 | 0.05686 | 0.525561 8.9
PEUOC/1.5%Mg0|0.978462|0.437063 [0.083702| 0.771339 | 11.2
PEUOC/2%MgO [0.986388| 0.27474 [0.192634| 1.760913 | 17.2

Sample [ [cm’l] Legs[mm]| AT

In open aperture, it can be seen that aperture was
replaced by a lens to collect all the light into power meter
detector. The normalized transmittance of a nonlinear
medium for open aperture z-scan is a function of 3 is
given by

Thorm (2) = In(1 + qo(2,t))/q0(2, 1), (4.5)
where qo(2,t) = BloLeg/(1 + 2%/23), 20 = kw3 /2 is the
diffraction length of the beam, and k = 27/ is the wave
vector [18-20].

4.8.2. Close and open aperture Z-scan result

According to typical preparation procedure for Z-scan
method, blank PEUOC and PEUOC/MgO nanocompos-
ites have been dissolved into DMF, separately, since the
solutions with 0.1 M were achieved. The samples were
placed in a 1 mm thick quartz cell. In Z-scan experi-
ment, the sample was moved forward or backward along
the direction of the laser beam around the focus. The CA
(S = 0.32) scheme allowed to determine both of the sign
and the magnitude of n.
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Fig. 6. Close aperture Z-scan experimental curves of
PEUOC/MgO nanocomposite.

Close aperture Z-scan results of PEUOC/MgO. Fig-
ure 6 shows pure closed Z-scan data of different compo-
sitional percentages of MgO NPs in blank PEUOC. As it
can be seen in the normalized curves of CA Z-scan exists
a pair of peak and deep valley which can be identified as a
self-defocusing material [19]. Since the valley comes after
the peak of the transmittance, the sign of the refractive
nonlinearity of all foams are negative that it shows self-
defocusing effect of the synthesized samples. The order of
NLR indices coefficients are 1078 ¢m? /W with negative
sign that were obtained from Eq. (4.3) and is tabulated
in Table.

The optical nonlinearity of aqua samples applied with
CW laser beam is usually contributed to thermo-optical
(thermal) effect. However, because of using the CW laser
it is expectable that we detect thermal effects in the sam-
ples. Furthermore, by considering related research, it is
more probability that thermal effect occurs for linear ab-
sorption which it is about 1 ¢cm™! [20]. This estimate
confirms the theoretical and general estimate which made
by other researchers [21-25].

Open aperture Z-scan results of PEUOC/MgO. 1t is
seen that the OA transmittance is symmetric with re-
spect to the focus (z = 0), where has a maximum trans-
mittance. Figure 7 shows the OA Z-scan curves obtained
for all synthesized samples. The values of 5 (cm/W) can
be obtained from Eq. (4.5).

The NLA coefficients of the synthesized samples were
obtained from OA Z-scan in the order of 107° (cm/W)
with positive sign that shows the presence of strong sat-
urable absorption (SA) [25]. It is clear that by adding
MgO NPs into polymer matrix, the amount of £ has in-
creased. As a result, by adding NPs into blank PEUOC
from 1.0 wt.% to 2.0 wt.% the NLR indices and the NLA
coefficients of synthesized samples increased gradually.
By adding MgO NPs into blank PEUOC, the polarity of
system will be increased that tends to rising of the NLO
properties.

1.024 v v T T
blank PUOC 1wt % Mgo

1.0164

1.008

1.0004 ____.A______‘ 1.

1.024 T T T T - T T T
2wt. % Mgo - 1.5 wt. % MgO

1.0164

1.008

Normalized Transmittance Normalized Transmittance

15 0 5 0 5 10 15 -0 -5 0 5 10 15
Z(mm) Z(mm)
Fig. 7. Open aperture Z-scan experimental curves of

PEUOC/MgO nanocomposites (normalized transmit-
tance versus distance of focal length).

By controlling the optimum ratio of MgO into PEUOC,
it can be suggested as a promising and helpful candidate
for applications in real optical systems by controlling the
amount of NPs the nonlinear coefficients of samples can
be adjusted. All the results of nonlinear absorption are
calculated and displayed in Table.

5. Conclusions

PEUOC hybrids prepared by using in situ polymer-
ization method with MgO NPs at loading fractions from
0.0 wt.% to 2.0 wt.% NPs. The third-order optical non-
linearities of PEUOC/MgO nanocomposites, dissolved in
DMF are characterized by Z-scan technique with CW
Nd:YAG laser at its second harmonic frequency of 532 nm
as a light source. The new compounds exhibit good op-
tical limiting properties at the wavelength used. The re-
sults conclude that it is promising candidate for the fu-
ture optical device applications. The following results
can be pointed:

e By evaluating optical micrographs of the synthe-
sized foams, it is observed that the cell sizes of the
samples have decreased by adding NPs into blank
PEUOC.

e Considering SEM imaging, by increasing MgO NPs
contents from 0.0 wt.% to 1.0 wt.% into PEUOC
matrix, the cell sizes of the synthesized samples
have decreased but by increasing MgO NPs con-
tents from 1.0 wt.% to 2.0 wt.% into polymer ma-
trix the cell sizes of the synthesized samples have
increased.

e The nonlinear refractive index of the samples
was obtained from CA Z-scan in the order of
1078 (¢cm? /W) with negative sign. By adding NPS
into polymer matrix, the nonlinear refractive index
has increased.
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The nonlinear absorption coefficients of the sam-
ples were obtained from OA Z-scan in the order of
10—5 (em?/W) with positive sign. By adding NPs
into polymer matrix, the amount of § is increased.
The origin of 5 is the presence of strong saturable
absorption (SA) effect.
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