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HIGHLIGHTS

® Transmittance to visible light of transparent nanocellular polymethylmethacrylate was measured.

® Samples with a cell size 14 nm and a relative density of 0.46 can present transmittances as high as 0.94.

® A theoretical model predicting the transmittance to visible light of nanocellular polymers has been developed.

® Rayleigh scattering is main mechanisms of light transmission in transparent nanocellular polymethylmethacrylate.
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In this work, the optical properties of transparent nanocellular polymethylmethacrylate (PMMA) have been
studied, experimental and theoretically. Transmittance measurements of samples presenting different cell sizes
(14, 24, 39 and 225 nm) and a constant relative density of around 0.45 have been carried out obtaining values as
high as 0.94 for the sample with the smaller cell size and a thickness of 0.05 mm. In addition, the light absorption

coefficient has been measured as a function of cell size and wavelength. It has been found that the transmittance
has a strong dependence with the wavelength, presenting these transparent materials Rayleigh scattering. On the
other hand, the transmission of visible light through these nanocellular materials has been modelled for the first
time. The developed model reproduces with good accuracy the trends observed in the experimental results and
provides remarkable insights into the physics mechanisms controlling the optical behavior of these materials.

1. Introduction

Nanocellular polymers are nowadays the spotlight of numerous
studies in the field of cellular materials science. This is due to the fact
that it has been proved recently that they present new and improved
properties in comparison with those presented by conventional or micro
cellular materials [1]. Nanocellular polymers have the expected ad-
vantages of cellular materials, such as weight reduction and therefore
the possibility of saving raw materials [2], excellent stiffness and
strength to weight ratio and in addition some improved properties due
to their reduced cell size such as a reduced thermal conductivity and a
very high surface to volume ratio [3,4]. Besides, nanocellular polymers
can present characteristics utterly unknown to date in the cellular
polymers field. One of these new characteristics recently discovered is
that nanocellular polymers can present a transparent character [5]. All
these properties make nanocellular polymers materials with a high
potential because they can combine properties never seen together
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before, being possible to use them in new sectors and possibly in still
unknown applications. Some possible applications have been proposed
in previous papers such as the possibility of producing super-insulating
windows, combining the transparent character of the material and its
low thermal conductivity [6]. Additionally, transparent nanocellular
polymers could also be used to replace transparent solid polymer films
used in many applications, such as the protective layer of electronic
device screens, photo frames or in medical applications such as contact
lenses. By using a transparent nanocellular polymer instead of a solid
film, it would be possible to save in raw material cost and weight due to
their reduced density.

In our previous work [5], some transparent nanocellular PMMA
samples were produced for the first time using the gas dissolution
foaming technique. This goal was accomplished by reaching a very high
CO, solubility in the material. The increase in solubility was obtained
by means of reducing up to —32°C the saturation temperature. With
this temperature and by changing the saturation pressures from 6 to
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20 MPa, samples with cell sizes from 14 nm to 39 nm were obtained and
its transparency was demonstrated using optical images. However, al-
though it has been proved that the production of this type of materials
is achievable, as far as the authors know, there is only one precedent in
which the optical properties of these materials is reported. S. Pérez-
Tamarit et al. published the transmittance of a single sample with a cell
size of 25nm and 1 mm of thickness [7]. In addition, the modelling of
the optical behavior of nanocellular polymers has not been previously
reported.

In this work, a detailed characterization of the optical transmittance
of a collection of transparent nanocellular PMMA with different cell
sizes and thickness is provided, together with a theoretical model that
describes the interaction of visible light with this type of nanocellular
material.

2. Materials and methods
2.1. Materials

Pellets of polymethylmethacrylate V825T (PMMA) were supplied by
ALTUGLAS® International (Colombes, France). The material presents a
density of p =1.19 g/cm® (measured at 23°C and 50% relative hu-
midity) a glass transition temperature of T, = 114.5° (measured by
DSC) and a molecular weight M,, = 43 kg/mol and M,, = 83 kg/mol.

Medical grade CO» (99.9% purity) was used as the blowing agent for
the foaming experiments.

2.2. Samples preparation

Solid sheets of PMMA were first produced from the initial pellets by
using a hot plate press. Pellets were heated at 250 °C for 9 min, then the
material was pressed under a constant pressure of 35MPa for an ad-
ditional minute. Lastly, sheets were cooled down at room temperature
under the same pressure. Samples of 75 X 75 x 4mm® were obtained
and then cut to the desired dimensions (30 x 30 x 4mm?) for the
foaming experiments.

Gas dissolution foaming process [8] has been used to produce
transparent nanocellular PMMA [9]. These foaming tests were carried
out in a pressure vessel (model PARR 4760) provided by Parr Instru-
ment Company (Moline, IL, USA) placed inside a freezer that allows
reaching temperatures from —15°C to —32 °C. Moreover, the pressure
system comprises a pump (model SFT-10) supplied by Supercritical
Fluid Technologies Inc. (Neward, DE, USA). After saturation, samples
were foamed in thermal baths (J.P. Selecta Model 600685, Grupo Se-
lecta, Barcelona, Spain).

The processing parameters of the gas dissolution process were
chosen according to a previous work [5] with the main objective of
obtaining cellular materials with cell sizes below 50 nm and relatives
densities around 0.4. Saturation temperature was —32°C for all the
experiments, while three different saturation pressures were used (6, 10
and 20 MPa). Saturation time was 15 days [10] in order to ensure the
complete saturation of the samples. After the complete saturation, the
pressure was released at a ratio of 10, 31 and 75 MPa/s respectively
(the pressure versus time curves and the way to obtain the pressure
drop rate is provided in the supporting information (Fig. S1). Foaming
parameters were 40 °C for the foaming temperature and 2 min for the
foaming time. The time between the release of the pressure in the vessel
and the foaming of the samples was 1 min in all experiments.

Moreover, a sample with a cell size closer to the wavelength of
visible light (around 200 nm) has been produced and used as a re-
ference. A pressure vessel (model PARR 4681) provided by Parr
Instrument Company (Moline, IL, USA) was used for this purpose.
Process parameters were chosen in order to obtain the desired cell size
and relative density, taking into account a previous work [11]. The
process parameters were 30 MPa and 25 °C as saturation parameters
and 40°C, 1lmin as foaming parameters. In this case, the
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depressurization rate was 100 MPa/s and the desorption time was
3 min.

Finally, thin plane-parallel sheets were obtained from the foamed
samples with a precision cutting machine (Mod.1000 IsoMet).
Homogenous and uniform samples of various thicknesses (from 0.05 to
1mm) and sizes of 3 x 3cm? were obtained for the transmittance
measurements. The surface quality of all the samples were comparable,
because all of them were produced using the same method. SEM images
of the surface quality of the samples have been include in the sup-
porting information (Fig. S3).

2.3. Characterization techniques

2.3.1. Density

The density of the solid PMMA (p;) was determined with a gas
pycnometer (Mod. AccuPyc II 1340, Micromeritics, Norcross, GA, USA).
For the density of cellular materials (o;), a density determination kit for
an AT261 Mettler-Toledo balance was used, the relative density was
determined with the water displacement method, based on Archimedes’
principle. Before performing this measurement, the solid skins of the
samples were removed (more than 200 um on each side). The density of
the thin slices used for the optical measurements were the same of that
of the bulk sample without solid skins. Relative density (o,) is defined as

follows: (o, = py/p)-

2.3.2. Scanning electron microscopy

Cellular structure was visualized with an ESEM Scanning Electron
Microscope (QUANTA 200 FEG, Hillsboro, OR, USA). In order to obtain
these images, samples were first cooled in liquid nitrogen to preserve
the original cellular structure in the fracture. Then, they were coated
with gold by using a sputter coater (model SDC 005, Balzers Union,
Balzers, Liechtenstein). In order to characterize the cellular structure, a
software based on ImageJ/FIJI [12] was used. The cell nucleation
density (Nop) was determined using the Kumar's theoretical method
[13], while the cell size distribution and the average cell size (¢) was
determined by averaging the size of more than 200 cells. Moreover, the
standard deviation of the cell size distribution (SD) was determined and
finally the parameter SD/¢ was calculated. This parameter allows
evaluating the homogeneity of each cell size distribution.

2.3.3. X-ray radiography

In order to ensure that the thin sheets of nanocellular materials
under study are free of defects, X-ray radiographs were taken by using a
home-made-X-ray imaging equipment with 3 um of spatial resolution
[14].

2.3.4. Transmittance measurements

Transmittance measurements were carried out to determine the
transparency of the cellular materials. Transmittance (T = I/I,) is de-
fined as the ratio between the transmitted intensity reaching the de-
tector (I) and the incident one (I,). The transmittance of the cellular
materials (T.) were normalized by the transmittance of the solid PMMA
(T;) (this value is around 0.95 for every thickness and wavelength), so
the experimental values of transmittance given in this work are defined
asT = T./T,.

The device for these transmittance measurements consists of three
different lasers (blue: 450 nm, green: 532 nm and red: 650 nm, 10 mW)
acting as light sources, and a photodiode joined to an integrating sphere
with a 12.5 mm window (PRW0505, Gigahertz-Optik) connected to a
photometer (X94, Gigahertz- Optik) working as light detector. Samples
are placed directly in the window of the integrating sphere to collect all
the light scattered by the samples. The laser-detector distance was
30 mm fixing the size of the laser beam at the surface of the sample
(2 mm).
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2.3.5. UV-VIS

The dependence of the transmittance with the wavelength was
measured using an ultraviolet spectrometer (UV-2102 PC, Shimadzu),
that allows measuring the transmittance for wavelengths in the range
from 400nm to 800 nm. The experiments were performed with an
aperture of the slit of 1 nm. The spectrometer was used in the energy
mode in order to amplify the signal by a factor of 2. Solid PMMA and
nanocellular materials were measured. The energy measured when
solid PMMA was used as sample was taken as the incident energy while
the measured with the nanocellular samples was considered as the
transmitted energy, being the transmittance the ratio between both
measurements. Samples were placed as near as possible to the detector,
but because of the set-up in this equipment there exists a distance be-
tween the sample and the detector (around 2 cm), so the transmittance
values measured in this equipment cannot be taken as absolute, because
some of the transmitted light does not reach the detector. Due to this
fact, these measurements were only used to evaluate the effect of wa-
velength on the transmittance.

2.3.6. Modeling

Light transmission process through nanocellular materials has been
modeled. The primary objective of this modeling has been calculating
the transmittance theoretically. The commercial software COMSOL
Multiphysics has been used for the modeling purposes.

First of all, nanocellular PMMA has been modeled; samples are si-
mulated as an infinite plane film. This is performed by starting with a
parallelepiped which length in the x-direction has been considered the
thickness of the sample. Then, symmetry conditions are applied in the y
and z directions to simulate the infinite plane sample and to maintain
the computational cost at a minimum. Nanocellular materials have
been modeled as biphasic materials formed by a solid matrix of PMMA
(introducing the data of the refractive index (n = 1.49) and the di-
electric constant (¢ =2.22) of the material, given by the manufacturer)
and a second air phase formed by the cells.

As it can be seen in Fig. 1 a, cells have been represented by spheres
with fec packaging (because together with the hexagonal packaging this
is the more compact one). The pore size is homogeneous and can be
selected as required, the density of the sample is also tuneable by
compacting the packing of spheres, but because of a geometric limita-
tion there exists a minimum relative density of around 0.26, below of
which the cell wall disappears, and cells join together. The mesh
(Fig. 1b) is defined to be smaller than a tenth of the used wavelength
and smaller than the selected cell size, to ensure enough resolution in
the calculations. Once the main parameters of the material are selected
(thickness, density, and cell size) an automatically generated tetra-
hedral mesh, for both the solid matrix and pores, was created. This
mesh creates more elements in the interfaces between the pores and the
solid PMMA, and less in the homogeneous phases, air or solid. This
allows reaching a higher resolution with the minimum computational
cost.

In order to study the interaction of light with these cellular
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structures, the module of COMSOL Multiphysics Electromagnetic Waves
in Frequency Domain was used. This module solves the Maxwell
equations for the propagation of light of a fixed wavelength, travelling
in the x-direction of the nanocellular polymer. One face of the sample
was homogeneously illuminated (Fig. 1c¢) by a linearly polarized plane
wave of the selected wavelength and with 1 W of power.

Then, the light intensity on the opposite face is calculated, thus
obtaining the transmittance. As it can be seen in Fig. 1. ¢, due to the
scattering of light in the medium, the intensity of the electromagnetic
wave has been reduced in the area under analysis.

When this process is carried out for materials with different cell
sizes and a fixed density and thickness, a curve like that represented in
Fig. 2 a (raw T) is obtained. This curve has been corrected in order to
obtain a realistic transmittance (curve weighted T in Fig. 2. a.).

To obtain raw T, it has been considered that samples present a
uniform cell size (Fig. 1), which means that all cells in the sample have
the same size. This idea is not representing a real cellular material,
because they all have a cell size distribution. Moreover, using materials
with homogeneous cell sizes leads to resonances. As it can be seen in
Fig. 2. a., there are some peaks in the curve raw T appearing as a result
of the coupling of the wavelength with the pore size and the sample
length. To solve this artifact, samples with a real cell size distribution
must be considered. Cell size distributions of the samples produced
experimentally in this work are known, these distributions have been
fitted to an asymmetric Gaussian distribution (Equation (1)), where u
and v are the width of each side of the distribution, ¢ is the cell size and
¢ is the average cell size. Then, by adjusting the parameters u and v
with the known distributions, it has been possible to obtain the cell size
distribution for each mean cell size (the results of these fitting are
shown in the supporting information, Fig. S5).

_a? }
exp—% when ¢ < ¢

_a? ;
exp—% when ¢ > ¢ a

Finally, a convolution between raw T (T3) and the cell size dis-
tributions has been calculated to obatin the weighted curve T (T3).

This convolution is explained in Fig. 3. If the cell size distribution is
known, the solution can be obtained using a superposition of the con-
tribution of each cell size. Cells with a size ®1 and a transmittance T1
will contribute proportionally to the number of these cells that are
present in the cellular material. It means they contribute with their
relative frequency f1. This is the same for each cell size so if we know
the transmittance for each cell size the transmittance of the whole
material can be obtained as the addition of each transmittance multi-

plied by its contribution, it means multiplied by the relative frequency.

It means that for a given mean cell size, the transmittance has been
calculated by using Equation (2). Where f¢ are the normalized relative
frequency of the cell size and Ty is the computed transmittance for each
cell size.

Fig. 1. a) Nanocellular material simulation. b) Meshing of the material. ¢) Representation of the electromagnetic field.
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Fig. 2. a) Raw transmittance and Weighted transmittance as a function of the cell size. 2.b) Cell size distributions calculated for different mean cell sizes.
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On the other hand, the scattering behaviour of one single cell has
been studied. In this case, the model is formed by an infinite bulk
PMMA with a single spherical pore at the origin. The model is sur-
rounded by a spherical Perfectly Matched Layers to avoid secondary
reflections on the boundaries. The sample is then illuminated by a
532 nm plane wave traveling in the x-direction and polarized along the
z-axis. Once the scattering problem is solved, the far-field output is
studied to understand the scattering behaviour as a function of the pore
diameter.

3. Results
3.1. Cellular structure

As it was presented in our previous works [5,11] the use of 30 MPa
and 25°C as saturation conditions lead to solubilities around 31%,
while the use of low saturation temperatures (— 32 °C) allows reaching
solubilities of CO, as high as 48%. This results in a change in the cell
size from 200 nm when the saturation temperature is 25 °C to cell sizes
below 50 nm when saturation temperature is below zero. In this work,
in order to produce materials with different cell sizes, three different
saturation pressures were used, (6, 10 and 20 MPa), while fixing the

=~ 1.0x10' 4

T soxo’] f4

0.0

¢1 4’2 ¢3 ¢n

Transmittance

fiT1 ¥ f2T2 % f3T3 ¢

Fig. 3. Explanation of how the transmittance for a given cell size is combined with the cell size distributions.
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Table 1

Cell nucleation density, cell size and SD/® for the produced samples.
Saturation conditions Relative No (nuclei/ Cell size (@) SD/¢

density cm®) (nm)

30 MPa 25°C 0.47 1.810™ 213 0.45
6MPa —32°C 0.47 7.7-10*° 39 0.35
10 MPa —32°C 0.46 1.210% 24 0.28
20MPa —32°C 0.46 4.010'® 14 0.22

saturation temperature at — 32 °C. Afterward, all samples were foamed
at 40 °C for 2 min. All these process conditions lead to samples with the
characteristics shown in Table 1. SEM images can be found in the
supplementary information (Fig. S2).

As it can be seen, samples with a similar relative density (between
0.46 and 0.47) but different cellular structures have been obtained by
using the previously described conditions. Thus, samples with cell sizes
from 213 nm to 14 nm and with cell nucleation densities from 1.8:10'*
nuclei/cm® to 4.0-10'° nuclei/cm?® respectively are available for the
transmittance experiments. It is also important to notice the change in
the parameter SD/¢ indicating the width of the cell size distribution. It
is noticed that as cell size becomes smaller, the cell size distribution
becomes clearly narrower.

1.0
0.94
0.8
0.74
0.6
0.5+
0.4
0.3
0.2
0.14
0.0

——FEMT

Ty T, T,

+ fnTn — Tweight
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Fig. 4. X-Ray radiography of different samples.

3.2. X-ray radiographs

Radiographies of all samples were taken to select homogeneous
samples free of defects for the characterization of the optical properties.
Fig. 4 shows some examples. Samples a) and b) are completely homo-
geneous while ¢) has some defects and d) has zones with different
opacity (i.e., different density and/or thickness). Samples behaving as
samples c¢) and d) were not used in the optical measurements, taking
into account only those samples showing radiographies similar to those
of samples a) or b).

3.3. Transmittance

3.3.1. Cell size dependence

In this section, the results obtained using the green laser (532 nm)
are presented and discussed. The resulted trends with the red and blue
lasers were similar. (see supporting information).

Table 2 shows the transmittance results for samples with different
cell sizes and thickness. The change between cellular PMMA with
225 nm of cell size and those with cell sizes below 50 nm is evident.
While the first sample is almost opaque to green light, showing a
transmittance near zero even for a thickness as low as 0.05 mm, the
values for the rest of the samples are significantly higher. In particular,
at low thickness, some of the samples present values higher than 0.90.

In addition, the change between the three samples with less than
50 nm is remarkable. Sample with a mean cell size of 14 nm reach va-
lues of transmittance as high as 0.94 with 0.05 mm of thickness, while
for the 39 nm sample this value is reduced down to 0.88. In addition,
when the thickness increases up to 1 mm transmittance values become
smaller, but not at all negligible. For the 14 nm sample, the transmit-
tance is still 0.5 for 1 mm in thickness, which is a high value in com-
parison with the one presented by the sample with a cell size of 225 nm.

According to scattering theories, the maximum particle size for the
light to pass through is one-tenth of the wavelength [15]. This means
that for a wavelength of 532 nm the maximum cell size for the sample
to be transparent is around 50 nm. This is in accordance with the
showed results, where only samples below 50 nm have a significant
transmittance. Moreover, the cell size distribution needs to be con-
sidered to understand the results, the sample with a cell size of 39 nm
has a broader cell size distribution than the sample with a cell size of
14 nm, that means that in the sample with a higher mean cell size there

Table 2
Transmittance of samples with different cell size and thickness for a wavelength
of 532 nm.

Cell Thickness Thickness Thickness Thickness Thickness
size 0.05mm 0.1 mm 0.2mm 0.5mm 1mm
(nm)

225 0.09 0.06 0.04 0.02 0.01

39 0.88 0.81 0.74 0.53 0.36

24 0.92 0.85 0.84 0.56 0.41

14 0.94 0.92 0.83 0.66 0.48
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are some cells with sizes higher than 50 nm that are reducing the total
transmittance.

In conclusion, to maximize the transmittance of the cellular mate-
rials, it is essential to minimize the cell size as well as narrowing the cell
size distribution.

3.3.2. Dependence of the transmittance with the thickness

By representing Ln(T) as a function of the thickness Fig. 5, it can be
seen that the relationship between the transmittance and the thickness
() of the sample follow an exponential behaviour:

3

where u is a coefficient that can be related with the light that it not
passing through the material.

The obtained results for a wavelength of 532 nm are presented in
Fig. 5, from which it can be deduced that transmittance has an ex-
ponential behaviour with the thickness in all the samples under study. It
means that the p coefficient can be then obtained from the slope of the
curve of each material, being possible to determine the value of
transmittance for any thickness. Moreover, large differences between
the samples have been obtained, showing that u increases as cell size
becomes higher (Fig. 5b). In accordance with what has been discussed
so far, this fact shows that as cell size increases, less light can pass
through the sample. The results for the other wavelengths followed the
same trends and have been included in the supporting information (Fig.
S4).

T=eH

3.3.3. Wavelength dependence

The effect of the light wavelength on the transmittance of the
samples was studied in the samples of 0.2 mm in thickness by means of
a UV-VIS spectrometer. A continuous transmittance curve from 400 nm
to 800 nm of wavelength was obtained. Fig. 4 shows the results for the
samples with cell sizes smaller than 50 nm. The results for the sample
with a cell size of 225nm are not given because of the very small
transmittance of these samples that made impossible detecting light by
the UV-VIS equipment used in this research.

As it can be seen in Fig. 6 a, the wavelength has a strong effect on
the transmittance of the samples; small wavelengths are less likely to
travel through the samples than the higher ones. It means the red light
goes across the cellular material easily than blue light. This effect has
been previously observed in transparent silica aerogels [16], and these
materials are similar to the nanocellular PMMA produced in this work
as far as cell size and transparency of the base material are concerned.
This strong wavelength dependence was attributed to Rayleigh scat-
tering in previous works studying this effect in aerogels [16-19].
Rayleigh scattering occurs when the light interacts with objects smaller
than about a tenth of the wavelength. The intensity of the scattered
light depends, according to Rayleigh law, on 174, and the transmittance
can be calculated according to Equation (4) [20]:

Bl

T =Ae 2* @

Where A and B are constants. The Ln(T) as a function of [/A* has been
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Fig. 5. a) Exponential fitting for the experimental results for a wavelength of 532 nm b) Absorption coefficient as a function of cell size for a wavelength of 532 nm.

presented in Fig. 6b. As it can be observed, straight lines are obtained
which means that the nanocellular PMMA samples with cell sizes below
50 nm present Rayleigh scattering as it was previously demonstrated for
silica aerogels.

3.4. Modeling

3.4.1. Cell size dependence

The transmittance as a function of the cell size has been modelled
for cell sizes from 5 to 250 nm. This modeling has been carried out for a
relative density of 0.47 and by fixing a sample thickness of 1.22 pm.
This sample thickness has been chosen because it is the maximum that
can be solved with the necessary precision and affordable computation
times. So as to obtain the transmittance for different thicknesses
Equation (5), derived from Equation (3), was used. Where T is the
calculated transmittance for an initial thickness [, and T is the trans-
mittance for a new thickness .

T
T =T (5)
This equation allows obtaining the transmittance for any thickness
from the calculated data. The results obtained for four different thick-
nesses (from 0.1 to 1 mm) and for a wavelength of 532 nm are shown in
Fig. 7 b The tendency with the cell size is clear: below 50nm the
transmittance is high, while when this value of cell size becomes higher,
the transmittance sharply decreases up to reach O for cells between 125
and 200 nm depending of the sample thickness.
1.0

a
0'9

0.8
0.7
0.6

Transmittance

——14 nm
24 nm
—39nm

600 700

Wavelength (nm)

500 800

Ln (T)

The experimental results are compared with the results from the
modelling in Fig. 6. b. The results show that both, experimental and
theoretical data, clearly fit and show the same trends, which demon-
strates that the proposed model can predict the transmittance values.

Also, using Comsol Multiphysics, a representation of the special
distribution of the modulus of the electric field can be obtained for
samples with different cell sizes (Fig. 7a). The results for a sample with
a cell size of 225 nm and a sample with a cell size of 39 nm are included
in this figure. Differences between samples are clear, scale bars of the
intensity of the electric field (V/m) are shown in the figure, these values
cannot be taken as absolutes because they should be compared with the
initial intensity, but they can be used qualitatively.

When the pore size is small enough, the electromagnetic field is
allowed to travel through the cells, and the intensity inside the cells and
in the solid phase is similar. It seems that the electromagnetic field is
traveling in a continuous way through the material and the scattering
due to the presence of the cells is negligible. While when the pore size is
larger than 100 nm, the electromagnetic field cannot enter the cells, the
electromagnetic field is only traveling through solid PMMA, and the
scattering is much higher.

3.4.2. Wavelength dependence

In order to study the variation of the transmittance with the wa-
velength, samples with a relative density of 0.47 and different cell sizes
have been modelled, by varying the wavelength from 400 to 800 nm.
When this modeling was carried out resonances like those shown in the
previous section were observed. To overcome this problem, samples

3.0 1

4.0

3.5

2.5 -
2.0 1
1.5 1

1.0 4

—— 14 nm
24 nm
——39 nm

0.5 -

0.0 4

0.0 0.1

T " T

T
0.2 0.3 0.4

/A" (em/pm’)

Fig. 6. a) Transmittance as a function of the wavelength for the three samples with cells sizes smaller than 50 nm. b) Linearization of equation (4) to observe the 1~*

dependence.
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Fig. 7. a) Spatial Distribution of electrical field modulus for 39 nm and 225 nm samples (wavelength of 532 nm). b) Theoretical and Experimental transmittance as a

function of cell size (wavelength of 532 nm).

with different lengths from 1 pm to 1.4 pm (in steps of 0.05 um) were
considered to eliminate the resonances and then an average of the
transmittance was calculated. The refractive index and dielectric con-
stants were considered here as constants because the minimum change
they have in the range under study did not introduce any change in the
transmittance values.

Fig. 8 shows both a graph transmittance vs. wavelength and images
showing the electric field distribution for a sample of cell size 39 nm
and 0.1 mm in thickness. Obtained results verify what it was observed
in the experimental section, there exists a strong dependence of the
transmittance with the light wavelength. As it can be seen, the elec-
tromagnetic field is not allowed to enter the cells, suffering a strong
scattering along the sample when using an incident light of 400 nm.
However, this effect is not observed with the 800 nm light. In this case,
light travels from cell to cell and scattering is not discernible. This re-
sults in a much higher transmittance at higher wavelengths than at
smaller ones.

0.86

0.84
7]
9
g v
£ 082 =
=
7]
=1
S
= 0.80 -

- —a— Theorical
Experimental
0'78 T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Fig. 8. Theoretical and experimental results of the transmittance as a function
of wavelength together with two images showing the electric field modulus.
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In addition, these data have also been compared with the experi-
mental ones. In this section, the experimental data obtained by means
of the three different lasers are used. As it is observed in Fig. 8, the
model reproduces the behaviour experimentally obtained, validating
once again the proposed model.

To fully understand the physics behind the obtained results, an
additional simulation was carried out. A unique air cell surrounded by
PMMA was modeled and then illuminated with linearly polarized light
with a traveling in the x-direction and polarized in the z-direction of a
wavelength of 532 nm, then the behaviour of light depending on the
cell size was studied. Fig. 9. a shows a far-field diagram, i.e., a polar
plot of the intensity of the radiation field, that is, the light scattered by
the system in each direction. In the diagram, 0° corresponds to the light
scattered in the forward direction (x-positive-axis) while 180° corre-
sponds to backscattered light. Large differences between cell sizes are
appreciable; on the one hand, the amount of scattered light decreases
abruptly when cell size becomes smaller, on the other hand, the scat-
tering mechanism is also different for different cell sizes.

These differences result in visible effects when the light passes
through real samples (Fig. 9b). The results shown in Fig. 9 reinforce the
discussion above; when a cell is clearly smaller than the wavelength,
the cell acts as an electric dipole for the electromagnetic field, as it can
be seen two lobes appear in the far-field diagram, which is the typical
behaviour of a dipole. This effect is known as the Rayleigh effect.
Moreover, the amount of scattered light is very small in comparison
with higher pores. This leads to a real transparent sample that when the
light illuminates allow most of the light passing through it and the small
amount that it is Rayleigh-scattered make the sample to acquire a bluish
tone while the light passing through becomes red (this is due to the
strong dependence of wavelength of this type of scattering). When
pores start to be larger but still comparable to the wavelength Mie
scattering takes part, the pore acts then like a dipole deformed in the
forward direction. In addition, the amount of scattered light is very high
resulting in an opaque sample (Fig. 9b).

4. Conclusions

Transparent nanocellular PMMA with cell sizes from 14nm to
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Fig. 9. a) Far-field diagram of a unique pore surrounded by PMMA illuminated with light with a wavelength of 532 nm. b) optical images of the transmission of light

through real samples with the same relative density and different cell sizes.

39nm and relative densities around 0.47 have been optically char-
acterized. The transmittance of these materials has been compared with
the one of an opaque sample with a cell size of 225 nm. It has been
found that while the 225 nm sample presents values of transmittance
near zero for all the used thickness, transmittances as high as 0.94 are
achievable when the cell size is 14 nm, and the thickness of the sample
is 0.05 mm. Moreover, this sample is able to maintain a transmittance
near 0.5 when the thickness of the sample is 1 mm. On the other hand,
the dependence on the wavelength was determined to be 1™, pre-
senting these transparent materials Rayleigh scattering.

All this has been theoretically modelled; the model was able to
predict the trends showed by the experimental results. The presence of
Rayleigh scattering has also been predicted by this model. Therefore,
we can conclude that for the first time, a theoretical model allows
understanding the mechanisms taking place in the transmission of
visible light in nanocellular polymers. This model allows calculating the
transmittance for any cell size, thickness, and density and for any
visible wavelength.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.polymer.2019.03.010.
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