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Abstract

The use of supercritical CO, (ScCO,) has been established as a standard
technique to produce micro- and nanocellular polymers with controlled morphologies
and cell sizes between 500 nm and several microns. However, overcoming the gap
between micro and nanocellular polymers implies the use of long saturation times (up
to several days) and low temperatures (below 0 °C) combined with high saturation
pressures (above 30 MPa). This work presents a different approach to obtain
microporous  poly(methyl methacrylate) (PMMA) structures with controlled
morphologies using a physical procedure employing ionic liquids that are mixed in
solution with PMMA. The ionic liquid can produce interesting fine microporous
materials simply by being removed with distilled water. The work compares the two
fabrication methods previously mentioned to critically analyze the benefits and
drawbacks of each preparation route. The aew method in this paper opens the
possibility to obtain microporous polymers by employing ionic liquids, thus reducing the
time of processing, avoiding specific foaming equipment and broadening the
applicability of crosslinked and semi crystalline polymers. Low velocity tensile test
results are also presented to point out the improvement in the mechanical parameters
of microporous films obtained from ionic liquids compared to those of films foamed

using ScCO,.

Keywords: ionic liquid; ScCO,; microporous film; PMMA



1. Introduction

The production of micro- and nanocellular materials, specifically polymeric foams, has
gained special interest in the last ten years due to their combination of low weight along
with low thermal conductivity, acoustical isolation and high energy absorption [1,2].
Considering the polymeric materials, the classical production route to obtain micro and
nanocellular morphologies uses the well-known supercritical CO, (ScCO,) batch
foaming process, which has been deeply described in the literature since the early
1990s [3,4]. In a single-step process, foaming occurs in a steel reactor in which the
dense polymeric sample is placed. Then, after saturating the polymer with CO, above
the critical point (31 °C and 73 bar) for a variable period of time (from several hours up
to one week), the reactor is quickly depressurized and produces a two-phase material
(polymer foam). Following this route, different amorphous polymers and blends can be
foamed, such as PMMA or polystyrene (PS), by taking advantage of the good solubility
of CO, in most amorphous polymers [5]. Cell sizes in the range of 1 micron and
densities of approximately 0.3 g/cm® can be obtained after the optimization of the
foaming parameters (saturation pressure, temperature, time and depressurization rate)
[6,7]. Although the use of ScCO, as a foaming agent presents great benefits compared
to other chemical foaming methods (CO, is an inert gas, inexpensive and its critical
conditions can be easily reached), it also has some limitations: it requires special
equipment, the foamability of semicrystalline polymers is low and saturation times are
usually long (from several hours up to days). Moreover, foaming parameters are
directly related to the density reduction and the final morphology of the polymer foam;
thus, a very accurate process control is needed to obtain specific microcellular

polymers.

Among all the amorphous polymers, the foamability of PMMA under ScCO, has been
widely analyzed due to it having several advantages; thus, PMMA is a commodity
polymer with high CO, affinity and good mechanical and thermal properties. Recently,
different works have reported the production of low-density materials with nanocellular
morphologies, thus increasing their research interest [8,9]. On the other hand, there are
some difficulties to note: first, reducing the cell size down to the nanometer scale
usually implies the addition of a block copolymer, such as poly(methyl methacrylate)-
poly(butyl acrylate)-poly(methyl methacrylate) (MAM), to a PMMA matrix [10] and
second, due to the diffusion mechanism of CO, during the depressurization process,

samples present a solid outer skin that must be mechanically removed to characterize



the intrinsic properties of the pore structure, for example, compression or tensile tests
[11].

One of the most important difficulties to overcome is the low CO, affinity in engineering
polymers, such as aromatic polyamides (aramids). In this sense, different approaches
have been employed to improve both CO, absorption and foaming capability. One of
these approaches is focused on the use of ionic liquids (ILs) due to their good
compatibility combined with their enhancement of CO, absorption [12,13]. Our group
recently developed a very promising technique in which commercial aramid films based
on poly(m-phenylene isophthalamide) (MPIA) were effectively foamed through the
ScCO, batch foaming process using ionic liquids (ILs) (1-allyl-3-methylimidazolium
chloride) to nucleate and retain the CO, molecules [14]. We surprisingly observed that
porous aramids could be fabricated by removing the IL in distilled water (avoiding the
use of ScCO,) [15], which simplified the mechanism to obtain porous structures and
had not been previously reported in the literature [16]. This technique is similar to the
salt leaching process, in which porous networks are created and optimized employing
different salts (NaCl, NaHCOg3, etc.) and then eliminated after removal in distilled water.
The salt leaching procedure has been successfully applied to produce
polycaprolactone scaffolds composites [17,18] and porous biodegradable materials
based on poly(L-lactic-co-glycolic acid) for biomedical applications [19]. In our case, the
ionic liquid acts as a water-soluble phase, replacing the employed salt that is

eliminated during the leaching process.

Following this idea, we extend our previous work to amorphous polymers, fabricating
microporous PMMA films using ILs. Due to the good foamability of PMMA under
ScCO,, we compare the characteristics of porous films obtained from these two
methods: the classical ScCO, foaming process and by fabricating polymer films with
different proportions of IL using a simple cast process that is followed by the removal of
the IL in distilled water. At the end, we will outline the main advantages of our process,
such as simplicity, low processing times, the possibility of producing microporous
structures in semicrystalline polymers and the avoidance of special equipment required
for the ScCO, foaming process. Additionally, a full characterization of the materials
obtained from both routes will be carried out, including cellular morphology, thermal

properties, AFM-RAMAN tests and mechanical behavior.

Experimental part

1.1 Materials



The ionic liquid (IL) used was 1-allyl-3-methylimidazolium chloride (= 97 %) (Sigma-
Aldrich, used as received), and N,N-dimethylacetamide (DMAc, Aldrich, > 99 %, used

as received).

Two commercial PMMA powders (M,, = 120,000 and 350,000 number average weight
molar mass) were purchased from Sigma-Aldrich and used as received. PMMA with a
lower molecular mass was designated PMMA-1, and PMMA with a higher molecular
mass was named PMMA-2. The density values of the PMMA powders were 1.16 g/cm?®
for PMMA-1 and 1.17 g/cm?® for PMMA-2.

2.2 Characterization methods

Cellular structural determination of the microporous polymeric films was carried out in
with scanning electron microscopy (SEM) using a model FEI Quanta 600. Films were
frozen in liquid nitrogen, fractured and gold coated in vacuum to assure the electrical
conductivity of the films. Cellular structural characterization determining the average
bubble radius R and average cell density from SEM images was measured using
ImageJ® software and consisted of counting the number of bubbles in each image n;

and its radius R; [20]. The average radius was calculated by means of Equation 1.

N
Yi=1NiR;

N
Zi=1 ni

R =

(1)

7 where N represents the bubble count. Three different SEM images were analyzed
from each material, and the data was averaged. The estimation of the cell density N

was calculated using the Kumar’s approximation, as shown in Equation 2.

)

7 where n is the number of cells in the image and A is the area of the image. The

description of the calculation method can be found in our previous work [21].



Density was determined from the dimensions and weight of the samples. In solid
samples, thickness was determined directly using a digital micrometer, whereas in
microporous films, thickness was measured from SEM images taken in the cross-

section section to analyze the expansion rate.

Differential scanning calorimetry (DSC) was performed to evaluate the thermal
transitions of the materials. Tests were carried out following a five-step cyclic
procedure. First, after 5 min of stabilization at 30 °C, films were cooled down to -80 °C
at 15 °C/min. Then, the samples were stabilized for 5 min at -80 °C and heated to 200
°C to erase the thermal history. Then, a second cooling run down at -80 °C was carried
out at 5 °C/min. Then, samples were again heated to 200 °C at 15 °C/min, and finally,
samples were cooled down to RT at 5 °C/min. All tests were performed under N,

atmosphere (flow rate 50 ml/min), with a mass sample of approximately 15 mg.

The AFM-RAMAN images and spectra were taken using a confocal AFM-RAMAN
model Alpha300R — Alpha300A AFM from WITec, using a laser wavelength of 532 nm
with 2 mW at 100X with an AFM tip of 42 N/m. The area of the image was fixed at
75x75 pm?. Images and spectra were taken at RT. Photographs of the surface of the

samples were recorded with the same equipment, at 10X, 20X, 50X and 100X.

To determine the mechanical properties, 5 x 40 mm? strips were cut from the PMMA
films, and tensile tests were performed on a SHIMADZU EZ Test Compact Table-Top
Universal Tester. Mechanical clamps were used, and an extension rate of 5 mm/min
was applied using a gauge length of 9.44 mm. At least 5 samples were tested for each
film, and the data were then averaged. The Young’s modulus and stress-strain values

at break were obtained.

2.3 Fabrication of films

In the first step of the investigation, we prepared films by casting, using DMAc as the
solvent. Two different groups of films were prepared. A first group of pure PMMA films
was foamed using ScCO,, and a second group of films, in which different proportions of
IL were added to the PMMA to obtain a microporous structure by removing the IL from

the films with distilled water, were obtained from casting.
a) Films prepared for ScCO, foaming

In the case of pure PMMA films for ScCO, experiments, 1 g of PMMA-1 was dissolved
in 7 ml of DMAc and stirred until full dissolution. The mixture was then filtered off and

cast in a glass placed inside an air-circulating oven at 60 °C for 12 h. Four films were



fabricated following this route, one of which remained dense, and the other three films
were foamed at three saturation temperatures (RT, 40 °C and 60 °C). Each film was
then cut into two samples to obtain two foamed pieces from each test. The entire

procedure was replicated using PMMA-2.
b) Films containing IL

Films with IL were fabricated as follows: three proportions of IL were selected (20, 30
and 40 wt.% with respect to PMMA). Then, quantities of IL and PMMA-1 powder were
selected to obtain 1 g of total weight for each film. Each mixture of PMMA-1_IL was
dissolved in 7 ml of DMAc and stirred until solution. As stated previously, the mixture
was then filtered off and cast in a glass placed inside an air-circulating oven at 60 °C
for 12 h. Each film was then cut into two samples. The procedure was replicated for
PMMA-2.

Table 1 presents the nomenclature and physical characteristics of the films.
Additionally, two pure PMMA films (PMMA-1 and PMMA-2) were fabricated to compare
their mechanical characteristics with the microporous samples obtained through IL
removal and ScCO, foaming processes. Concerning the densities, they are
approximately 1.15 g/cm?® in samples without IL, whereas adding the IL reduces the
density down to 0.99 g/cm? (in samples with 40 wt.% of IL). These experimental values

reasonably agree with the density obtained from the rule of mixtures, considering the

density of the IL as o = 092 glcm® (measured by us).

Table 1. Nomenclature and characteristics of the films fabricated.

Thickness Density
Film % PMMA % IL 3 Route
(pm) (g/cm
PMMA-1 111 1.13 Casting from
PMMA-2 Y 118 1.15 DMAc
PMMA-1_RT ? 93 1.17
PMMA-2_RT ? 97 1.13 Casting from
PMMA-1_40 ? 100 0 99 1.13 DMACc followed
PMMA-2_40? 102 1.14 by ScCO;
PMMA-1_60 2 108 1.15 foaming
PMMA-2_60 2 99 1.14
60PMMA-1_40IL ¥ 0 20 102 0.98 Casting from
60PMMA-2_40IL ¥ 98 0.99 DMAc and IL
70PMMA-1_30IL 70 30 103 1.02 and further




70PMMA-2_30IL Y 01 1.03 removal of IL

80PMMA-1_20IL Y 97 1.07 with water
80 20

80PMMA-2_20IL Y 96 1.09

Y Pure PMMA films (dense) ; 2 Pure PMMA films produced for ScCO, foaming at three
saturation temperatures (RT, 40 °C and 60 °C) ; ® PMMA_IL films containing 20 %, 30
% and 40 % wt. of IL.

Figure S1 of the Electronic Supporting Information (ESI) shows two photographs of the
PMMA-1 and 60PMMA-1_40IL samples, evidencing that, although both samples show
a good degree of transparency, sample with 40 % wt. of IL presents certain opacity,
probably due to the presence of two different phases. Additionally, we observed a small
increase of the opacity with respect to the proportion of IL. We believe that the opacity
IS uniquely related to the presence of a separated phase of IL, considering the

transparency of pure PMMA films.

2.4 Production of the microporous films

Microporous films were obtained following the previously mentioned routes: ScCO,
foaming and the removal of the IL. The experimental details of both routes are

described below.

a) ScCO, foaming process

Foaming took place in a single-step batch process using ScCO; in a 2 L high-pressure
steel reactor. Samples of 40 x 40 mm? were sandwiched between 2 square steel plates
(50 x 50 mm? and 2 mm thickness) to confine the gas during depressurization, thus
limiting the gas diffusion process outside the material [22]. Foaming tests were carried
out at three different temperatures (RT, 40 °C and 60 °C). The saturation pressure was
fixed at 35 MPa for 8 h in all cases. Depressurization was carried out using an on-off
manual opening valve, with a depressurization time of approximately 10 s. Foamed
films will be denoted with an “f” subscript using the same nomenclature presented in
Table 1.

b) Removal of IL

lonic liquid was eliminated by immersing the samples (40 x 40 mm?) in distilled water
for 24 h at 60 °C in a three-step procedure, replacing the distilled water every 8 h.

Then, the samples were dried at 60 °C overnight to eliminate the remaining moisture.
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Films after IL removal will be described with an “r" subscript, following the

nomenclature presented in Table 1.

3. Results and discussion

For a better understanding of the scope of the work, the discussion of the results will be
divided into two sections. In the first section, the information obtained by DSC and
AFM-RAMAN is reported. In the second section, different properties of the microporous
films obtained from both fabrication routes will be discussed from different points of
view: morphology; in terms of structural parameters (pore size R, pore density N, and

sample density p); distribution of the IL in the PMMA matrix and rugosity of the surface

through AFM-RAMAN analysis; and finally mechanical properties from tensile tests.
3.1 Fabricated films
3.1.1 Thermal behavior

Before obtaining the microporous structures, thermal characterization of the films
described in Table 1 was carried out. DSC curves of pure PMMA films obtained in the
second run are presented in Figure S2 of the ESI. Pure PMMA-1 presents a T, value
of 120 °C, and PMMA-2 shows a higher glass transition temperature (133 °C) because
of its higher M,. In this sense, the dependence of T, on molecular mass in PMMA has
been studied by different authors. For example, Kabomo and Blum reported values of
T, between 116 and 133 °C for PMMAs with molecular masses between 10* and 10°
[23]. Roth et al. described the dependence of the glass transition temperature on
molecular mass in PMMA thin films, with values between 110 °C and 120 °C for
molecular masses of approximately 10° and 10* [24]. More recently, Geng and Tsui
described a similar glass transition behavior in PMMA thin films when the molecular

mass was increased [25].

The thermal behavior of IL is presented in Figure S3 of the ESI. In the first run, an
endothermic peak at 55 °C corresponded to the melting point of the crystalline phase of
the IL. In the second run, only a glass transition region is detected at -55 °C. It is
important to say that several runs were performed at low cooling rates, and no

crystallization was observed.

Finally, Figures S4 and S5 of the ESI show the thermograms of PMMA_IL films
obtained during the second heating run. Three different transitions are detected, with a

similar behavior in PMMA-1- and PMMA-2-based films. Transition 1 corresponds to the



glass transition of the IL. The second transition corresponds to the melting point of the
IL, and finally, transition 3 is the glass transition of the PMMA. Thus, it is clear that the
thermal behavior of the IL and PMMA can be analyzed separately in the PMMA_IL
films, which indicates that no mixing has occurred and phases are separated in the
entire range of temperatures analyzed (from -50 °C to 150 °C). Table S1 in the ESI
presents the thermal parameters extracted from the PMMA_IL DSC curves, including
the glass transition and melting point of the IL, together with the glass transition of the
particular PMMA. The values do not differ from the parameters detected in pure

materials, thus reinforcing the idea of the IL and PMMA phase separation in the films.
3.1.2 IL distribution in the PMMA matrix

AFM-Raman tests were carried out in fabricated films with IL to analyze the PMMA_IL
phase distribution and study the correlation between the removal of the IL with the
porous morphology. Figure 1 presents different optical photographs of the surface of
PMMA_IL in all the fabricated films.

Figure 1. Optical micrographs of the surface of the fabricated films with ionic liquids.

Bar scale 200 um.

Having a look at the optical photographs, a very different IL distribution can be detected
in the PMMA matrix, thus indicating a strong influence of the PMMA molecular mass
employed in the formation of PMMA_IL phases. First, complete segregation of the
PMMA and the IL, which are distributed in separated phases, is evidenced. This

observation agrees with the DSC results presented in Figures S4 and S5 of the ESI.
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Concerning low molecular mass PMMA-1 (= 120,000 number average weight molar
mass), the IL is distributed in isolated droplets of circular shape, with sizes of
approximately 15-20 um. In the case of higher molecular mass PMMA-2 (= 350,000
number average weight molar mass), adding 20 wt.% of IL produces isolated droplets
of a large size (= 40 pm). Increasing the IL content also increases the number of

droplets, with sizes above 50 pm.

The segregation of the IL in the PMMA matrix can also be analyzed by collecting
localized RAMAN spectra in different regions of the two-phase system. For this
purpose, RAMAN spectra of an IL droplet and of the PMMA matrix were obtained from
a 60PMMA-1_40IL film and compared with the RAMAN spectra data obtained from the
pure PMMA-1 and IL. Figures S6 and S7 of the ESI confirm that both the RAMAN
spectra of the film and the IL are similar, confirming the phase separation also
observed in the optical micrographs and in the DSC results. In addition, this phase
separation could be the reason for the opacity observed in PMMA films containing IL,

as indicated in section 2.4 b).

The phase separation of PMMA and IL during the film formation is due to the non-
compatibility of the two materials. In our procedure, the DMAc (solvent) acts as a
compatibilizer during the solution process, but when the solvent is evaporated, PMMA
and IL segregates in two separated phases, as shown in the optical micrographs
presented in Figure 1. We believe that PMMA and IL segregate in different phases
because they are not compatible after solvent evaporation, as can be deduced from
their solubility parameters. The Hildebrand solubility parameter of DMAc was taken as
3y = 22.7 (MPa)"? [26]. In the case of PMMA, the value of &, was approximately 18
(MPa)'2. It is reported that PMMA presents good solubility in solvents with & between
16 and 28 (MPa)'?, thus explaining the miscibility of PMMA and DMAc [27].

Although the solubility of different ILs has been analyzed in the last years [28], in the
case of our specific IL, we only found a reference in which the Hildebrand solubility
parameter was measured at different temperatures from 343 to 373 K [29],
extrapolating the value of &, at RT to 26.5 (MPa)"2. This value is slightly higher than
the solubility parameter DMAc but much higher than the solubility parameter of PMMA.
Taking into account these values, it could be justified that PMMA, IL and DMAc are
soluble due to the proximity of the solubility parameters of PMMA and IL to the
solubility value of DMAc. However, when DMACc is evaporated, the difference between
the solubility parameters of PMMA and IL is high enough to reduce their miscibility and

to promote the phase separation.
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Moreover, the surface porosity depends not also on the IL quantity, but on the
molecular weight of the PMMA employed. As shown in Figure 1, the size of the IL
droplets in films with PMMA 2 (= 350,000 number average weight molar mass) is
higher than the observed in PMMA 1 films (= 120,000 number average weight molar
mass). It is clear that increasing the molecular mass of the PMMA requires a lower
difference between the solubility parameter of PMMA and that of the solvent to assure
miscibility, as we also detected experimentally. This is due to several reasons. First,
the structural units which need to be solvated by the solvent cannot have an unlimited
number of configurations in space as a low molecular mass solute can attain. Also, the
increase in molecular mass increases the cohesive energy density (CED), and the
solubility parameter depends on the square root of the CED. Finally, the rise of
entanglements with increasing molecular mass lowers the solubility due to the

reduction of the mobility of the molecular chains [30].
3.2 Microporous films

3.2.1 Morphology

a) Foamed films using ScCO,

SEM micrographs of the microporous films obtained from the ScCO, foaming process

are presented in Figure 2  (cross-section) and Figure 3  (surface).

~ApmmA-1 RT), W (PMMA-1_40),

o

(PMMA-2_RT),

\

~

PN

Figure 2. SEM micrographs of the cross-section of the porous films curves of PMMA-1

and PMMA-2 films produced by ScCO, foaming process. Bar scale 20 um.
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(PMMA-1_40), (PMMA-2_40),

Figure 3. SEM micrographs of the surface of porous PMMA films fabricated through

the ScCO, foaming process (saturation temperature 40 °C). Bar scale 50 pum.

From the analysis of the SEM micrographs of the cross-section (Figure 2), different
conclusions can be obtained. When films are saturated at RT, no foaming occurs. On
the other hand, increasing saturation temperatures at 40 °C enhances foamability, and
some isolated pores appear in PMMA-1 film, whereas PMMA-2 film shows a much
more homogeneous pore structure. At 60 °C, both PMMA films present the typical
closed-cell morphology, with a bimodal size distribution that usually appears in PMMA
and polycarbonate (PC) foams [31]. It is important to note that in all the cases PMMA-1
presents an average pore radii higher than PMMA-2 films. Concerning the surface
porosity, Figure 3 shows two micrographs of the surface of PMMA-based foamed films
fabricated at 40 °C of saturation temperature. As it can be seen, films present an outer
solid skin, a classical structure derived from the rapid diffusion of the CO, from the
external part of the films [11]. Films saturated at RT and 60 °C show a similar behavior.
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b) Microporous films obtained after IL removal from films containing IL

Microporous films produced using ILs show a very different morphology. Figure 4
presents the SEM micrographs of the cut section of microporous PMMA films after the
removal of the IL in distilled water. In all cases, films present a well-defined closed-cell
morphology with homogeneous pores. Compared to ScCO, films, the IL easily
promotes the formation of the porous structure. aveiding-theplasticization—problems
exposed-previously. On the other hand, it can be seen that pore size does not vary
greatly with the quantity of the IL, although PMMA-2-based films show large pores with
an elongated shape, whereas in films produced from PMMA-1 pores present a circular

shape.

It is important to say that the literature concerning the fabrication of porous materials
using ionic liquids presents interconnected porous structures (scaffolds) with channels
through with liquid is dissolved in the distilled water [17,18,19]. In our case, we believe
that the temperature of the distilled water during the removal process (80 °C, 24h)
melts the ionic liquid, and it can slowly diffuse through the solid PMMA matrix. The
melting temperature of the ionic liquid was determined by DSC (T, = 55 °C, see Figure
S3 of the ESI). On the other hand, the diffusion time of the melted IL through the
PMMA matrix could be a longer process in bulk samples. To verify that all the IL was
effectively removed from the films, Figures S8 and S9 of the ESI present the TGA
curves of 60PMMA_40IL films before and after IL removal, showing the disappearance

of the weight loss associated with the IL.

A narrow pore distribution was also observed with regular cells of similar diameter. In
our case, the pore size is directly defined by the IL droplet, in which pore structure is
originated during the removal of IL in distilled water. Concerning the formation of the IL
droplets, we believe that our method allows the formation of a regular IL distribution
due to the slow solvent evaporation process (60 °C during 12 h), in contrast to that of
similar procedures of pore formation in polymers. For example, in thermally induced
phase separation processes, the cooling rate has a predominant effect in the pore
structure [37,38]. Also, in ScCO, foaming processes, the depressurization rate greatly
affects to the pore morphology [39]. In this work, the slow solvent evaporation

originates IL droplets of similar size, and subsequently, a regular pore morphology.
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Figure 4. SEM micrographs of the cut section of the porous films curves of PMMA-1

and PMMA-2 films after the removal of the IL. Bar scale 20 pm.

Additionally, Figure 5 collects the SEM micrographs of the surface of microporous
films, in which a regular pore distribution is evidenced. It is important to note that in
samples foamed using ScCO,, a solid outer skin was observed in all the samples. It is
clear that the use of ILs also promotes the formation of surface porosity, thus opening
the possibility of using these films in different applications in which a high specific
surface area is required. Surface porosity is dependent on the PMMA employed and on
the quantity of IL. Micrographs show that PMMA-1-based films present lower pore
sizes than PMMA-2 films. Moreover, increasing the quantity of IL up to 40 wt.%
reduces the number of pores (pore density) and slightly increases the pore size

compared to films with 20 wt.% of IL.

(60PMMA-1_40IL),

(70PMMA-1_30IL), e '(g‘U,PMM_A-i_'iOIL')r o

: 0
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Figure 5. SEM micrographs of the surface of the porous films curves of PMMA-1 and

PMMA-2 films after the removal of the IL. Bar scale 50 pm.

Comparing the PMMA_IL phase distribution in fabricated films to the surface
morphology of microporous films after IL removal, it is possible to correlate the IL size
and distribution with the pore density and size in the surface of the films. Data are listed
in Table S2 of the ESI, comparing the PMMA_IL phase morphology in terms of droplet
size and droplet density using ImageJ® software, with the microporous parameters
calculated using the same software. The linear correlation is represented in Figure S10

of the ESI for both parameters with good fitting parameters in both cases (r* = 0.96).
¢) Comparison of microporous morphologies

The morphological analysis of microporous films produced by both routes is presented
in Table 2, which presents the structural parameters obtained from the SEM
micrographs (Figures 2, 3, 4 and 5). It is observed that films produced using ScCO,
are only foamed at saturation temperatures of 40 °C and 60 °C due to the plasticization
phenomenon. The pore sizes are between 1 and 5 pm, but a strong bimodal
distribution is observed at 60 °C of saturation temperature, as reflected in the high
value of the standard deviation associated with pore size measurement. Concerning
the surface porosity, a solid outer skin is detected in all cases. The density of films

varies between 0.74 and 0.98 g/cms, with a maximum reduction ratio of 35 %.

Microporous films obtained after the removal of IL present pore sizes slightly higher
(between 4 and 15 pum) but with great homogeneity in all cases (standard deviation
values are lower when compared to those of ScCO, films). Moreover, a defined porous
morphology is obtained in all cases. The greatest difference arises in the surface
aspect, presenting a close-cell porous morphology with sizes between 2 and 21 um.
The density is also lower in these films, with values between 0.42 and 0.71 g/cm?®, then

reaching reduction ratios of 60 %.
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Table 2. Morphological parameters of the microporous films.

Cut Section Surface .
Sample R Nc R Nc Density
(g/cm?)
(Hm) (cm?) (Hm) (cm™)
(PMMA-1_RT) Not foamed | Not foamed 1.13
(PMMA-2_RT); Not foamed | Not foamed 1.15
(PMMA-1_40); 2+0.21 1.1700° 0.98
(PMMA-2_40); 1+0.06 5.18[10% Outer solid skin 0.86
(PMMA-1_60); 5+3.11 1.31010"% 0.74
(PMMA-2_60); 1+0.44 4.1410" 0.81
(60PMMA-1_40IL), | 4+0.03 1.05010% 5+0.02 4.1410° 0.42
(60PMMA-2_40IL), | 15+1.81 1.31010° 12 +1.27 1.7310°8 0.44
(TOPMMA-1_30IL), | 5+0.08 8.03M10° 7 +0.09 5.19M10° 0.51
(TOPMMA-2_30IL), | 9+2.12 5.72010° 21 +3.14 1.2310° 0.53
(80PMMA-1_20IL), | 4+0.11 1.47010% 2+0.03 8.68010° 0.68
(8OPMMA-2_20IL), | 8+1.35 4.6910° 8+1.16 6.85010’ 0.71

3.2.2 Surface aspect and rugosity

The surface aspect of microporous films is first evidenced in two photographs, which
compare the aspect of the films after ScCO, foaming and removal of IL (Figure S11 of
the ESI). Figure S11a shows the PMMA-1_60 film, in which the surface has a strong
rugosity compared to the smooth surface of the fabricated film (see Figure Sla). On
the other hand, this could be related to the microporous formation process. When using
ScCO,, porosity is generated during the depressurization process, in which the film is
brought under great thermal and mechanical stress (from 35 MPa to ambient pressure
in 10 s, reaching temperatures of -30 °C at the end of the process). When using IL,
both the film fabrication and porous formation processes are much less harmful for the
integrity of the film (see Figure S11b), involving low temperatures (60 °C) at ambient

pressure.

AFM images and rugosity profiles were also analyzed to study the surface of
microporous films. Figures S12 and S13 of the ESI show AFM images taken from the
(7TOPMMA-1_30IL), and (PMMA-1_40); films. Considering the surface of the
microporous film obtained after IL removal (Figure S12), a regular pore distribution is

observed, as detected from the SEM micrographs presented in Figure 5. Two different
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rugosity profiles are traced (blue and green lines), in which the depth of the pores is
estimated (approximately 2-3 um). The colorimetric scale of the AFM image shows a

smooth surface in the solid region of the film.

A very different behavior is observed on the surface of the foamed film under ScCO,
(Figure S13). First, no porosity is observed, confirming the SEM observations
presented in Figure 2. However, the colorimetric scale and rugosity profiles that are
traced (blue and green lines) present a much rougher surface, with continuous height
variations in the range of 2-3 pm. This analysis confirms that our procedure (involving
the removal of IL) not only produces a regular surface porosity but also a much

smoother surface compared to classical ScCO, foaming processes.

3.2.3 Tensile tests

The mechanical properties of the PMMA films were tested by analyzing the relative
Young’s moduli (E;) and relative stress at break point (¢*), (ratio between measured
values and film density, extracted from the data in Table 1). Relative values were
employed to effectively compare the mechanical behavior of the microporous films and
dense films obtained from the two commercial PMMAs. All the stress-strain curves
obtained in the tensile tests can be found in Figures S14 and S15, whereas the

mechanical data are presented in Table 3.

Table 3. Mechanical properties of PMMA films obtained from the tensile tests. (E; is the

relative Young’s modulus and o™, is the relative stress at break point).

Sample = 3 o
(MPa/(g/cm®)) | (MPa/(g/cm %))

PMMA-1 1803 + 114 30+ 2
PMMA-2 1916 + 178 50 + 6
(PMMA-1_RT); 984 + 76 21+1
(PMMA-2_RT); 1250 + 134 27 +2
(PMMA-1_40); 1122 + 118 18+1
(PMMA-2_40); 1216 + 127 31+3
(PMMA-1_60); 902 + 87 21+3
(PMMA-2_60); 948 + 99 15+1
(60PMMA-1_40IL), 2004 + 196 61+4
(60PMMA-2_40IL), 2695 + 256 82+3
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(7TOPMMA-1_30IL), 2309 + 203 62 +5
(7TOPMMA-2_30IL), 2426 + 211 66 + 4
(80PMMA-1_20IL), 2658 + 301 47 £ 4
(80PMMA-2_20IL), 2233 + 276 48 + 4

From the data presented in Table 3, different conclusions can be drawn. First, dense
PMMA films present similar values of E, (1803 and 1916 MPa/(g/cm?), although the
stress at break point ¢® is significantly higher for dense PMMA-2 film (29.9 and 50
MPa/(g/cm?)). This tendency can also be observed in all the microporous films (except
in PMMA_60 films, but this could also be due to a density effect). Thus, it seems that
increasing the molecular mass of PMMA generally enhances the stress at the break

point.

Mechanical data of microporous foamed films using ScCO, reflect poor behavior
compared to dense films. In terms of the relative Young’s modulus E,, the values vary
between 902 and 1250 MPa/(g/cm?®), which are 1.5 and 2 times lower than that of the
values measured in dense films. Specifically, films obtained at 60 °C of saturation
temperature present lower E, values, probably due to the negative influence of the
bimodal porosity observed in the SEM micrographs (Figure 2). Considering the stress
at break point, all foamed samples show lower values than in dense films, except for
film PMMA-2_40, which presents the finest pore structure (pore size below 1 pm and
0”, = 31.4 MPa/(g/cm?). Thus, it can be drawn that foamed films using ScCO, present

lower mechanical properties than those of dense films.

The most interesting results emerge from the mechanical data of microporous films
obtained by removing the IL. The relative Young’s modulus values E; are in the same
range as that of the dense films, and in some cases, they are considerably higher (E,
values are higher than 2000 MPa/(g/cm®) in the six films, reaching 2659 MPa/(g/cm®) in
the 60PMMA-2_40IL film. The relative strength of the dense film is increased when the
microporous structure originates from using an IL. Compared to those of foamed films,
films derived from an IL removal show the relative Young’s modulus values as being
twice as high. Additionally, the stress at break point is remarkably increased in
microporous films derived from an IL, with values between 47.6 and 82.1 MPa/(g/cm?®),

much higher than those values obtained in dense and foamed films.
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There could be different reasons to explain these differences. First, it seems that the
surface porosity has a positive effect on the mechanical data. Second, microporous
samples obtained from an IL present lower density values, which then increase the
relative magnitudes. Third, the microporous formation process using an IL can be
described as a slow and gentle route, avoiding the thermal and mechanical stress
associated with the use of ScCO,, which could affect the mechanical performance of
the film. Additionally, the presence of bimodal morphologies in films obtained from
ScCO, has a negative influence on the mechanical behavior, and the use of an IL

leads to homogeneous microporous distribution, enhancing the stress-strain curves.

The enhancement of the mechanical behavior due to the presence of the porosity has
already been observed in the previous works of our group, in which microporous
aramids were produced using ionic liquids presented relative Young's moduli and
stress at break point values higher than those expected considering only the density
reduction [14,15]. In this sense, the isolated effect of the cell-size reduction down to
micro- and nano scale on the mechanical behavior has already been measured but has
not been accurately modeled. The positive effect of micro- and nanoporosity is
analyzed in some recent references concerning the mechanical properties of micro and
nano-cellular polymers, in which the cell-size reduction to micro- and nanocellular
scales enhances the values of different mechanical properties [40, 41, 42]. However,
as has been said, this is still an open question because the classical modelling of
mechanical properties of cellular materials (applied to cell sizes above 10-20 um) are

not 100 % valid at the micro- and nano scale.

3.2.4 Comparison keynotes of both routes

Bearing all these ideas in mind, we list in Table 4 the main benefits and drawbacks of

both production routes to briefly resume the key points analyzed in this research work.

Table 4. Comparative aspects (benefits and drawbacks) of ScCO, foaming and IL

removal routes.

Process Benefits Drawbacks
Use of inert gas, is a green process A special equipment is needed to produce
involving no solvents. ScCO, foamed films.

S0C0; Literature since early 90's. Exigent processing conditions in terms of
Great variety of amorphous polymers and pressure and/or temperature.
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blends can be processed.

Saturation times can take several days.
Higher density than microporous films
obtained from IL removal (presence of an
outer solid skin)

Lower mechanical properties than

microporous films produced from IL removal.

ILs

Simple and easy process, which could be
applied also to semi crystalline polymers
using appropriate solvents.

Obtention of controlled surface porosity in
terms of the IL distribution.

Smoothness of the surface of the films.
Lower density than ScCO, foamed samples.

Improved mechanical properties.

The process must be tested in thick samples.
It is necessary to use solvents.
Polymer and IL must be solubilized in the

organic solvent to obtain handleable films.

4. Conclusions

Here, we describe the production of microporous PMMA films frem—a—nhovelroute;

employing IL as porosity promoters. The work is also intended to critically compare this

route to the classical foaming process using ScCO,. For this purpose, two commercial

PMMAs of different molecular

methylimidazolium chloride as an IL.

masses

were

employed, using 1-allyl-3-

It was found that using this specific IL allows the production of regular morphologies in

all the cases analyzed, with cell sizes in the range of several microns. However,

foaming PMMA with ScCO, is only possible at high saturation temperatures (> 40 °C)

due to the plasticization effect. Moreover, bimodal morphologies were found in foamed

PMMA samples, which negatively affected mechanical properties.

It was also observed that the PMMA_IL system formed a segregated two-phase

structure. Removing the IL also provided a porous surface with a homogeneous

morphology that was directly derived from the IL droplets removed by distilled water;

thus, this process opens the possibility of estimating the characteristics of the surface

porosity in terms of a two-phase distribution. Finally, tensile tests revealed a

remarkable mechanical behavior of microporous films derived from an IL in terms of the

relative Young’'s modulus and stress at break point, with values comparable or even

higher than those of the parameters measured in dense films. It is clear that using an IL
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can be a very promising route to obtain microporous polymers with controlled

morphologies and improved mechanical properties.
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An dternative route to obtain microporous PMMA using ionic liquids is
presented

This novel procedure has been compared to classical ScCO, foaming process
Microporous morphology is directly controlled by theionic liquid proportion
Porous PMMA obtained from ionic liquids present better mechanical properties
Surface aspect, surface porosity and rugosity isimproved using ionic liquids
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