Volume 4
Number 3
7 February 2023
Pages 717-978

Materials
Advances

rsc.li/materials-advances

ISSN 2633-5409

ROYAL SOCIETY PAPER

Baku Nagendra, Gaetano Guerra et al.
“ OF CH EMISTRY Transparent and flexible high-surface area nanoporous

crystalline PPO films



¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Transparent and flexible high-surface area

".) Check for updates‘
nanoporous crystalline PPO films

Cite this: Mater. Adv., 2023,

4,881

Baku Nagendra,* Syed Salman, Christophe Daniel, /2 Paola Rizzo"® and

Gaetano Guerra (2 *

Guest and processing conditions leading to high surface area (SA) nanoporous-crystalline (NC) poly(2,6-
dimethyl-1,4-phenylene)oxide (PPO) films are explored. In this framework, we found crystallization
conditions leading to unprecedented high-SA films (with SA up to 450 m? g~ with transparency and
toughness comparable with those for amorphous PPO films. Suitable preparation procedures require (i)
guest-induced co-crystallization by large uptake of a highly boiling guest molecule; (ii) guest sorption
from the vapor phase at a temperature close to the guest boiling point; and (iii) subsequent guest
removal by sorption/desorption of a volatile guest. This high-SA, transparent, and tough NC PPO films
are expected to be suitable for organic pollution remediation, molecular separations, and molecular
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Introduction

Two thermoplastic and commercially available polymers, poly-
(2,6-dimethyl-1,4-phenylene)oxide (PPO)"” and syndiotactic
polystyrene (sPS),”*® can be easily co-crystallized with low
molecular-mass guest molecules. Moreover, PPO2¢ and
sPS*”3* presently are the only two polymers, whose co-crystalline
forms can lead to nanoporous-crystalline (NC) forms after suitable
guest removal procedures.

The main feature of NC forms is their lower density than the
corresponding amorphous phases, which leads to the high
uptake of organic guest molecules, even when they are present
only in traces. Uptake of guest molecules is particularly fast for
PPO***’ and sPS*"** NC aerogels, due to their high surface
area (SA; in the range of 500-750 m* g~ * and 200-350 m* g~ * for
PPO and sPS, respectively). However, these very low-density
aerogels present high per unit mass pollutant uptake, but
relatively poor uptake per unit volume.

In recent papers,*>*® we have shown that pollutant uptake
per unit volume is much higher for low SA NC PPO films
compared to for aerogels, provided that the crystalline phase
chain axes, and hence, their intrahelical empty channels*
are preferentially perpendicular to the film plane (c
orientation).*”** Moreover, for PPO and sPS NC polymer films
with SA higher than 600 m* g~ " and 120 m* g~ ', respectively,
organic pollutant uptake is faster than for corresponding
aerogels, even if evaluated per unit mass as was recently

Dipartimento di Chimica e Biologia “A. Zambelli”’ and INSTM Research Unit,
Universita degli Studi di Salerno, Via Giovanni Paolo II, 132, 84084 Fisciano (SA),
Italy. E-mail: bakunagendra@gmail.com, gguerra@unisa.it

© 2023 The Author(s). Published by the Royal Society of Chemistry

described.***° Known preparation procedures for high-SA NC
films require fast crystallization of the amorphous films, which is
induced by high uptake (typically in the range 70-90 wt%) of non-
volatile liquid guests (carvone or dibenzyl ether), followed by a
guest exchange with a volatile guest. However, due to the presence
of mesopores beside the nanopores of their crystalline phases,
the described high-SA NC films are opaque and exhibit poor
toughness, and hence, are unsuitable for many applications.

In this paper, we explore other possible guests and proces-
sing conditions leading to the formation of high-SA NC PPO
films. In this framework, we found crystallization conditions
that lead to high SA (with SA up to 450 m> g~') with trans-
parency and toughness comparable with those of NC PPO films,
exhibiting negligible SA.

Experimental section

Materials and sample preparation
Poly(2,6-dimethyl-1,4-phenylene) oxide with M,, = 350 kg mol
(Ultra High P6130 grade) was supplied by Sabic, the Netherlands.
Toluene, methyl benzoate, 1,3,5-trimethylbenzene (mesitylene),
carvone, limonene, eugenol, carvacrol, dibenzyl ether, chloroform
(CHCLy), acetonitrile (ACN), perchloroethylene (PCE), methanol,
and CaCl, were purchased from Sigma-Aldrich, Italy.

Amorphous film preparation

Amorphous PPO films with 20-200 pum thickness were obtained
by casting 0.1-1 wt% CHCI; solution at T = 60 °C. CHCl; was
extracted from the cast amorphous PPO films by ACN guest
sorption/desorption at room temperature.
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Table 1 The BET surface area (m? g~?%) and degree of crystallinity (%) of NC PPO films obtained by liquid phase guest-induced crystallization of
amorphous PPO films (~ 20 microns) at different temperatures. Guest molecules are ordered based on their diffusivities in amorphous PPO films (D, cm?

Y

sec™) at room temperature

Liquid phase guest-induced crystallization temperature (°C)

4°C 30 °C 65 °C
Guest Guest diffusivity (D)  BET surface area  Crystallinity ~BET surface area  Crystallinity ~ BET surface area  Crystallinity
molecule at rt (em?® s %) (m*g™) (%) (m*g™) (%) (m*g™) (%)
Toluene High 185 43 Film dissolution
Mesitylene 1.9 x 10°° 175 45 165 44 Film dissolution
Dibenzyl ether 9.8 x 10~ *° Negligible 38 560 46 Film dissolution
Carvone 4.4 x 107" Negligible 40 620 44 Film dissolution
Limonene 5.5 x 10" Negligible 19 Negligible 33 490 54
Eugenol 2.6 x 107" Negligible 18 Negligible 33 440 56
Carvacrol 6.4 x 107" Negligible 10 Negligible 24 330 48

Guest-induced crystallization

Liquid guest-induced crystallization. Liquid guest-induced
crystallization of amorphous PPO films (20-100 pm) was con-
ducted by sorption of liquids at temperatures in the range of
4-80 °C (Table 1).*

Vapor guest-induced crystallization. Vapor guest-induced
crystallization was studied for the guest molecules listed in
Table 2. Typically, the vapor phase guest-induced crystallization
was conducted by laying amorphous PPO films (20-100 um) on
the surface of the liquid guest for 5-15 minutes at a tempera-
ture close to the guest boiling point.

Guest removal from the CC films was conducted by super-
critical carbon dioxide (scCO,) extraction. General extraction
conditions comprised temperature = 40 °C, pressure = 250 bar,
and time = 4 hours. The thickness of amorphous films after full
guest removal increased by a factor of 2.1-2.2 and 2.9-3.3 for
liquid-induced crystallization at 4 °C and room temperature,
respectively. An intermediate increase of thickness (factor in
the range 2.4-2.7) was observed for vapor-induced crystal-
lization (with carvone at 220 °C).

Characterization techniques

Wide-angle X-ray diffraction (WAXD) patterns were collected
with a Bruker D8 diffractometer (at an operating step size of
0.03° and a rate of 0.2 s/step with nickel-filtered Cu Ka radia-
tion). Two-dimensional wide-angle X-ray diffraction (2D-WAXD)
patterns obtained by sending the X-ray beam parallel or

Table 2 The BET surface area (m? g~ and degree of crystallinity (%) of
NC PPO films obtained by vapor phase guest-induced crystallization of
amorphous PPO films (~20 microns) at temperatures close to the guest
boiling point. Guest molecules are ordered based on their boiling tem-
peratures (2nd column)

Boiling BET surface area Degree of
Guest molecule  point (°C)  (m*g™?) crystallinity (%)
Toluene 110 Film dissolution
Mesitylene 164 325 44
Limonene 176 170 35
Carvone 231 450 56
Carvacrol 237 305 47
Eugenol 254 205 51
Dibenzyl ether 298 Ty (guest) > Ty, (polymer host)
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perpendicular to the film surface are called EDGE or THROUGH
patterns in the discussion onwards. The degree of planar orienta-
tion (f.) of the PPO films was evaluated by using Hermans’
orientation function:

fo= (3e0s?y—1)/2 6

where cos®y is determined by the azimuthal distribution of
001 reflection intensity for the 2D-WAXD EDGE patterns. When
f:(001) is equal to —0.5 or 1, the ¢ axes of all crystallites are
perfectly perpendicular or parallel to the film plane, respectively.
When f(001) is equal to 0, a random crystallite orientation occurs.

The correlation length of the crystalline domains was eval-
uated for the intense and rather isolated 210 equatorial reflec-
tions, which were located at a diffraction angle of 20 = 11.2° by
using the Scherrer’s formula:

Dy10 = (kA)/(B cos 0,10) (2)

where 4 is the wavelength of the X-ray (0.154 nm); k is the shape
factor assumed to be 0.9; f§ is the full width at half-maximum
(FWHM) of the 210 reflections as taken from radial profiles of
2D-WAXD THROUGH patterns.

Nitrogen adsorption measurements were performed at 77 K
on a Nova Quantachrome 4200e instrument. The specific SA of
the NC PPO films was calculated using the Brunauer-Emmett-
Teller (BET) method in the 0.05 < p/p, < 0.2 pressure range.
The surface morphology of the PPO films was analyzed by
scanning electron microscopy (Carl Zeiss SMT AG, Oberkochen,
Germany). Before imaging, all PPO film samples were coated
with gold (Agar Auto Sputter Coater model 108 A, Stansted, UK)
at 30 mA for 5 min. Thermogravimetric analysis (TGA, TA Q500
equipment) was used to quantify the guest content in the
co-crystalline PPO films.

Differential scanning calorimetry (DSC, TA Q2000 equip-
ment) was used to measure the melting enthalpies of the NC
PPO films. The heating and cooling cycles were conducted at a
rate of 10 °C min . Degrees of crystallinity (X.) of NC PPO films
were estimated based on the following equation:

Xc = X (3)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Where AH; and AH’s are melting enthalpies of semicrystalline
and fully crystalline PPO samples, respectively. The melting
enthalpy of the fully crystalline PPO samples is assumed as
4242]g13°

Because the high-SA films exhibit macroporosity, their den-
sities cannot be evaluated by the standard floatation method
(generally conducted in aqueous solutions of methanol or
CaCl,). For this reason, the density of our films (p) was simply
obtained as the mass/volume ratio of rectangular homogeneous
samples. We verified that the two film density evaluation
methods lead to close values, both for amorphous (1.04 g cm™?)
and for NC ¢ oriented (0.98 g cm™?) films.

The density of the polymer (pp) that is present in the high-SA
films was calculated based on the degree of crystallinity
(X., obtained from DSC) and of the density of amorphous
PPO (pam = 1.04 g cm™*) and the NC o-form (p, = 0.93 g cm™?),
by using the formula:*

Pp = PoXc t+ Pam(1 — Xc) (4)

The porosity (P) of NC films was evaluated as follows:

P= 100[1 —ﬁ} (5)

Pp

Vapor sorption measurements (0.05 > p/p, = 0.01) were
performed at 35 °C with a VTI-SA symmetrical vapor sorption
analyzer (TA instruments). The diffusion coefficient (D) of PCE
in PPO films was evaluated based on the following equation:

dd(e/[]i})) ] (16D/L2TE)1/2 (6)

where L is the film thickness, while M, and M, are the masses
of PCE absorbed at the time ¢ at equilibrium, respectively.

Results and discussion
Liquid guest-induced crystallization

The known procedure of guest-induced crystallization leading
to high-SA NC PPO films requires fast crystallization of amor-
phous films induced by high uptake of non-volatile guests,
followed by a guest exchange with a volatile guest.*® The
literature data refer to the sorption of liquid carvone and
dibenzyl ether at room temperature.*® This procedure is now
extended to lower (4 °C) and higher (65 °C) temperatures and to
other non-volatile guests of CC phases of PPO (e.g., toluene,
mesitylene, limonene, eugenol, and carvacrol). The BET SA and
the degree of crystallinity (as evaluated by DSC measurements)
of the obtained films are summarized in Table 1, where the
guests are ordered based on their room temperature diffu-
sivities in amorphous PPO films (2nd column).

From Table 1, it is apparent that the highly diffusive toluene
guest leads to high-SA NC films only at low sorption tempera-
tures, while it dissolves amorphous PPO films at 30 °C and
65 °C. Mesitylene leads to high-SA NC films for sorption at 4 °C

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 30 °C, while it dissolves amorphous PPO films at 65 °C.
Dibenzyl ether and carvone have a similar behavior: both lead
to high-SA NC films for sorption at 30 °C, while they dissolve
amorphous PPO films at 65 °C. Moreover, both guests when
absorbed at 4 °C led to low SA NC films due to very slow guest
sorption (and guest-induced crystallization) kinetics.***° The
three guests presented in Table 1 with the lowest diffusivities
(limonene, eugenol, and carvacrol) lead to high-SA NC films
only at the highest sorption temperature (65 °C). Guest-sorption
procedures conducted at lower temperatures lead to low-SA NC
films, with ¢, orientations.**™*”

In summary, the results presented in Table 1 indicate that
non-volatile guests of CC phases of PPO can give high-SA NC
PPO films, provided that suitable guest sorption temperatures
are chosen. It is necessary to avoid very high sorption kinetics,
which may lead to the dissolution of amorphous PPO films
(upper right part of Table 1), as well as very low sorption
kinetics, which may lead to low-SA NC PPO films (lower left
part of Table 1).

Vapor guest-induced crystallization

In this section, guest-induced crystallization of PPO amorphous
films is explored for the guests in Table 1 by using high-
temperature vapors rather than low-temperature liquids. Our
experiments on vapor-induced crystallization were conducted
by exposing amorphous PPO films to vapors at temperatures
close to the guest boiling point (2nd column in Table 2).

This new route to get high-SA NC PPO films was effective
with most of the guests assessed here. It was not only effective
for toluene, which is a very strong solvent for PPO (first line of
Table 2), and for dibenzyl ether, whose boiling point (as well as
treatment temperature) was higher than the melting tempera-
ture of PPO>'™* (last row in Table 2). For the other entries in
Table 2, the guest content after the vapor sorption procedure
was in the range of 65-80 wt% and became null after the
acetonitrile sorption/desorption procedure.

The most relevant feature of the high-SA NC PPO films
presented in Table 2 (that were obtained by vapor guest-induced
crystallization) was that they were all transparent and tough,
whereas all the high-SA NC PPO films in Table 1 obtained by
liquid guest-induced crystallization, were opaque and brittle.

A comparison of structure, morphology, transparency,
toughness, and guest uptake of high-SA NC PPO films obtained
by liquid or vapor guest-induced crystallization, is presented in
the next three sections.

Structure and morphology of high-surface area NC PPO Films

In this section, as well as in the next two sections, a comparison
between three NC PPO films with similar thickness is presented
(~50 pm): (i) a transparent high-SA obtained by vapor guest-
induced crystallization (red lines); (ii) an opaque high-SA
obtained by liquid guest-induced crystallization (blue lines);
and (iii) a highly diffusive low SA with ¢, orientation (black
lines). The main quantitative results are summarized in
Table 3.

Mater. Adv., 2023, 4, 881-889 | 883
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Table 3 Characterization of NC PPO a-form films obtained by carvone-induced crystallization of amorphous films: (2nd row) transparent high-SA NC
PPO film by vapor induced crystallization; (3rd row) opaque high-SA NC PPO by liquid induced crystallization; (4th row) c L NC PPO by low-temperature
liquid induced crystallization; (5th row) amorphous PPO. Correlation length (D219, Nm), degree of crystallinity (X., %, by DSC), measured film density

(p.gcm™3)

at 35 °C and p/po = 0.01 (D, cm? s7%)

, percent of porosity (P), crystallite size based on SEM images (nm), BET surface area (m? g=), light transmittance at 600 nm (%), PCE diffusivity

Degree of % of porosity  Crystallite sizes  BET surface PCE diffusivity

D,,o  crystallinity Density based on the based on SEM area Transmittance at 35 °C,
PPO film (nm) (%) (p, gcm™®)  density (%) images (nm) (m*¢g™) at 600 nm (%)  p/po = 0.01 (cm* s 1)
Transparent 5.6 56 0.91 7 40-60 450 74 2.8 x 107°
high-SA NC film
Opaque high-SA 5.4 45 0.82 16.5 40-60 620 0 33 x107°
NC film
¢, NC film 5.5 40 0.98 0 35-45 <4 86 6.6 x 107 °
Amorphous film — 0 1.04 0 — <4 90 8.2x 1072

The WAXD patterns (in particular, radial profiles of 2D
THROUGH patterns) of the three films are shown in Fig. 1.
All these patterns show intense equatorial 100, 010, 210, and
310 reflections that are typical of the NC o-form.>*** The
broadness of these diffraction peaks, being similar for the three
films considered here, indicates the occurrence of similar
correlation lengths of the polymer crystallites. For instance,
the correlation length as calculated for the intense and rather
isolated 210 reflections (D,;0) is in the narrow range of
5.4-5.6 nm.

The degree of crystallinity of these films cannot be easily
compared by WAXD patterns due to the occurrence of ¢
orientation in the film (Fig. 1c). The degree of crystallinity of
these films can instead be safely evaluated by melting enthal-
pies obtained from the DSC scans.>® The DSC scans of the three
films at a heating rate of 10 °C min~" have been compared in

Intensity (a.u.)

0 5 10 15 20 25 30

26(deg.)
Fig. 1 Radial profiles of 2D-WAXD THROUGH patterns of NC PPO films
obtained by guest extraction from CC PPO films: (a) high-SA transparent
(from vapor phase carvone-induced crystallization); (b) high-SA opaque
(from liquid phase carvone-induced crystallization at 30 °C); and (c) low SA

transparent ¢, oriented (from liquid phase carvone-induced crystallization
at 4 °C).

884 | Mater. Adv., 2023, 4, 881-889

Fig. 2, where the melting enthalpies and melting temperatures
are also indicated.

The transparent film from vapor carvone-induced crystal-
lization exhibits melting enthalpy (and the related degree of
crystallinity, X. & 56%) and melting temperature (T}, ~ 262 °C)
much higher than for the other two films (40% < X. < 45%
and 242 °C < T, < 245 °C). This indicates that the crystal-
lization of amorphous PPO films induced by high-temperature
vapor guest sorption not only leads to higher degrees of crystal-
linity but also to higher crystalline phase perfection.

The measured film densities (p) are compared in the 4th
column of Table 3. Film porosity calculated based on these
density values by using eqn (4) is reported in the 5th column
of Table 3. The porosity of the vapor guest crystallized film
was much lower than that of the liquid guest crystallized film
(at 4 °C).

The SEM images of the three films at different magnifica-
tions are compared in Fig. 3(a—c) and (a’-c’). Macroporosity was
observed in the film crystallized by sorption of liquid carvone at

—» OXJ

(T)
200 250 300
Temperature (°C)

Fig. 2 The DSC scans of NC PPO films obtained by carvone-induced
crystallization: (a) vapor guest sorption; (b) liquid guest sorption at 30 °C,
and (c) liquid guest sorption at 4 °C. Melting enthalpies and temperatures
are indicated close to the curves.

Heat flow (W/g)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(b7)
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(@)

(c)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

(a—c and a’-c’) SEM images with different magnifications and (a”—c”) volumetric N, adsorption/desorption isotherms measured at 77 K for the

NC PPO films, whose crystallization was induced by carvone sorption: (a and a’) from vapor phase; (b and b’) from the liquid phase at room temperature;
(c and ¢’) from the liquid phase at 4 °C. Thick and dotted isotherms represent adsorption and desorption curves, respectively. The inset shows the

enlarged low-pressure adsorption curves with the BET SA.

room temperature (Fig. 3b and b’), while no macroporosity
were observed in the film crystallized by sorption of carvone
vapor (Fig. 3a and a’).

N, sorption isotherms measured at 77 K for the three NC
films are shown in Fig. 3(a”’-c”). The sorption behavior
observed for p/p, < 0.2, which is shown as an inset in Fig. 3,
is particularly interesting. The BET SA of the transparent (and
highly diffusive)*® ¢, oriented film that was obtained from
liquid carvone-induced crystallization at 4 °C was negligible
(Fig. 3c”), while the BET SA of the opaque film that was
obtained from liquid carvone-induced crystallization at room
temperature was very high (Fig. 3b”, 620 m”> g '). Surprisingly,
the BET SA of the transparent film, from vapor-induced crystal-
lization at the carvone boiling point, was quite high (Fig. 3a”,
450 m* g ).

(a) Transparent
high SA NC film

(c) c.- NC film

Fig. 4

(b) Opaque
high SA NC film

=

(d) Amorphous film

Transparency and toughness of high-surface area NC PPO films

All the high-SA films of Table 1, as those described in ref. 48
and 49, were completely opaque. Their density was always in
the range of 0.80-0.85 g cm ?, i.e., also lower than for the NC
a-form (0.93 g ecm™?), clearly indicating the presence of a large
number of voids (20-10 vol%) in the semi-crystalline films. The
occurrence of large amounts of macropores, which were appar-
ent in the SEM images shown in Fig. 3b and b’, was confirmed
by optical and mechanical characterizations of the films.
Digital photos of films laying on the monomer unit chemical
formula of PPO are shown in Fig. 4. As expected, the highest
transparency occurs for the fully amorphous film (Fig. 4d),
while slightly reduced transparency was observed for the NC
film with ¢ L orientation (Fig. 4c),>® as well as for the NC film,
crystallized by carvone sorption from the vapor phase (Fig. 4a).

(e) uv-visible spectra
100

[
o

[<2]
o

Transmittance (%)
'S
=

N
o

Opaque High SA NC film

400 600 800
Wavelength (nm)

200

(a—d) Digital photos of PPO films with a thickness of ~50 um. To show possible transparency, the molecular formula of PPO is laying below the

film. (a—c) NC obtained by carvone-induced crystallization: (a) from the vapor phase (red label and curves); (b) from the liquid phase at room temperature
(blue label and curves); (c) from the liquid phase at 4 °C (black label and curves). (d) amorphous (green label and curves). (e) UV-Visible spectra of (a—d)
PPO films. Dashed and continuous lines indicate transmittance for films with thicknesses of ~50 pm and ~100 pm, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 881-889 | 885
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Radius of curvature (um)

80 120 160 200
Film thickness (pm)

Fig. 5 (a and b) Digital Photos of the used bending test for PPO films that
evaluated the minimum opening of a gauge before film breaking. (c) The
radius of curvature (one-half of this minimum opening) versus thickness of
PPO films: (blue squares) opaque high-SA NC, (red circles) transparent
high-SA NC, (black triangles) c; NC, and (green pentagons) amorphous.

NC films crystallized at room temperature by liquid carvone
sorption were completely opaque (Fig. 4b). This information
was quantified by UV-Visible spectra for films with a thickness
of nearly 50 pm and 100 pm (Fig. 4e).

The toughness of films, such as those listed in Table 3
(and shown in Fig. 4), was explored by bending tests, which
evaluated the opening of a gauge at film breaking, as shown by
digital photos in Fig. 5a and b.

Fig. 5c shows the radius of curvature leading to film break-
ing (one-half of the minimum gauge opening) versus the film
thickness. It is apparent that the transparent high-SA NC PPO
films (from the vapor-induced crystallization) exhibit a strongly
reduced brittleness as compared to the opaque high-SA NC PPO
films (from liquid-induced crystallization), which was compar-
able to that of amorphous PPO films and the ¢, NC PPO films.

12 (a)
Opaque High SA NC film
__ 10
< Transparent
S 81 high SA NC film
S
S
o 6-
=
2
Q 4
S 4
o
o 24
Amorphous film

0 60 120 180 240
Sorption time (min.)
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Guest sorption kinetics from high-surface area NC PPO films

Guest diffusivities in PPO films of the four kinds listed in
Table 3 were studied by guest sorption kinetics at low vapor
pressures. As an example, the sorption kinetics of a relevant
chlorinated pollutant (perchloroethylene, PCE)*®>° at 35 °C at a
low relative pressure (p/p, = 0.01) are shown in Fig. 6a.

Amorphous PPO films, although well known for their high
free-volume and molecular uptake,®®®* exhibit guest uptake
much smaller and slower than for the NC film with ¢
orientation** and enormously smaller and slower than for the
known opaque high-SA NC films.*®

The most relevant result of Fig. 6a is that the new high-SA
NC film obtained by vapor-induced crystallization, which has
transparency and toughness comparable with those of amor-
phous PPO films, has guest uptake kinetics comparable with
those of the already known opaque and brittle high-SA films.
More interestingly, the new high-SA NC PPO films also have
higher guest uptakes at equilibrium, if measured as weight
uptake per unit volume (Fig. 6b), i.e., the amount that matters
for most practical applications.

Conclusions

NC PPO films with transparency and toughness close to those
of amorphous PPO films, as well as a surface area of up to
450 m> ¢~ ' and organic guest diffusivity comparable to those of
opaque high-SA NC PPO films and aerogels, are presented.
These high-SA polymer films have transparency and toughness
close to those of NC PPO films with ¢, orientation (i.e. the
chain axes of the crystalline phase are preferentially perpendi-
cular to the film plane) but with much higher SA and faster
guest sorption kinetics. These new high-SA dense and transparent
polymer films are unprecedented and can be even achieved with a
high thickness (of at least up to 100 pm).

(b)
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Fig. 6 PCE sorption kinetics for p/po = 0.01 at 35 °C measured for different PPO films: (red circles) transparent high-SA NC; (blue circles) opaque high-
SA NC; (black circles) c L NC; (green circles) amorphous. PCE uptake is expressed as the mass of guest per mass of the polymer (a) or as the mass of

guest per volume of polymer (b).
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Preparation procedures leading to transparent and tough
high-SA films require (i) guest-induced co-crystallization by
large uptake (typically 60-80 wt%) of a highly boiling guest
molecule (e.g., mesitylene, limonene, carvone, carvacrol, euge-
nol) in amorphous PPO films; (ii) guest sorption from vapor
phase at a temperature close to the guest boiling point; and
(iii) subsequent guest removal by sorption/desorption of a
volatile guest, leading to the formation of NC phases.

These high-SA, transparent, and tough NC PPO films are
expected to be suitable for many applications, mainly for organic
pollution remediation, molecular separation, and molecular
sensing. Many applications are also expected for the corres-
ponding films exhibiting CC phases obtained by the sorption of
functional guest molecules. Transparency, of course, is particu-
larly relevant for CC films for guests with optical properties
(chromophore, fluorescent, photoreactive, and chiral-optical).
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