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Crystalline Nanoporous Materials Based on
Poly(2,6-dimethyl-1,4-phenylene)oxide
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Summary: Different types of crystalline nanoporous materials (powders, films,
aerogels) based on poly(2,6-dimethyl-1,4-phenylene)oxide can be easily obtained
depending on the preparation procedures. The nanoporous nature of the crystalline
phase confers to these materials peculiar transport properties which make them
particularly interesting for a potential use as a sorption medium to remove traces of
pollutants from water and air or for membrane based gas separation processes.
Different aspects relative to the structure and the transport properties of these
new polymeric materials are described.
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Introduction

The existence of polymer-solvent co-crys-
talline phases, ie. structures where a
polymeric host and a low-molecular-mass
guest are co-crystallized, has been reported
for many polymers!'! like e.g. isotactic!! and
syndiotactic polystyrene (s-PS),?! syndio-
tactic poly-p-methyl-styrene,* syndiotactic
poly-m-methyl-styrene,! polyethylene-
oxide,®! poly(vinylidene fluoride),”! syndio-
tactic polymethylmethacrylate,[8] isotactic
poly-4-methyl-1-pentene[gl or poly(2,6-di-
methyl-1,4-phenylene ether) (PPO).%

The removal of the guest molecules from
polymer co-crystalline forms generates
polymer chain rearrangements, generally
leading to crystalline forms that are densely
packed and exhibit a density higher than
that one of the corresponding amorphous
phase. However it has been discovered
that in few cases (to our knowledge, up to
now only for s-PS and PPO), by using
suitable guest removal conditions, nano-
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porous crystalline forms (microporous by
IUPAC definition) characterized by empty
spaces, exhibiting a density lower than that
of the corresponding amorphous phases can
be obtained.'1213]

The existence of nanoporous polymeric
crystalline phases has been first described
for syndiotactic polystyrene (s-PS).['12]
This commercially available thermoplastic
polymer which is able to form co-crystalline
phases with several low-molecular-mass
guest molecules can also give, in turn, by
suitable guest extraction procedures, two
nanoporous crystalline forms named 8
(monoclinic, with empty space organized
as cavities'!!) and & (orthorhombic, with
empty space organized as channels“z]).
Both crystalline frameworks rapidly absorbs
volatile organic molecules (mainly halo-
genated or aromatic hydrocarbons), even if
present in traces in air or water!"” and hence
are promising for applications in chemical
separations and molecular sensorics.!'*!

Very recently it has been shown that
poly(2,6-dimethyl-1,4-phenylene)oxide
(PPO) can also form various nanoporous
crystalline  phases!™®!  presenting much
higher solubility of many guests (e.g.,
benzene,[lsl CC14,[15] COZ,[m] methane,[16]
propane,'® and propene!'®!) than fully
amorphous PPO. Moreover with respect
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to s-PS, PPO presents the advantage to also
possess a high melting temperature of the
nanoporous crystalline phases at c.a.
250°C!7! while the & and ¢ phases of s-PS
tranform into the dense vy crystalline phase
at c.a. 120°C.I'8)

In this contribution different aspects
relative to the structure and the sorption
properties of different materials (powder,
film and aerogels) based on nanoporous
crystalline PPO will be presented and
discussed.

Experimental Part

PPO was purchased by Sigma Aldrich and
presents weight-averaged and number-aver-
aged molecular masses M,,= 57700 g/mol
and M, = 16600 g/mol s-PS was manufac-
tured by Dow Chemicals under the trade-
mark Questra 101. '*C nuclear magnetic
resonance characterization showed that
the content of syndiotactic triads was
over 98%. Weight-averaged and number-
averaged molecular masses were found to be
M,, =320000g/mol and M, = 82000 g/mol.
Solvents were purchased from Aldrich and
used without any further purification.

PPO and mixed PPO/s-PS gel samples
were prepared in hermetically sealed test
tubes by heating the mixtures above the
boiling point of the solvent until complete
dissolution of the polymer and the appear-
ance of a transparent and homogeneous
solution had occurred. Then the hot solu-
tion was cooled down to room temperature
where gelation occurred.

PPO amorphous films were obtained
by compression molding after melting at
290°C of the as-purchased PPO. The
crystallization of these amorphous films
has been induced by exposure to the vapors
of different solvents at room temperature.

Solvent extraction from PPO gels, mixed
PPO/s-PS gels, and PPO crystallized films
was carried out by treating the samples with
a SFX 200 supercritical CO, extractor
(ISCO 1Inc.) using the following conditions:
T=40°C, P=250 bar, extraction time
t =180 min.
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X-ray diffraction patterns were obtained
on a Bruker D8 automatic diffractometer
operating with a nickel-filtered Cu Ka
radiation.

The morphology of the aerogel mono-
liths was characterized by means of a
scanning electron microscope (SEM, Zeiss
Evo50 equipped with an Oxford energy
dispersive X-ray detector).

Surface area, pore volume and pore size
distribution were obtained by N, adsorp-
tion measurements carried out at 77K
on a Micromeritics ASAP 2020 sorption
analyzer. All the samples were outgassed
for 24 h at 30°C before the analysis.

The solvent vapour sorption measure-
ments have been carried out at 35°C with
a VTI-SA symmetrical vapour sorption
analyzer from TA instruments.

Subatmospheric gas sorption experi-
ments have been carried out using a CAHN
D200 electronic microbalance (CAHN
Instruments, Madison, WI), with a sensitiv-
ity of 0.1 pg. Experimental details and the
method used to determine the solubility
and diffusivity values are given in ref.[10]

Results and Discussion

Nanoporous PPO Powders

The treatment of PPO gels with superecriti-
cal carbon dioxide allows a complete
removal of the solvent initially present in
the gels and solvent free powder samples
are obtained.

Typical x-ray diffraction patterns of PPO
powders, as obtained from gels in benzene,
CCly, and decalin after complete solvent
extraction by supercritical carbon dioxide,
are shown in Figure la, b, and c.

The X-ray diffraction patterns of the
powders from benzene, and CCl4 gels
(Figures 1a and 1b) exhibit high degrees
of crystallinity (in the range 50-60%) and
present peaks being located at different
diffraction angles. Conversely, the diffrac-
tion pattern of the powders from decalin
gels presents only a broad amorphous halo
(Figure 1c) indicating the formation of
fully amorphous PPO.
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Figure 1.

X-ray diffraction patterns (CuKa radiation) of PPO
powder samples, after complete solvent extraction by
supercritical carbon dioxide, as obtained from gels in
benzene (a), CCl, (b) and decalin (c); the dashed line
corresponds to the amorphous halo used for the for
the determination of the degree of crystallinity for
the sample obtained from the PPO/CCI, gel.

The diffraction data reported in Figure 1
indicate that, depending on the solvent,
different crystalline phases can be obtained
after solvent removal from the gels. It is
worth adding that additional crystalline

phases have been obtained after treatment
with supercritical carbon dioxide of PPO
gels prepared in other solvents such as
a-pinene, 1,2-dichloroethane, tetralin,.. 03]

N, isotherms for these semi-crystalline
and amorphous PPO powders obtained
after supercritical CO, treatment of the gels
are compared in Figure 2 and the surface
area, total pore volume, and micropore
volume of the different PPO powder
samples are reported in Table 1.

The large surface area and pore volume
possessed by the three PPO samples are
noteworthy, with an important contribu-
tion due to the presence of micropores
(namely pores <2 nm according to [IUPAC
definition). Particularly interesting is the
result that the porosity and microporosity
of semi-crystalline samples are much
higher than the ones of the fully amorphous
sample.

The N, sorption experiments clearly
show that nanoporous (or microporous
according to TUPAC definition) crystalline
phases are obtained by solvent extraction
from PPO gels.

For the case of s-PS is has been observed
that the presence of a nanoporous crystal-
line phases leads to high sorption uptake
values of VOC traces from air or water.["]
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Figure 2.

Volumetric N, adsorption isotherms recorded at 77K on PPO samples, after complete solvent extraction by
supercritical carbon dioxide, as obtained from gels in decalin (@), benzene (Ill) and CCl, (A). B shows the detail
of the adsorption branch reported in A, for low pressures.
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Table 1.

Surface area (m*g™") and pore volume (cm®g™") of PPO samples which N, adsorption isotherms are

reported in Figure 2.

SBETa Smicroa Vtotb Vmicroc
from PPO/CCl, gel (semi-crystalline sample) 549 214 0.64 0.12
from PPO/benzene gel (semi-crystalline sample) 552 171 0.47 0.10
from PPO/decalin gel (amorphous sample) 320 102 0.28 0.06

Total area evaluated following the BET model in the standard 0.05 < P/P, < 0.25 pressure range.
®Total pore volume calculated as volume of the liquid at p/p, =~ 0.90.

¢ Micropore volume obtained from the t-plot.

Benzene sorption experiments at 35°C
and pressures lower than 0.08 P/P, on
amorphous powder from a decalin gel (of
Figure 1c) and semi-crystalline PPO pow-
ders obtained from gels in benzene (of
Figure 1a) and in CCly (of Figure 1b) have
been conducted and results are reported in
Figure 3.

It is clearly apparent that large solvent
uptakes occur for all PPO samples already
at very low solvent activities, which is
consistent with the presence of nanopores.
However, the lowest solvent equilibrium
uptake occurs for the amorphous powder
while the guest uptake of the two highly
crystalline PPO powders is roughly double
with respect to those of the amorphous
powder. This result is consistent with the N,
sorption data which show that semi-crystal-
line samples possess a microporosity nearly
double than the fully amorphous sample
(column 5 of Table 1).
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Figure 3.

Benzene gravimetric sorption isotherms, at 35°C and
at pressures lower than 0.08 P/P,, on PPO samples:
amorphous from a gel with decalin (+); semi-
crystalline from a gel with benzene (M) and semi-
crystalline from a gel with ccl, (O).
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Nanoporous PPO Aerogels

For syndiotactic polystyrene it has been
shown that the sorption kinetics!"”! but
also the uptake values®! for molecules
presenting a poor solubility in the polymer
amorphous phase depend on the sample
morphology. In particular it has been
observed that both kinetics and uptake
values can be greatly increased by using
aerogels instead of powder or film samples.
Sorption experiments of 1,2-dichloroethane
from diluted aqueous solutions have shown
that the use of aerogels with the crystalline
nanoporous & — form can result in an
apparent increase in the guest diffusivity of
several orders of magnitude (up to 7), with
respect to d-form films.[1°]

However, conversely to s-PS, the solvent
extraction from the gels leads, in the case
of PPO, to powders or extremely brittle
samples rather than to robust aerogels.*!)
This result can be explained by the different
morphologies obtained in s-PS and PPO
gels.

The Scanning Electron Microscopy
(SEM) images of a s-PS/1,2-dichloroethane
and a PPO/1,2-dichloroethane gel prepared
at C,;=20wt% and then treated with
supercritical carbon dioxide are shown in
Figure 4A and 4B, respectively.

The SEM images clearly show the
different morphologies of the s-PS and
PPO samples prepared in the same
conditions. In fact, the s-PS aerogel
(Figure 4A) presents a fibrillar morpholo-
gy with fibrils diameter of 60-150 nm, while
the PPO nanoporous-crystalline powder
exhibits globular morphology (Figure 4B),
possibly constituted by aggregates of
spherulites.
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Figure 4.

SEM images of samples, as prepared from DCE gels with polymer content of 20wt%, after complete
solvent extraction by supercritical CO,: (A) s-PS; (B) PPO.

PPO based aerogels can be prepared,
however, from mixed PPO/s-PS gels. This
is shown, for instance in Figure 5A, for a
PPO/s-PS (90/10) gel in 1,2-dichloroethane
with a total polymer content of 20 wt%.

During solvent extraction the shape
and the dimensions of the mixed s-PS/PPO

CO,
xtraction

| - —
IR

gel remain substantially unchanged and
the obtained aerogels exhibit a toughness
comparable to those of s-PS.

The SEM images of the aerogel obtained
from PPO/s-PS blend (Figure 5B) clearly
show the maintenance of the fibrils typical
of s-PS aerogels, together with a size-

(®)

Figure 5.

(A) Photographs of pieces of PPO/s-PS, 90/10wt/wt gels prepared in 1,2-dichloroethane with a polymer
concentration of 20 wt%, before and after complete solvent extraction via supercritical carbon dioxide (units in
the ruler are cm). (B) SEM image of the aerogel of Figure A.
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reduction of the PPO granules (whose
diameter becomes roughly lower than
1wm). Thus, the maintenance of the
fibrillar morphology of the s-PS in mixed
gels and aerogels makes feasible PPO-rich
monolithic aerogels.

The X-ray diffraction pattern of the
mixed 90/10 PPO/s-PS aerogel (curve b) is
compared in Figure 6 to the diffraction
patterns of a pure s-PS aerogel (curve a)
and a PPO powder (curve c).

The diffraction pattern of the pure s-PS
aerogel (curve a) presents strong reflections
at26 =8.3,13.5,16.7,20.5 and 23.3° that are
typical of the 8-form.''?] The diffraction
pattern of the mixed 90/10 PPO/s-PS
aerogel (curve b) clearly shows that a
highly crystalline aerogel is obtained from
the gel. The diffraction pattern of this mixed
aerogel differs from the diffraction pattern
of the pure PPO powder (curve c). In fact,
for the pure PPO powder, diffraction peaks
at 4.95°, 7.65°, 12.3°, 16.1° 21.5° are
observed while the 90/10 PPO/s-PS aerogel
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Figure 6.

X-ray diffraction patterns (CuKa radiation) of PPO/
s-PS gels in DCE, prepared with a polymer content
of 20wt%, after complete solvent extraction by
supercritical CO,, for different PPO fractions: (a) s-PS
aerogel; (b) s-PS/PPO (10/90) aerogel; (c) PPO powder.
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presents diffraction peaks at 4.6, 7.3, 11.6,
14.9 and 21.4°. This shift indicates a strong
influence of s-PS on PPO crystallization.
Total surface area (SggT) and micropore
area (Smicro), for the mixed 90/10 PPO/s-PS,
as obtained from N, adsorption measure-
ments are equal to 483 m?/g and 172 m?%/g,
respectively while for the pure s-PS aerogel
the values of Sget and S0 are 206 mz/g
and 27 m?*g, respectively. These data
indicate that by using a blend of s-PS and
PPO to prepare the native thermorever-
sible gel, it is possible to obtain monolithic
aerogels characterized by a nanoporous
crystalline phase and high surface areas.

Nanoporous PPO Films

Semi-crystalline PPO films with nanopo-
rous crystalline phases can be easily
obtained by exposing amorphous PPO films
to solvent vapours and then removing the
solvent by treatment with supercritical
carbon dioxide. The x-ray diffraction pat-
terns of crystallized PPO films are similar to
those of PPO semi-crystalline powders
obtained from gels being reported in
Figure 1.186]

The propane sorption isotherms and
diffusivity at 30°C in amorphous PPO
and semi-crystalline PPO films obtained
by benzene and CCly vapour treatments of
amorphous films are reported in Figure 7A
and 7B, respectively.

Figure 7A clearly shows that the pro-
pane solubility is lower for the amorphous
PPO film as compared with semi-crystalline
PPO films. This result which is clearly
opposite to the behaviour commonly ob-
served in semi-crystalline polymers, is due
to the presence of nanoporous crystalline
phases. It is worth noting that the same
behaviour was also observed with other
penetrants such as COZ,[m] methane,[lé] and
propene.[']

We can observe in Figure 7B a signifi-
cant increase of the propane diffusivity by
moving from amorphous to semi-crystalline
PPO. The larger diffusivities for semi-
crystalline PPOs as compared to amor-
phous PPO appears quite unexpected as
usually the presence of semi-crystalline
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Propane sorption isotherms (A) and diffusivity (B) at 30 °C in an amorphous PPO film (+), benzene-crystallized
(M) and CCl,-crystallized (O) semi-crystalline films. (A): continuous lines are only guides for the eye.
(B): continuous lines represent an exponential interpolation.

regions leads to an increase of the tortuosity
of the penetrant molecular path thus
reducing the diffusivity. This behavior can
be again attributed to the nanoporous
structure of the crystalline domains.

Conclusion

In this paper it has been shown that
extraction with supercritical carbon dioxide
of the solvent of PPO gels obtained leads to
powder samples with nanoporous crystal-
line phases. These materials which are
characterized by high surface area values
(up to 550 m?g™") present a high benzene
uptake from vapour phase already for low
activity. The use of a small amount of s-PS
allows the formation of a fibrillar 3D
network in the mixed s-PS/PPO gels and
nanoporous monolith aerogels can be easily
obtained after solvent extraction. These
nanoporous-crystalline PPO rich aerogels
present high surface areas (up to 480
m’g 1) due to the presence of the crystal-
line cavities of PPO and good handling
properties due to the s-PS fibrillar 3D
network, and hence seems particularly
suitable for removal of traces of organic
pollutants from water and air.
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Subatmospheric gas sorption experi-
ments have shown that PPO crystalline
films are characterized by larger gas
sorption capacity and diffusivity as com-
pared to the amorphous films. These
peculiar mass transport properties which
are due to the nanoporous nature of the
crystalline phase make semi-crystalline
PPO films potentially interesting for mem-
brane based gas separation processes.
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