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The uniplanar orientations that can be achieved for the € phase of syndiotactic polystyrene, i.e., the
first polymeric crystalline phase exhibiting channel-shaped porosity, have been explored by wide-
angle X-ray diffraction. The formation of three different uniplanar orientations, presenting the three
unit-cell axes perpendicular to the film plane, can be controlled by suitable processes, which are based
on combined solvent-induced crystallizations and on thermal treatments. This allows gaining control
of three different orientations of the crystalline nanochannels with respect to the film surface and
hence control of diffusivity as well as orientation of low-molecular-mass guest molecules, also at the

macroscopic scale.

Introduction

Materials exhibiting one-dimensional channels are very
attractive hosts for active guest molecules. Channel with
diameters in the range 5—200 nm have been obtained by
several different nanotechnologies.' On the other hand,
channel with diameters smaller than 1—2 nm have been
obtained only by spontaneous organization of nanopor-
ous crystalline phases, mostly zeolites.” It is worth adding
that the crystalline nature of these nanoporous materials
allows for obtaining the orientation of the channels for
whole crystals, which can reach micrometric sizes.”

Recently, a polymeric nanoporous crystalline phase
exhibiting channels parallel to the chain axes has been
discovered for a commercial and robust stereoregular
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polymer (syndiotactic polystyrene, s-PS).*> This is the
orthorhombic ¢ phase,4 with ¢ = 1.61 nm, b = 2.18 nm,
and ¢ = 0.79 nm and four chains per unit cell, which
presents a minimum center-to-center distance between
channels of 1.36 nm and a density close to 0.98 g/cm’,
i.e., definitely lower than the density of the corresponding
amorphous phase (1.05 g/cm?). The density is similar to
that one of the 0 phase,’ a well-known nanoporous crystal-
line phase of s-PS (monoclinic with ¢ = 1.74 nm, b =
1.185 nm, ¢ =0.77 nm, and y = 117°, with two chains per
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unit cell), which presents the empty space distributed as
isolated cavities rather than as channels. Several literature
reports have shown that materials presenting these nano-
porous s-PS phases are promising for applications in
chemical separations® (mainly air/water purification) as
well as in sensorics.

Polymer crystals, although generally much smaller than
inorganic and organic crystals, present the advantage of
easy orientation, also at the macroscopic scale. In fact, for
all semicrystalline polymers, it is easy to get axial orienta-
tion of the crystalline phases, by imposing the alignment of
the polymer chain axes (generally assumed coincident with
the crystallographic ¢ axis) parallel to a stretching direc-
tion. Moreover, as for s-PS films exhibiting co-crystalline
phases with low-molecular-mass molecules,” it is possible
to achieve the unprecedented formation of three different
kinds® of uniplanar orientations."”

The three uniplanar orientations of s-PS co-crystalline
films correspond to the three simplest orientations of the
high planar-density ac layers (i.e., layers of close-packed
alternated enantiomorphous s-PS helices that characterize
most s-PS co-crystalline phases as well as the nanoporous 0
phase) with respect to the film plane. As shown by the
scheme 1 these three uniplanar orientations have been
named a ¢, ay ¢y, and a, ¢, indicating crystalline phase
orientations presenting the @ and ¢ (chain) axes parallel (//)
or perpendicular (L) to the film plane.’® The degree and the
kind of uniplanar orientation depends on the selected
technique (solution crystallizations or solvent induced
crystallizations or recrystallizations) as well as on the
chemical nature of the guest.” The three uniplanar orienta-
tions that can be achieved for s-PS co-crystalline phases
can be maintained (without substantial loss of their
degree of orientation) after guest extraction procedures
leading to the ¢ phase, as well as after thermal annealing
procedures’® leading to the dense helical y phase,'! which
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isalso the most suitable precursor phase for the preparation
of the channeled & phase.* It is also worth adding that
some orientational order can be maintained after crystal-
to-crystal transitions involving chain conformational
changes from the helical to the zig-zag planar. In fact,
suitable thermal treatments on s-PS films presenting the
three different uniplanar orientations of their helical crys-
talline phases can lead to films with planar orientations
of their zig-zag planar o'? and ' crystalline phases,
where only the perpendicular (c,) or parallel (c/) chain
axes orientation is maintained.”®

The availability of s-PS films with three different kinds
of uniplanar orientation allows us to establish fine struc-
tural features, e.g., experimental evaluation of the orien-
tation of transition moment vectors of host and guest
vibrational modes."* It also allows active guest orienta-
tion control’® for co-crystalline advanced materials
(fluorescent, photoreactive, nonlinear optical, mag-
netic).'® Moreover, for the 0 nanoporous phase, the three
different kinds of uniplanar orientation have been shown
to be helpful to control guest diffusivity.'”

As for the recently discovered nanoporous ¢ phase, the
information available relative to the possible occurrence
of some kind of uniplanar orientation is scarce. In parti-
cular, it has been reported that by chloroform-induced re-
crystallization on unoriented y-form films, followed by
chloroform extraction, e-form films are obtained that
exhibit an orientation of chain axes of their crystalline
phase being preferentially perpendicular to the film sur-
face (foo2 = 0.7).°F

In this paper, the kind and degree of uniplanar orienta-
tions that can be achieved for the nanoporous ¢ phase, as
obtained from y-form films, exhibiting high degrees of
uniplanar a;, ¢;;, a, ¢, and a;, ¢, orientations, have been
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Scheme 1. Schematic Presentation of the Three Uniplanar Or-
ientations of s-PS Cocrystalline Films, Corresponding to the
Three Simplest Orientations of the High-Planar-Density ac
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explored by wide-angle X-ray diffraction analysis. The
paper shows that three different uniplanar orientations
can be achieved also for the ¢ phase, thus getting three
different orientations of the crystalline nanochannels
with respect to the surface of also macroscopic films.

Results And Discussion

X-ray diffraction patterns of the e-form s-PS films, as
obtained by recrystallization by chloroform vapor sorp-
tion followed by chloroform desorption by sample im-
mersion in acetonitrile, on the y-form films exhibiting
ay ¢y, ay ¢y, and a; ¢, uniplanar orientations (whose
X-ray diffraction patterns are shown in Figure SIA—C in
the Supporting Information) are shown in Figure IA—C,
respectively. In particular, the EDGE patterns, i.e.,
photographic patterns taken with X-ray beam parallel
to the film surface, are shown as Figures 1A—C, whereas
the THROUGH patterns, i.e., photographic patterns
taken with X-ray beam perpendicular to the film surface
(which present uniform Debye rings and for the sake of
clarity are shown as diffraction intensity profiles), are
shown as Figure 1A’—C’, respectively.

For an easier reading of the EDGE patterns, the
diffraction intensity profiles, as collected along the hor-
izontal lines indicating the direction normal to the film
plane, are shown in Figure 2A”"—C". For the sake of
comparison, analogous diffraction profiles are reported
for the precursor 0- and y-form films in Figure 2 A—C
and A’—C/, respectively.

Particularly simple is the interpretation of the results
relative to the films with a4, ¢, uniplanar orientation
(Figures 1C and 2C). In fact, it is immediately apparent
that, as for the ¢ (Figure 2C) and y phase (Figure 2C’)
precursors, the corresponding ¢ phase film (Figures 1C
and 2C") present an intense 002 reflection at 20c,kq ~
22.5°, corresponding to ¢ axis periodicity of 0.79 nm. A
quantitative evaluation of the orientation function (fyp, ~
0.85) clearly indicates the complete maintenance of the
orientation of the crystalline phase chain axes, preferen-
tially perpendicular to the film plane, being present in the
precursor 6 and y films.

Albunia et al.
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Figure 1. X-ray diffraction patterns of three s-PS films, presenting
different kinds of uniplanar orientation of the nanoporous crystalline
phase. (A—C) Photographic patterns taken with X-ray beam parallel to
the film surface (EDGE patterns). (A’—C") Diffraction profiles of photo-
graphic patterns taken with X-ray beam perpendicular to the film surface
(THROUGH patterns). The three orientations can be defined as a,, b,
and ¢, respectively, thus indicating that the three unit-cell axes are
preferentially perpendicular to the film surface. Dashed horizontal lines
indicate the direction normal to the film plane.

The EDGE diffraction patterns of the e-form films
(Figures 1B and 2B”), as derived from o- (Figure 2B)
and y-form (Figure 2B’) films with @, ¢/ uniplanar
orientation, show on the horizontal line an intense 020
reflection typical of the € phase (corresponding to a Bragg
distances d = 1.08 nm, i.e., at 20,k o ~ 8.2°) . This clearly
suggests that the 0- and y-form films with their ¢ axis
perpendicular to the film plane and their ¢ axes parallel to
the film plane are transformed, by the used re-crystal-
lization procedure, into e-form films with their ¢ and ¢
axes both preferentially parallel to the film plane. This has
been confirmed by a quantitative comparison between
observed and calculated azimuthal angles associated with
e-form reflections (shown in Table S2 of the Supporting
Information and prepared by using a procedure analo-
gous to that one used for the ¢ phase to prepare Table 1
of ref 9g).

The observed transformation, because the e phase is
orthorhombic, produces an orientation of its b axis pre-
ferentially perpendicular to the film surface, which can be
formally indicated as

a(d),ar —a(y) a—ble),

Quantitative evaluations indicate some reduction of the
degree of orientation, which for the precursor y-form film
(Figure SIB in the Supporting Information) is foyo ~
—0.43, whereas that for the e-form film of Figure 1B is
fo20 & 0.74 (rather than 0.86, as would be expected for a
complete maintenance of uniplanar orientation).

The EDGE diffraction patterns of the e-form films
(Figures 1A and 2A"), as derived from o- (Figure 2A)
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Figure 2. Diffraction profiles of photographic patterns taken with X-ray beam parallel to the film surface (EDGE patterns) of s-PS films, presenting
different kinds of uniplanar orientation of the crystalline phases: 6 (A—C), y (A’=C’), and ¢ (A”—C"), respectively.

Table 1. Diffusivities (expressed as cm?/s) of Ethylene in 0 and £ Films of
s-PS, Exhibiting the Three Different Uniplanar Orientations As
Schematically Shown in Figure 3

o) €

¢y (foro ~ 0.81) 17107 a) (foo = —0.37) 11 x 10710
asc) (foro = —0.43) 93 x 10710 by (foro = 0.74) 6.8x 107"
¢y (foor = 0.85) 1.5x 1071 ¢} (foos =~ 0.85) 13x 10710

and y-form (Figure 2A’) films with a, ¢, uniplanar
orientation, show that no e-form reflection is centered
on the horizontal line. On the other hand, the 020 reflec-
tion is centered on the vertical line, clearly suggesting that
the - and y-form films with their ¢ and ¢ axes parallel to
the film plane are transformed, by the used recrystalliza-
tion procedure, into e-form films with their a axis pre-
ferentially perpendicular to the film plane and ¢ axes
preferentially parallel to the film plane.

The observed transformation between different unipla-
nar orientations, can be formally indicated as

a(d)yc —a(y)or—a(e),

Also in this case, quantitative evaluations indicate
some reduction of the degree of orientation, which for
the precursor y-form film (Figure S1A in the Supporting
Information) is fy>o &~ 0.81, whereas that for the e-form
film of Figure 1A is fyr9 & —0.37 (rather than —0.405, as
would be expected for a complete maintenance of uni-
planar orientation).

Schematic presentations of the three different unipla-
nar orientations that have been achieved for the nano-
porous ¢ phase (D—F), as well as the corresponding three
uniplanar orientations of the precursor 6 phase (A—C),
are shown in Figure 3. For the sake of clarity, the trace of
the film surface and direction of the film thickness are
clearly indicated. The e-form film with ideal ¢, uniplanar
orientation (Figure 3F) presents its empty channels per-
pendicular to the film surface while films with ideal b, and
a, uniplanar orientations (panels D and E in Figure 3)
present their empty channels parallel to the film surface.

The along-the-chain view of the molecular models
(panels D and E in Figure 3) of the € phase also suggest

that the direction of preferential interchannel guest diffu-
sivity is the « axis (also pointed out by a red dotted line).
This direction is perpendicular to the film surface for the a;
orientation (Figure 3D), whereas it is parallel to the film
surface for the b, orientation (Figure 3E). These simple
geometrical considerations allow us to anticipate that for
e-form films, the uniplanar orientations that are expected to
maximize and minimize guest diffusivity in the direction
perpendicular to the film surface are ¢, and b, respectively.

This prediction is confirmed by a comparison between
ethylene desorption kinetics from e-form films and from
the precursor d-form films, as obtained from the absor-
bance variations of the ethylene infrared absorption peak
at 952 cm ™' 74 (Fick’s plots in Figure 4 and correspond-
ing diffusivity data in Table 1). In fact, for the d-form
films (as already known for several guests: 1,2-dichlor-
oethane,17b carbon dioxide,'’® or ethylene17d and in
agreement with molecular modeling predictions)'”
the maximum diffusivity (Figure 4A and Table 1) is
observed for the orientation presenting the a axis perpen-
dicular to the film surface (a,c;, Figure 3B). On the
other hand, for the e-form film with b, orientation
(Figure 3E), which is obtained by the d-form precursor,
presenting the a axis perpendicular to the film surface
(aicy), a minimum of ethylene diffusivity is instead ob-
served.

It is worth adding that for films presenting similar
crystallinity and similar degree of perpendicular orienta-
tion of the ¢ (chain) axes (third row in Table 1), the ¢
phase, exhibiting a channel-shaped nanoporosity, pre-
sents an increase in ethylene diffusivity of nearly one
order of magnitude with respect to the d phase, exhibiting
a cavity-shaped nanoporosity.

X-ray diffraction studies, analogous to those reported in
Figure 1, have shown that not only the kind but also the
degree of uniplanar orientation of the nanoporous
¢ crystalline phase can be fully retained after sorption into
the nanochannels of suitable low-molecular-mass guest
molecules (e.g., 1,2-dichloroethane® or 4-nitro-aniline®),
leading to the formation of co-crystalline phases that can
be named e-clathrates.
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Figure 3. Representation of the limit ordered uniplanar orientations for the nanoporous 6 (A—C) and ¢ (D—F) crystalline phases. The symbols L and // indicate
crystal axes being perpendicular and parallel to the film surface, respectively, Suitable procedures allow the transformation from the 6 orientations sketched in A—
C into the ¢ orientations sketched in D—F, respectively. The red lines indicate the possible preferential direction of interchannel guest diffusion for the ¢ phase.
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Figure 4. Ethylene desorption isotherms, presenting the absorbance var-
jations of the 952 cm ™! ethylene peak (A4, — A4,)/ A4, versus the square root of
desorption time divided by film thickness (v'¢ /L), from polymeric films
after equilibrium absorption at room temperature and at a pressure of 1
atm. 0-Form or e-form s-PS films exhibit three different uniplanar orienta-
tions. 0: ayc;; (fo10~ 0.81); arc); (for0~ —0.43); ajicy (foo 0.85). & ay (foro ~
—0.37); by (foao = 0.74); ¢ (foo2 =~ 0.85). The corresponding limit ordered
uniplanar orientations are sketched in Figure 3A—F, respectively. For the
e-form films, the colors of the curves have been selected like those of the
precursor d-form films.

Because of the low mobility of most guest molecules
of e-clathrates,** the control of the orientation of the
channels of host ¢ phase also allows the control of the

orientation of the enclosed guest molecules.** As already
observed for the co-crystalline phases based on the na-
noporous ¢ phase (d-clathrates and intercalates),® this
orientation control could be particularly relevant for the
case of active guests with functional properties.'®

Conclusions

Three different uniplanar orientations have been
achieved for the nanoporous € phase of s-PS, correspond-
ing to the a, b, and c¢ crystal axes preferentially perpendi-
cular to the film surface. These three uniplanar
orientations allow getting three different orientations of
the crystalline nanochannels, typical of the ¢ phase, with
respect to the film surface and hence allow controlling the
diffusivity of the guest molecules as well as the orientation
of active guest molecules, also at the macroscopic scale.
Molecular modeling studies, mainly based on guest mo-
lecular dynamics, analogous to those reported some years
ago for the nanoporous 0 phase,'” are in progress for the
nanoporous ¢ phase.

Experimental Section

Materials and Preparation Procedures. The s-PS was manu-
factured by Dow Chemical Company under the trademark
Questra 101. The 13C nuclear magnetic resonance characteriza-
tion showed that the content of syndiotactic triads was over
98%. The weight-average molar mass obtained by gel permea-
tion chromatography (GPC) in trichlorobenzene at 135 °C
was found to be M, = 3.2 x10° with the polydispersity index,
M, /M, = 3.9. Pure solvents were purchased from Aldrich
and used without further purification.

0-Form films with the a;, ¢, uniplanar orientation, having a
thickness of 25—40 um, were obtained by casting procedure
from 1% w/w solution in chloroform at room temperature.
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o-Form films with the ¢, ¢/ and g, ¢, films, having a thickness of
100—150 um, were obtained by annealing amorphous s-PS films
at200°C for 1 h (thus obtaining the o crystalline phase) followed
by immersion in suitable solvents for 1 day at room temperature
and successive guest removal. In particular, films with the a, ¢,
uniplanar orientation were obtained by immersion in pure
trichloroethylene,gf whereas films with the a, ¢, uniplanar
orientation were obtained by immersion in pure chloroform.”
The guest removal was obtained by extraction with carbon
dioxide in supercritical conditions.'® The residual guest content
in the samples, after these extraction procedures, as evaluated by
thermogravimetric measurements, was lower than 0.1%. The
amorphous s-PS films were obtained by melt extrusion with an
extrusion head of 200 mm x 0.5 mm.

y-Form films with uniplanar orientations were obtained
by annealing of the corresponding nanoporous J-form films
at 160 °C for 2 h. All the considered samples are semicrystalline
with degree of crystallinity in the range 30—45%, as determined
by the Fourier transform infrared method described in ref 19.

e-Form films with uniplanar orientations were obtained
by recrystallization by chloroform vapor sorption followed
by chloroform desorption by sample immersion in acetonitrile,
on the oriented y-form films, in turn obtained by annea
ling of the corresponding nanoporous d-form films at 130 °C
for 1 h.

Characterization Techniques. Wide-angle X-ray diffraction
patterns with nickel filtered CuKa radiation were obtained, in
transmission, by using a cylindrical camera (radius = 57.3 mm).
The patterns were recorded on a BAS-MS imaging plate (FU-
JIFILM) and processed with a digital imaging reader (FUJI-
BAS 1800). In particular, to recognize the kind of crystalline
phase orientation, photographic X-ray diffraction patterns were
taken by having the X-ray beam parallel (EDGE) and perpen-
dicular (THROUGH) to the film surface and by placing the film
sample parallel to the axis of the cylindrical camera.

The degree of orientation of a crystal plane exhibiting hk/
Miller indexes fj,;, with respect to the film plane, has been
formalized on a quantitative numerical basis, in analogy with
the Hermans’ orientation functions as defined for the axial
orientation in refs 20

(18) (a) Reverchon, E.; Guerra, G.; Venditto, V. J. Appl. Polym. Sci.
1999, 74,2077. (b) Ma, W.; Yu, J.; He, J. Macromolecules 2005, 38,
4755-4760.

(19) Albunia, A.R.; Musto, P.; Guerra, G. Polymer 2006, 47, 234.

(20) (a) Wilchinsky, Z. W. Advances in X-ray Analysis; Plenum Press:
New York, 1963; Vol. 6,p 231.(b) Alexander, L. E. In X-Ray Diffraction
Methods in Polymer Science; Krieger, R. E., Ed.; Huntington:
New York, 1979; Chapter 4, p 210.
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St = (3cos? xpy —1)/2 (1)

by assuming cos” x,, as the average cosine squared values of the
angle, x,;, between the normal to the film surface and the
normal to the (hk/) crystallographic plane.

If the direction normal to the /ik/ plane is unique (i.e., there are
no other equivalent directions in the crystal),® a f, is equal
to +1 or —0.5 when the (hkl) crystallographic planes of all
crystallites are perfectly parallel or perpendicular to the film
plane, respectively. For the case of random orientation, f; is
equal to zero.

The quantity cos” x,, has been experimentally evaluated by
the above-described EDGE X-ray diffraction patterns as

/2 .
Iy P 1000)€08 SN g s
T2 I (il sin yhkl dyg

— 2 —
COS? Xppy = COS? Yy = (2)

where I(),,) 1s the intensity distribution of a (hk/) diffraction on
the Debye ring and y,; are the azimuthal angles measured from
the horizontal lines of EDGE patterns like those of Figures 1
and 2. In particular, the diffracted intensity I(y;.;) of eq 2 has
been obtained from EDGE patterns as collected by using a flat
camera, by the azimuthal profile at a constant 26 value.

Infrared spectra were obtained at a resolution of 2.0 cm™ ! with a
Vector 22 Bruker spectrometer equipped with deuterated triglycine
sulphate (DTGS) detector and a KBr beam splitter. The frequency
scale was internally calibrated to 0.01 cm™ "' using a He—Ne laser;
32 or 16 scans were signal-averaged to reduce the noise.
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