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ABSTRACT: The dependence of polymer film transparency on
different kinds of planar orientations of nanoporous-crystalline
(NC) phases of syndiotactic polystyrene (sPS) and poly(2,6-
dimethyl-1,4-phenylene)oxide (PPO) is described. The two
polymers exhibit opposite behavior: film transparency is improved
for sPS and PPO by orientations of the chain axes of the NC
phases being parallel (c∥) and perpendicular (c⊥) to the film plane,
respectively. This behavior can be rationalized by the negative and
positive birefringence of sPS and PPO chains, respectively. In fact,
to maximize transparency, the refractive index of the NC phase
along the perpendicular to the film plane has to be increased to come closer to that of the corresponding amorphous phase. This can
be pursued by controlling the orientation of the NC phases and hence of the associated refractive index ellipsoids.

■ INTRODUCTION
Amorphous polymer films are generally highly transparent, due
to their homogeneous refractive index. Semicrystalline polymer
films, instead, exhibit a reduced transparency due to the different
refractive index of their amorphous and crystalline phases.
Inhomogeneous refractive indexes generate light scattering, thus
reducing the amount of transmitted light.1−5

For most polymers, the density and hence refractive index of
their crystalline phases are higher than for the corresponding
amorphous phases (ncr > nam). In a few specific cases, e.g.,
isotactic poly(4-methyl-pentene-1),6 the density and refractive
index of crystalline and amorphous phases are similar, and
hence, the film transparency is poorly affected by the degree of
crystallinity. Only two polymers, syndiotactic polystyrene
(sPS)7−9 and poly(2,6-dimethyl-1,4-phenylene)oxide
(PPO),10,11 exhibit nanoporous-crystalline (NC) phases, with
an ordered distribution of empty space, the density and hence
refractive index of which are definitely lower than for the
corresponding amorphous phases (nNC < nam).
Suitable procedures to increase the transparency of semi-

crystalline films generally imply a reduction of the crystal size to
values smaller than the visible light wavelength, usually by
adding nucleating agents.1−5 The transparency of semicrystal-
line polymer films can be also improved by procedures
(generally quenching) leading to mesomorphic polymer phases,
like for isotactic polypropylene.12,13 Another well-established
method to obtain highly transparent films involves polymer
crystallization under mechanical strain, being generally biax-
ial.14−18 In fact, strain-induced crystallization in polymer films
leads to formation of crystallites of nanometric size19−23 as well
as to a high degree of orientation (mainly of their crystalline
phases), thus generating high optical anisotropy.24−26

Biaxial strain, as well as suitable solution crystallization
processes, can lead to different kinds of planar or uniplanar
orientations of the crystalline phases, exhibiting preferential
orientation with respect to the film plane of a crystalline axis or
of a crystalline plane, respectively.27

Planar and uniplanar orientations can be obtained, also
without any mechanical stretching, for NC films of sPS28−32 and
PPO.33,34 These crystalline phase orientations are obtained by
cocrystallization procedures between the polymer host and low
molecular mass guest molecules and are generally maintained
after procedures of guest removal that lead to NC films.
The aim of this paper is to study the dependence of film

transparency on the kinds of planar orientation of NC phases of
sPS and PPO.

■ EXPERIMENTAL SECTION
sPS pellet (Trademark Xarec 90 ZC) was supplied by Idemitsu and has
a weight-averaged molecular weight Mw = 197 kg/mol. PPO powder
(P6130 grade) was supplied by Sabic and has an ultrahigh molecular
weight Mw = 350 kg/mol.

Guest molecules dibenzyl ether (BE), benzene, carvone, limonene,
chloroform (CHCl3), 1,1,1-trichloroethane (TCA), 1,1,2-trichloro-
ethylene (TCE), 1,2,4-trichlorobenzene (TCB), 1,2-dimethylbenzene
(o-xylene), 1,4-dimethylbenzene (p-xylene), 1,2-dichloroethane
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(DCE), and tetrahydrofuran (THF) were purchased from Aldrich and
used without further treatment.
sPS cocrystalline (CC) films, with thicknesses in the range of 20−

100 μm, were prepared by solution casting at room temperature from
0.2 to 0.8 wt % polymer solutions. Amorphous films with similar
thickness were prepared by compression molding followed by
quenching into ice water.
As for PPO, cocrystalline films with thicknesses in the range of 20−

100 μm were obtained by two different procedures: (i) casting from
solutions with 0.5−1 wt % polymer content and (ii) crystallization of
amorphous PPO films, as induced by immersion in pure liquid guests.
Amorphous PPO films were obtained by casting from 0.2 to 0.8 wt %
chloroform solution at 60 °C.
sPS and PPO NC films were obtained from cocrystalline films by a

typical guest extraction procedure: room temperature sorption−
desorption of acetonitrile. The guest contents for CC films that were
extracted to prepare NC films were in the range of ∼10−15 and ∼15−
20 wt % for sPS and PPO, respectively. Complete guest removal was
verified by the absence of guest peaks in the FTIR spectra of the
extracted films.
Densities of polymer films weremeasured, after guest removal, by the

flotation method. In particular, aqueous solutions of calcium dichloride
andmethanol were used to evaluate film densities higher and lower than
1 g/cm3, respectively. Measured densities of the amorphous sPS and
PPO films are 1.052 and 1.043 g/cm3, respectively. Densities of the NC
δ-form films of sPS are close to 0.99 g/cm3. Densities of the NC α- and
β-form films of PPO are close to 0.988 and 1.004 g/cm3, respectively
WAXD data were obtained by a D8 QUEST Bruker diffractometer

(CuKα radiation) and are shown as two-dimensional (2D) patterns.
The reported 2D-WAXD patterns were collected by sending the X-ray
beam parallel to the film surface (EDGE patterns).
The degree of planar orientation ( fc) of the prepared films was

formalized by the Hermans orientation function

f (3 cos 1)/2c
2 γ= − (1)

where cos2 γ was experimentally evaluated from EDGE patterns, by the
azimuthal distribution of 010 and 001 reflections for sPS and PPO,
respectively. In this framework, fc = 0 corresponds to a random
crystallite orientation, while fc = 1 and fc =−0.5 correspond to the c axes
of all crystallites being parallel and perpendicular to the film plane,
respectively.
Correlation lengths of crystalline domains D were evaluated for

reflections with Miller indexes hkl, by the formula of Scherrer

D K( )/( cos )hkl hklλ β θ= (2)

where K is assumed equal to 0.9, λ = 0.154 18 nm (i.e., the wavelength
of the used X-ray radiation), and βhkl and θhkl are the full width at half-
maximum (fwhm) and the diffraction angle of the considered hkl
reflection Figure S1. X-ray patterns used for theseD evaluations (Figure
S1) and Table S1 collecting measured D values are shown in the
Supporting Information (SI).
FTIR spectra were collected with a Vertex70 spectrometer from

Bruker. The resolution was 2.0 cm−1 and 32 scans were averaged to
reduce noise.
Differential scanning calorimetry (DSC) measurements were

conducted with TA Q2000 equipment from TA Instruments, under
controlled nitrogen gas flow, at a heating rate of 10 °C/min.
For evaluation of the degree of crystallinity of sPS and PPO films,

methods based on two different techniques were used. In fact, for sPS
we preferred evaluations based on FTIR spectra (Figure S2a,b, SI), as
described in detail in ref 35. FTIR methods are much less accurate for
PPO, due to more difficult spectral subtraction procedures. For PPO,
we have used an evaluation method based on melting enthalpies, as
obtained by DSC scans at a heating rate of 10 °C/min (Figure S2c,d,
SI), as already proposed in ref 36. The method assumes that the melting
enthalpy of a 100% crystalline sample is 42 ± 8 J g−1. DSC methods are
instead unavailable for sPS, due to the occurrence of many phase
transitions before melting.

The optical transmittance of polymer films, with thicknesses in the
range of 50−60 μm, was measured by using a Shimadzu UV−visible
spectrophotometer (UV-2600). Films, after guest removal, were placed
between two quartz plates, and the transmittance was measured as a
function of wavelength in the 200−800 nm range.

Scanning electron microscopy (Carl Zeiss SMT AG, Oberkochen,
Germany) was used to study the surface morphology of polymer films.
Before imaging, all of the films were coated with a thin layer of gold to
protect the sample from beam damage (Agar auto sputter coater model
108 A, Stansted, UK).

■ RESULTS AND DISCUSSION
sPS and PPO Films with Different Planar Orientations

of Their NC Phases. The kind and degree of the planar
orientation of crystalline phases of polymer films can be
determined by sending the X-ray beam parallel to the film plane
and by collecting 2D-WAXD patterns with the so-called EDGE
geometry.28−34 2D-WAXD EDGE patterns of NC films of sPS
(a,b) and PPO (c,d), as obtained from the corresponding CC
films after guest extraction, are shown in Figure 1. sPS films

measured in parts a and b of Figure 1 were obtained by casting
from CHCl3 and p-xylene solutions, respectively. PPO films
used for parts c and d of Figure 1 were obtained by dibenzyl
ether (BE) solution casting and by immersion of an amorphous
film in BE, respectively.
Patterns of Figure 1a,c show centered on the equator (red

dotted line) diffraction arcs corresponding to hk0 reflections, for
instance, 010 and 210, of the NC δ-form of sPS and of the NC α-
form of PPO, respectively. This indicates the occurrence for
both polymers of c∥ orientation. More in detail for sPS, the

Figure 1. 2D-WAXD EDGE patterns for NC sPS (a, b) and NC PPO
(c, d) films, as obtained by guest extraction from CC films. NC sPS
films: (a) cast from CHCl3 solution, a∥c∥ orientation; (b) cast from p-
xylene solution, a∥c⊥ orientation. NC PPO films: (c) cast from BE
solution, c∥ orientation; (d) crystallized by immersion of an amorphous
film in BE, c⊥ orientation. Miller indexes of relevant reflections of the δ-
form of sPS and of the α-form of PPO are indicated close to observed
diffraction arcs.
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pattern of Figure 1a shows the centering on the equator of only
the 0k0 (010 and 020) reflections, thus indicating the
occurrence of the uniplanar a∥c∥ crystalline phase orienta-
tion.29,30 Patterns of Figure 1b,d show as centered on the
meridian (blue dotted line) diffraction arcs corresponding to
hk0 reflections of the NC δ-form of sPS and of the NC α-form of
PPO, respectively. This indicates the occurrence for both
polymers of c⊥ orientation.

32 More in detail for sPS, the pattern
of Figure 1b indicates the occurrence of the uniplanar a∥c⊥
crystalline phase orientation.29,30

Simplified presentations of the observed c∥ and c⊥ planar
orientations of the crystalline phases are shown in parts a and b
of Figure 2, respectively. These orientations could correspond to
crystalline lamellae being edge-on and flat-on the film surface,
respectively.

The degree of planar or uniplanar orientation, as evaluated by
azimuthal scans as described in the Experimental Section, is
negative for the a∥c⊥-oriented sPS (Figure 1b, fc =−0.22) and for
the c⊥-oriented PPO (Figure 1d, fc = −0.3) films, while it is
positive for the a∥c∥-oriented sPS (Figure 1a, fc = +0.71) and c∥-
oriented PPO (Figure 1c, fc = +0.45) films.
This kind of structural analysis has been conducted for many

sPS and PPO films, as obtained by using many different guests as
well as different preparation procedures (solution casting or
guest-induced crystallization of amorphous films). Crystal
phases, kind and degree of planar orientation, and density of
the obtained sPS and PPO films are shown in Tables 1 and 2,
respectively.
Visual Transparency andUV−Visible Transmittance of

sPS and PPO NC Films. The sPS and PPO films, whose

preparation procedure and kind and degree of planar
orientations are collected in Tables 1 and 2, respectively, have
been characterized as for their optical transparency.
As a general trend, sPS films with the c∥ orientation are more

transparent than sPS films with the c⊥ orientation, while the
opposite is true for PPO films, with the c∥ orientation being less
transparent than the c⊥ orientation. This is shown, for instance,
by the photographs in Figure 3a−d of sPS and PPO films for
which the WAXD patterns are shown in Figure 1a−d,
respectively. For the sake of comparison, photographs of the
corresponding sPS and PPO amorphous transparent films are
shown on the right side of Figure 3.
Quantitative evaluations of the transparency have been

conducted with UV−visible spectra, in the range of 200−800
nm, for sPS and PPO films with thicknesses of 50−60 μm (parts
a and b of Figure 4, respectively). Of course, the maximum
transparency occurs for amorphous films (black lines). The
spectra of Figure 4 clearly confirm the opposite behavior of the
two NC polymers, which is already suggested by a visual
inspection of the films (Figure 3). The transparency of sPS films
(Figure 4a) is high for the c∥ orientation (green curves) and low
for the c⊥ orientation (red curves), while the transparency of
PPO films (Figure 4b), on the contrary, is high for the c⊥
orientation (red curves) and low for the c∥ orientation (green
curves). Intermediate transparency occurs for unoriented films
of both polymers (blue curves in Figure 4).
The comparison is particularly significant for the sPS films of

Figure 4a, because all of the compared semicrystalline films were
prepared by room temperature casting of 0.5 wt % polymer
solutions and exhibit the same NC form (δ) with similar density
[in the range of 0.996−1.006 g/cm3 (fifth column of Table 1),
corresponding to a degree of crystallinity in the range of 34−
43%].
As for PPO, particularly interesting is the comparison

between spectra of NC films all exhibiting the same NC form
(α),36 as well as a similar degree of crystallinity, as pointed out by
similar experimental density values (0.988± 0.006 g/cm3) being
much lower than that of the amorphous sample (1.043 g/cm3).
In fact, the three films with c⊥ orientation (red curves) exhibit a
transparency close to that of the isotropic amorphous film. All
the films with the c∥ orientation (green curves), independently of
the crystallization procedure as well as of the chemical nature of
the crystallizing guest, exhibit much lower transmittance values
(Figure 4b).
A simple way to compare the transparencies of the prepared

sPS and PPO films is the evaluation of the film transmittance at a
fixed wavelength in the visible range. Transmittance values at

Figure 2. Simplified presentation of planar orientations of the NC
phases observed for sPS and PPO: (a) c∥ orientation, possibly
corresponding to crystalline lamellae being edge-on to the film surface,
and (b) c⊥ orientation, possibly corresponding to crystalline lamellae
being flat-on to the film surface. The directions of the chain axes
correspond to minimum and maximum values of the refractive index of
the NC δ-form of sPS and of the NC α-form of PPO, respectively.

Table 1. Crystal Phase (δ), Kind of Orientation, Degree of Orientation, Preparation Procedures, Guest Used for Preparation of
the Corresponding Cocrystalline Films, Degree of Crystallinity (FTIR), and Transmittance at 600 nm of NC sPS Films (∼50−60
μm)

crystal phase, orientation degree of orientation fc(010) preparation procedure guest degree of crystallinity (%) transmittance at 600 nm (%)

(±0.05)

amorphous - melt quenching - - 92
δ, c⊥ −0.28 solution cast at rt TCE 39 38
δ, c⊥ −0.3 solution cast at rt DCE 34 45
δ, c⊥ −0.22 solution cast at rt p-xylene 40 35
δ, unoriented 0 solution cast at rt THF 35 70
δ, c∥ +0.71 solution cast at rt CHCl3 43 82
δ, c∥ +0.8 solution cast at rt benzene 38 86
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600 nm of all the prepared films are collected in the last columns
of Tables 1 and 2.

It is worth adding that SEM images of sPS and PPO films are
poorly dependent on the kind of crystalline phase planar
orientation. For instance, SEM images for films for which the
WAXD patterns are shown in Figure 1a−d are shown in Figure
S1a−d, respectively. Both SEM images of sPS with a∥c∥ (Figure
S3a) and a∥c⊥ (Figure S3b) orientations show very small
microstructures and smooth surfaces. Both SEM images of PPO
with c∥ (Figure S3c) and c⊥ (Figure S3d) orientations show
slightly larger microstructures and rough surfaces. Moreover,
also correlation lengths of polymer crystallites, as evaluated by
the full width at half-maximum (fwhm) of the crystalline
reflections of the patterns of Figure 1, do not change significantly
with the kind of planar orientation. For instance, the correlation
length (as evaluated by the method described in the
Experimental Section) for the 301/3̅21 reflection of the δ-
form of sPS is similar for films with a∥c∥ and a∥c⊥ orientations of
Figure 1a,b (7.6 ± 0.1 nm). Analogously, correlation length for
the 210 reflection of the α-form of PPO is similar for films with c∥
and c⊥ of Figure 1c,d (4.8 and 5.4 nm, respectively, i.e., even
higher for the more transparent film with c⊥ orientation). Hence,
microscopic images and WAXD patterns indicate that the
observed dependence of transparency on the crystalline phase
orientation is not due to different sizes of polymer crystallites.
All of the above-reported data refer to sPS and PPO films

exhibiting a thickness in the range of 50−60 μm. Similar results
are obtained for different film thicknesses, at least for the range
of 20−100 μm, as shown by the UV−visible spectra of Figure 5.

Interpretation of the Opposite Effects of Planar
Orientations on the Transparency of NC Films. The
opposite dependence of film transparency on c∥ and c⊥
orientations (as shown by the data of Figures 4 and 5 and of
the last columns of Tables 1 and 2) can be rationalized, on the
basis of the opposite birefringence of the two polymers.
The negative birefringence for sPS films37−40 and fibers41 and

positive birefringence for PPO films42−44 are well-established
and easily rationalized by the phenyl rings being nearly
perpendicular7 and parallel45 to the crystalline polymer chain
axes, respectively. For instance, the intrinsic birefringences of PS
and PPO, as evaluated in ref 42, are −0.10 and +0.21,
respectively.
NC phases of both sPS and PPO are less dense than the

corresponding amorphous phases (dNC < dam), and hence, both

Table 2. Crystal Phase (α or β), Kind of Orientation, Degree of Orientation, Preparation Procedures, Guest Used for Preparation
of the Corresponding Cocrystalline Films, Degree of Crystallinity (DSC), and Transmittance at 600 nm of NCPPOFilms (∼50−
60 μm)

crystal phase and
orientation

degree of orientation
fc(001) preparation procedure guest

degree of
crystallinity (%)

transmittance at
600 nm (%)

(±0.05)

amorphous - solution cast at 60 °C CHCl3 - 90
α, c⊥ −0.3 immersion of amorphous film in liquid guest at rt BE 44 83
α, c⊥ −0.2 immersion of amorphous film in liquid guest at rt carvone 41 81
α, c⊥ −0.21 immersion of amorphous film in liquid guest at rt limonene 37 84
α, c∥ +0.4 immersion of amorphous film in liquid guest at rt TCA 51 40
α, c∥ +0.45 immersion of amorphous film in liquid guest at rt TCB 53 38
α, c∥ +0.45 solution cast at rt or 60 °C BE, 60 °C 43 33
α, c∥ +0.4 solution cast at rt or 60 °C carvone, 60 °C 49 37
α, c∥ +0.45 solution cast at rt or 60 °C limonene, 60 °C 44 39
α, c∥ +0.4 solution cast at rt or 60 °C TCB, rt 58 47
α, c∥ +0.45 solution cast at rt or 60 °C TCA, rt 51 34
β, unoriented 0 solution cast at rt or 60 °C CHCl3, rt 41 73
β, unoriented 0 solution cast at rt or 60 °C DCE, rt 39 69

Figure 3. Photographs of sPS and PPO films with a thickness of nearly
60 μm: sPSNC films exhibiting (a) the a∥c⊥ orientation and (b) the a∥c∥
orientation and PPONC films exhibiting (c) the c⊥ orientation and (d)
the c∥ orientation. On the right side of the figure are photographs of fully
amorphous (am) sPS and PPO films.

Figure 4. UV−visible spectra of sPS (a) and PPO (b) films having
thicknesses in the 50−60 μm range: (black line) amorphous, (red lines)
NC films with the c⊥ orientation, (blue lines) unoriented NC films, and
(green lines) NC films with the c∥ orientation. Guests of the starting CC
films and crystallization procedures used, i.e., solution casting (cast) or
induced by immersion in the liquid guest (immersion), are indicated
close to the curves.
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exhibit lower values of refractive indexes with respect to the
corresponding amorphous phases (nNC < nam), as shown by
measurements on both sPS films39 and PPO films.46

For instance, the density of amorphous PPO films (1.043 g/
cm3)45 is definitely higher than for NC α-form PPO films (in the
range of 098−0.99 g/cm3; see Table 1 in ref 45) and the
extrapolation of these data to 100% crystallinity gives a density
of the NC α-form of nearly 0.93 g/cm3. Correspondingly, the
refractive index of the α-form NC PPO film is lower by 3−6%
with respect to the refractive index of amorphous PPO films
(1.56 at 1000 nm; see Figure 2 in ref 46). This indicates that the
refractive index of the NC α-form is lower by roughly 10% with
respect to the refractive index of the corresponding amorphous
phase.
To maximize the transparency of any semicrystalline polymer

film it is relevant to have orientations of the refractive index
ellipsoid (associated with the crystalline phase) with its
component perpendicular to the film plane being nearly equal
to the refractive index of the amorphous phase. This condition
for NC phases can be approached by orienting crystallites with
long axes of their refractive index ellipsoid (n0 for negative
birefringence and nc for positive birefringence) being
perpendicular to the film plane (Figure 6). Hence, negatively
birefringent sPS NC phases and positively birefringent PPONC
phases maximize their transparency by the c∥ orientation (Figure
6a) and the c⊥ orientation (Figure 6b), respectively.

In summary, the transparency of the prepared NC films is
dominated by their crystal phase orientation. In particular,
maximum transparency values are obtained when a long axis of
the refractive index ellipsoid (associated with the NC structure)
is perpendicular to the film plane. This corresponds to the c∥
orientation for the negatively birefringent sPS and the c⊥
orientation for the positively birefringent PPO.

■ CONCLUSION

Crystalline phase orientation in polymer films can have a strong
influence on film transparency, because crystalline phases are
generally optically anisotropic.
Quantitative evaluations of the transparency of sPS and PPO

films, conducted with UV−visible spectra, show an opposite
behavior of the two NC polymers: transparency of sPS films is
favored by the c∥ orientation, while transparency of PPO films,
on the contrary, is favored by the c⊥ orientation.
The observed behavior can be rationalized by considering

negative and positive birefringence (i.e., lower and higher
refractive index parallel to the crystalline chain axis) of sPS and
PPO crystalline phases, respectively. In fact, the c∥ orientation
for sPS and the c⊥ orientation for PPO lead long axes of their
refractive index ellipsoids to be preferentially perpendicular to
the film plane (Figure 6). In this way, the refractive index of the
NC phase, in the direction perpendicular to the film plane,
becomes closer to the refractive index of the denser amorphous
phase.
The increase of transparency is of course relevant for all

polymers. Transparency is, however, particularly relevant for
NC films (mainly for their applications in optical sensors)46,47 as
well as for CC films including dye,48 fluorescent,49 and
photoreactive50,51 guest molecules.
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Figure 6. Schematic presentation of crystalline-phase planar
orientations that maximize transparency of NC films: (a) c∥ orientation,
for negatively birefringent sPS films (nc < n0), and (b) c⊥ orientation, for
positively birefringent PPO films (nc > n0). The high transparency
would be due to the orientation of the refractive index ellipsoids with a
long axis (n0 in a and nc in b) perpendicular to the film plane.
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