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ABSTRACT: Syndiotactic polystyrene (sPS) films with uniplanar-axial orientation of their co-crystalline phase
with a fluorescent guest (naphthalene, NP) have been prepared and the orientation of their crystalline phase has
been fully characterized by X-ray diffraction measurements. The prepared films have been examined in detail
using Nishijima’s method, where angular distribution of NP polarized fluorescence intensities was measured at
each setting film angle by the rotation of films around the excitation light beam. This polarized fluorescence
method turns out to be quite effective for monitoring the orientation of fluorescent guest molecules in the films.
In particular, in semicrystalline films presenting uniplanar-axial orientation of their sPS/NP clathrate phase, NP
molecules were found to exhibit a high three-dimensional orientational order all over the films. The experimental
data have also allowed to determine the orientation of the NP guest molecule with respect the axes of the co-
crystal unit-cell: in satisfactory agreement with molecular modeling results, angles formed by the short and the
long axes of NP with the ¢ axis are not far from 80° while the angle between the short axis of NP and the a axis

is nearly 105°.

Introduction

Fluorescence spectroscopy is growing remarkably as a
powerful and effective tool to study the physical and chemical
behaviors of macromolecules.' ™ Because fluorescence tech-
niques are not only highly sensitive but also nondestructive,
they are useful for monitoring changes in the microenvironment
whatsoever. Thus far, however, fluorescence techniques have
not been employed so effectively for studies on polymer crystal
systems. We therefore have applied fluorescence techniques to
the studies on the microenvironments in crystalline and amor-
phous regions of polymer molecules* ” or on molecules being
the guest of a polymer co-crystal.®

Polarized fluorescence measurements are considered to be a
quite effective method for determining the possible regular
orientation of a chromophore in polymer films. Nishijima®
reported the way of measuring the polarized fluorescence of
chromophores doped in plastic films by rotating the sample
around the excitation light beam, as shown in the section of
the method in the present paper. He claimed that this method
can clarify orientation of fluorescent chromophores that cannot
be discriminated from infrared dichroism measurements, because
infrared dichroism monitors only the absorption change while
the polarized fluorescence method is related to not only
absorption of polarized light but also detection of polarized
fluorescence, thus, its intensity reflects the arrangement of a
chromophore more exactly against two different standard axes.
However, in spite of the method being so sophisticated,
unfortunately, no adequate samples where the arrangement of
guest fluorescent chromophores is three-dimensionally highly
ordered in plastic films or crystals have been available. As a
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consequence, the efficiency of this method has not been
demonstrated so far.

In this paper we show that polymer films with nanoporous
and co-crystalline phases presenting a uniplanar-axial orientation
are particularly suitable for the Nishijima’s method and, hence,
allow to determine the fluorescent guest orientation with respect
to the film plane as well as with respect to the crystalline axes
of the polymeric host framework.

Polymeric co-crystalline phases are quite common for several
regular and stereoregular polymers, for example, syndiotactic
polystyrene (sPS),'*!" syndiotactic poly(p-methylstyrene),'?
syndiotactic poly(p-chlorostyrene),'® poly(muconic acid),'* or
polyethyleneoxide.'® The crystalline structures of several poly-
mer co-crystals have been determined, generally by X-ray
diffraction measurements on axially oriented films and fibers.
This procedure, for the case of well-ordered polymer co-crystals,
allows determining with a good accuracy the guest location and
orientation with respect to the axes of the crystalline phases.

In most cases, the removal of the low-molecular-mass guest
molecules from these polymer co-crystals generates host chain
rearrangements generally leading to crystalline phases that, as
usual for polymers, exhibit a density higher than that one of
the corresponding amorphous phase.

For the case of sPS'® (and of sPS-based copolymers),
by using suitable guest removal techniques,'® two different
nanoporous crystalline phases (0'° and £2°), exhibiting a density
(p = 0.98 g/cm?) definitely lower than that of the amorphous
sPS (p = 1.05 g/cm?), can be obtained. The empty space is
organized as isolated cavities and channels, for 6 and ¢
crystalline phases, respectively. In particular, the ¢ form is
monoclinic (space group P2,/a; a = 1.74 nm; b = 1.18 nm; ¢
= 0.78 nm; y = 117°) and exhibit per unit cell two identical
cavities centered on the center of symmetry and bounded by
10 phenyl rings.'**"
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These nanoporous phases are able to absorb, also from diluted
solutions®' or from gas phases,”* low-molecular-mass guest
molecules occupying also only a fraction of its crystalline
cavities. When the degree of occupancy of the crystalline
cavities is low, due to the intrinsic crystalline disorder, the X-ray
diffraction method is not able to give information relative to
the guest location and orientation.

On the other hand, we have shown that infrared linear
dichroism measurements on uniaxially oriented films allow to
establish the orientation of the guest molecules with respect to
the host chain axis, also for the case of relatively low degree of
occupancy of the cavities.>** However, these linear dichroism
measurements are not able to give information on the orientation
of the guest molecules with respect to the other axes of the
host polymeric phase.

As for the orientation of the host polymeric crystalline phase,
recent studies on sPS films have shown that, besides the usual
axial orientation, which can be achieved for all the different
crystalline phases,?* three different kinds of uniplanar orienta-
tions have been developed for the helical crystalline forms (y,
0, €, and co-crystalline forms).>>~%” In particular, as for the
nanoporous O phase, it is possible to prepare films with a ¢;*
or ag ¢*® or ay co?’ uniplanar orientations.

In the present paper we show that it is possible to prepare
sPS films exhibiting both @ ¢ uniplanar and axial orientations
(the so-called uniplanar-axial orientation),?® both for the nan-
oporous O phase as well as for the co-crystalline (clathrate)®
phase with NP.

Films presenting uniplanar-axial orientation of the sPS o
phase and including different amounts of NP guest molecules
have been examined by using Nishijima’s method, where
angular distribution of NP polarized fluorescence intensities was
measured, at each setting film angle by the rotation of films
around the excitation light beam. It is shown that experimental
fluorescence data allow determining the three-dimensional
orientational order of an NP molecule in the film as well as in
the polymer host unit-cell, also for low degree of occupancy of
the cavities of the 0 phase.

A precise determination of the orientation of the guest
molecules with respect to the surface of also macroscopic films
is particularly relevant in view of the advanced applications
proposed for sPS films, not only as fluorescent materials,® but
also as optical®® and chiro-optical®® memories and as non-linear-
optical materials.'

Method of the Polarized Fluorescence Measurements
by Rotating a Sample around the Excitation Light. First we
show our method to measure polarized fluorescence of a
chromophore and its angle distribution and explain how the
orientation of a chromophore is related to its polarized fluo-
rescence.

Figure 1 demonstrates the general measurement of polarized
fluorescence of a sample. Light is a moving wave vibrating
vertically against the direction of progress. Iv and Th, which
are unit vectors of electric field for the polarized light, are shown
in the figure together with the setting way of a polarizer to
produce a polarized light whose vector of electric field is Iv or
Ih. Two sets of polarizers are used for the measurements:
polarizer 1 is always set as Iv to produce the same polarized
light as the excitation light of a sample. The polarizer 2 is set
in front of the detector as is shown to be either parallel (Iv) or
vertical (Th) to polarizer 1. The fluorescence intensity of a sample
is defined to be 10 and 190 when polarizer 2 (fluorescence) is
set as Iv and Ih, respectively. 10 and 190 are dependent on how
much a sample absorbs the polarized excitation light and how
much its polarized fluorescence can go through the polarizer 2.

In general, when a chromophore is excited by polarized light,
the emission of the chromophore will be observed to be
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Figure 1. Sketch of polarized fluorescence measurements. Iv and Th
are unit vectors of electric field for the polarized light selected by a
polarizer. Polarizer 1 is set as to choose a polarized light whose vector
of electric field is Iv as the excitation light, while polarizer 2 are
automatically set to be either parallel or vertical to polarizer 1.

‘Sample

polarized if (I) the molecular motion of the chromophore is slow
enough and (II) energy transfer and energy migration do not
take place. The fluorescence anisotropy, r, which is defined as
eq 1, is convenient for evaluation of how much the fluorescence
is polarized.

r= (10— G x190)/(10 +2G x190) (1)

where G is a machine constant obtained as 190/i0: i0 and i90
are the fluorescence intensities when polarizer 1 is fixed as Ih
and polarizer 2 (fluorescence) is set as Ih and Iv, respectively.
Usually the comparison between r values is efficient for
obtaining information about the molecular motions and energy
transportation of fluorescent molecules in a system.

We can estimate 10 and 190 of a chromophore in a film. Here
the transition moments for absorption and fluorescence of a
chromophore are described to be g4 and ur, respectively. Let
us imagine that all the chromophores, being isolated from each
other, have the same arrangement in a film and their molecular
motions are restricted perfectly. We define the angle between
pa of the chromophore and the Iv of excitation light to be o
(degree) and the angle between pr and the Iv (of polarizer 2
(fluorescence)) to be 3 (degree). If a chromophore is excited at
a wavelength of the first absorption band according to the
transition to the lowest excited state, namely, from S, to Sy,
is identical with o.. However, we can change g, namely, o, by
changing excitation light wavelength to be shorter. Here the
intensity for a chromophore in the film to absorb the excitation
light shown as Iv is proportional to cos? o, while the possibility
for the polarized fluorescence of the chromophore able to pass
through polarizer 2 is proportional to cos? 3. Thus, the intensity
of 10 monitored by the detector at the back of polarizer 2 is
given by eq 2.

10=K® cos’ a cos’ B 2)

where K is the maximum probability of excitation attainable
when the molecular axis of the chromophore coincides with
the direction of Iv of excitation light and ® is the energy yield
of fluorescence. 190 is obtained for the polarized fluorescence
able to go through polarized 2 when it is set as Ih, namely,
perpendicular to the case to monitor 10. Because the angle
between ur and Ih (of polarizer 2 (fluorescence)) is to be 90 —
B (degree) in this case, 190 is given by eq 3.

190 = K® cos” o sin” (3)

We can know the transition moments for absorption and
fluorescence of a chromophore, g, and g, however, o and
are dependent on three-dimensional position of the chromophore
against Iv and Th. Thus, it is obvious that the measurement of
I0 and I90 for one position of the film is not enough for
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(A)

Figure 2. Sketch of absorption and fluorescence of naphthalene (NP).
Transition moment of NP, 1 'By,, to absorb 280 nm light is parallel to
the short axis of NP, while transition moment of NP, 1 !B, of
fluorescence is parallel to the long axis of NP. If an NP molecule has
an arrangement against Iv shown in (A), 10 is 0 and 190 has a maximum
value. All the NP molecules whose short axes are parallel to Iv can
absorb the polarized light most shown in (B).

determining the arrangement of the chromophore even if the
arrangement of all the chromophores is unique and the same.

Then, Nishijima et al.’ introduced the smart method to
determine the arrangement of chromophores in a film. It is the
method to measure each 10 and 190 of the chromophore by
rotating the sample film around the excitation light beam by
every 10 or some degrees. This rotation increases the informa-
tion about the arrangement of the chromophores in a film. At
each position of the rotation, because the angles between the
transition moments (#4 and gr) and the three vectors of electric
field (Iv of the excitation and Iv and Ih of the fluorescence)
must change, we can have the information of precise arrange-
ment of chromophores three dimensionally. Accordingly, these
three vectors of electric field can be used as the standard
coordinates.

Thus, if we can specify the three-dimensional arrangement
of a guest chromophore in a film, we can calculate 10 and 190
of the chromophore no matter how the film is set around the
exitation light. Or if the arrangement of a guest molecule is
unique, we can estimate the arrangement by reproducing all the
10 and 190 values obtained by rotating the sample.

Just as an example, we show a case where all the NP
molecules are oriented, such as in Figure 2. When an NP
molecule is excited at 280 nm, which corresponds to the
transition from Sy to S, the s of NP is parallel to the short
axis of NP. The fluorescence peaks of NP appear at 325 and
337 nm, corresponding to the transition from S; to Sy. This
fluorescence transition moment, gy, is parallel to the long axis
of NP. Thus, in the case where an NP molecule is oriented with
high regularity, such as in Figure 2A, this molecule absorbs
with the highest probability the polarized excitation light whose
vector of electric field is Iv. However, the 10 value must be 0
because the vector of its polarized fluorescence is perpendicular
to Iv of polarizer 2; namely, the angle f§ in this case becomes
90°, giving cos f§ to be 0. On the contrary, the 190 value is
expected to be the highest, because the angle § in this case
becomes 0°, giving cos 8 to be 1, the maximum value. Note
that what we have to pay attention to is only the direction of
the long and short axes of NP, that is to say, the direction of
pa and pr against Iv and Th. When irradiated at 280 nm, any
NP rings at any angles shown in Figure 2B can be excited
identically, namely, with the highest probability, because pa
of all the NP molecules shown in Figure 2B is parallel to the
vector of electric field of the excitation light, that is, a = 0 and
cos o = 1. Moreover, polarized fluorescence emits towards any
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Table 1. Characterization of sPS/NP Clathrate Crystalline Films
Used in the Present Paper

sample crystallinity, % thickness, um content of NP, % stretching

UPI 35—45 32 2.4 X
Uup2 45 7 x
UPALI 30 5 (@)
UPA2 40 5 (@)

directions keeping the parallel vibration to the g of NP. Thus,
any fluorescence from the NP in Figure 2A proceeds towards
all the directions in the yz plane. After the measurements of 10
and 190 of NP at the position shown in Figure 2, the film is
rotated around the excitation light beam by every 10 degree,
inducing the changes of any angles between the transition
moments, namely, the direction of the short and long axes of
NP and the vectors of electric field, Iv and Ih, resulting that 10
and 190 come to show different values from those obtained at
the position shown in Figure 2A.

Experimental Section

Materials. To monitor the behavior of polarized fluorescence
of NP randomly and uniformly distributed in amorphous films, we
prepared (i) atactic polystyrene (aPS) films doped with NP and (ii)
atactic poly(vinyl acetate) (PVAc) films doped with NP. aPS films
containing NP were prepared on quartz disks by using a spin-coating
method from a 4 wt/wt% THF solution of aPS (Tosoh corp.; M,
=9.64 x 10*, M /M, = 1.01) having 5.0 wt/wt% of NP per aPS
and dried by extensive pumping under vacuum for more than 3
days at 40°C. More than four films were prepared to ascertain the
reproducibility. The films were left on the quartz disks for ease of
handling during subsequent measurements. PVAc films containing
0.24 wt/wt% of NP per PVAc were prepared by casting THF
solution of PVAc (Wako Co.) with NP on glass at room temperature
for 2 days and dried by extensive pumping under vacuum for more
than 3 days at 40°C.

Films UP1, UP2, UPAI, and UPA2 are sPS films, including NP,
prevailingly as a guest in their nanoporous 0 crystalline phase. The
characterization of these films is summarized in Table 1. sPS was
supplied by Dow Chemical under the trademark Questra 101. 13C
nuclear magnetic resonance characterization showed that the content
of syndiotactic polystyrene triads was over 98%. The weight-
average molar mass obtained by gel permeation chromatography
(GPC) in trichlorobenzene at 135°C was found to be M,, = 3.2x 103
with the polydispersity index, M,/M, = 3.9.

UP1 and UP2 films were prepared as follows: chloroform
clathrate sPS films were first prepared by casting from a 1 wt/wt%
sPS solution in chloroform at room temperature. Chloroform guest
molecules were replaced by NP, by exposure to NP vapors at room
temperature. As described in detail in Results and Discussion, the
UP1 and UP2 films present the @ ¢, uniplanar orientation of the
co-crystalline polymer phase.

UPA1 and UPA2 were prepared as follows:® first, unoriented
amorphous sPS films were obtained by extrusion of the melt sPS
at 300°C with an extrusion head of 200 x 0.5 mm. These films
were uniaxially stretched at a draw ratio of A ~ 3, at a constant
deformation rate of 0.1 s™!, in the temperature range of 105—110
°C, with a Brukner stretching machine. During the stretching
procedure, the lateral size of the film has been maintained constant
by suitable gripping. UPA1 and UPA2 have been obtained by
exposure of the axially stretched films to NP vapors at 60°C. As
described in detail in Results and Discussion, the UPA1 and UPA2
films present the g ¢ uniplanar-axial orientation of the polymer
co-crystalline phase.

We would like to comment on the fraction of NP molecules in
co-crystalline phase. The guest diffusivity is generally much higher
in the amorphous phase than in the co-crystalline phase, as well
established with several sPS guest molecules.?’ ~>* This offers the
opportunity to prepare and characterize samples, including low-
molecular-mass molecules, prevailingly as guest of the host
crystalline phase. The molar ratio between styrene monomeric units
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Figure 3. Setting way of sample films for the measurements of polarized
fluorescence together with the definition of setting film angle. In the
case of UPAI and UPA2, the stretching direction is 0°.

Figure 4. Model of packing and unit cell for the crystal structure of
the sPS/NP clathrate co-crystalline phase, presenting the calculated
minimum energy location of naphthalene. In particular, the unit cell is
shown for two different views, along ¢ axis (A) and perpendicular to
the ac plane (B). The 10 phenyl rings that confine the cavity or the NP
guest are represented by stick and balls.

and cavities for the delta crystalline phase is 4:1. Because the
crystallinity is about 40%, the molar ratio between styrene
monomeric units and cavities of the sPS films is not far from 10:1.

The fraction of NP molecules in the co-crystalline phase and in
the amorphous region could not always be determined so exactly.
When I0 and I90 of NP are measured by rotating a film containing
NP around the excitation light, each 10 or 190 of NP should be the
same at any setting angles when NP molecules are in amorphous
region because of their random distribution. However, if co-
crystalline phase of sPS/NP is oriented with high regularity, the
angular distributions of 10 and 190 of NP should appear like Figure
11, where the minimum values of 10 and 190 of NP in co-crystalline
phase are 0, respectively. The isotropic intensity of 10 and 190 in
Figure 11 is assumed to be mainly from NP molecules in the
amorphous region. Thus, the ratio between highest 10 (*=3000) and
the isotropic intensity of 10 (*1300) suggests the amount of NP in
the amorphous region is less than 50% to first approximation, while
the fraction of NP in the co-crystalline phase is higher than 55%
(~(3000 — 1300)/3000) of all the NP molecules in the film.

X-ray Diffraction Measurements. Wide-angle X-ray diffraction
patterns with nickel filtered Cu Ko radiation were obtained, in
reflection, with an automatic Philips diffractometer as well as, in
transmission, by using a cylindrical camera (radius = 57.3 mm).
In the latter case the patterns were recorded on a BAS-MS Imaging
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Plate (FUJIFILM) and processed with a digital imaging reader
(FUJIBAS 1800).

In particular, to recognize the kind of crystalline orientation
present in the samples, photographic X-ray diffraction patterns were
taken by placing the film sample parallel to the axis of the
cylindrical camera and by sending the X-ray beam parallel or
perpendicular to the film surface. The degree of axial orientation,
that is, of preferential parallel orientation of the axes of the
crystalline helices with respect to the film stretching direction, has
been evaluated by using the Herman’s orientation function:

f.=@cos’x—1)/2 4)

by assuming cos? x as the squared average cosine value of the angle,
x, between the draw direction and the crystallographic ¢ (chain)
axis. The orientation factor, f,, is equal to 1 for perfect alignment
(x = 0°), whereas it is equal to —0.5 for perpendicular alignment
(x = 90°). For random orientation cos? x is 1/3, and hence f. is
Zero.

The degree of the a; ¢ uniplanar orientation of the crystallites
with respect to the film plane has been formalized on a quantitative
numerical basis using Hermans’ orientation functions,?® in analogy
to that one defined for the axial orientation:

foro= 3 cos’ xy,0— 1)/2 (3)

by assuming cos? xg10 as the squared average cosine value of the
angle, xo;0, between the normal to the film surface and the normal
to the (010) crystallographic plane.

Because, in our cases, a ;o incidence of X-ray beam is used,
the quantity cos? xo9 can be easily experimentally evaluated

72 .
> > 'ﬁ) 1(x010) cos’ Xo1o S0 Xo10%o10
€OS” Xg19=COS” %10 = (6)

72 .
L 1Gto10) s1n Zo10d%o010

where 1()o10) is the intensity distribution of a (010) diffraction on
the Debye ring and Y10 is the azimuthal angle measured from the
equator.

The diffracted intensities ()10) of eq 6 were obtained by using
an AFC7S Rigaku automatic diffractometer (with a monochromatic
Cu Ka radiation), and were collected sending the X-ray beam
parallel to the film surface and maintaining an equatorial geometry.
Because the collection was performed at constant 26 values and in
the equatorial geometry, the Lorenz and polarization corrections
were unnecessary.

In these assumptions, fy1o is equal to 1 and —0.5 if (010) planes,
that is, ac planes, of all crystallites are perfectly parallel and
perpendicular to the plane of the film, respectively.

Fluorescence Depolarization Technique. Fluorescence spectra
and fluorescence depolarization were measured at 25°C on a Hitachi
F-4500 spectrofluorometer. All the sPS films and a PVAc film
containing NP were stuck on an aluminum disk being 0.5 mm thick
with a circle hole whose diameter is 2.0 mm in order to irradiate
the exact same part no matter how the film was rotated. Fluores-
cence measurements of films were carried out by placing the films
on aluminum disks set in a holder shown in Figure 3. Thin sPS
films containing NP on quartz disks prepared by using a spin-coating
method were set in a holder directly. Films were rotated by every
10° in the same plane whose center was at 45° to the exciting beam.
In particular, in the case of UPA1 and UPA2, the stretching
direction was determined to be 0°. In other cases, 0° does not mean
anything at all. To measure NP polarized fluorescence, a Hitachi
automatic polarizer was attached to a Hitachi F-4500 spectrofluo-
rometer. Excitation wavelength was 280 nm. The 10 and 190 values
were determined by averaging the polarized fluorescence intensities
around 337 nm peak (16 points) measured repeatedly: two or three
times each for one angle from 0 to 360° and again from 360 to 0°.
Thus, the 10 and 190 values are the average of at least 64 data.

Computational Methods (Molecular Dynamics). The polymer
starting structure was that one determined by X-ray diffraction
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Figure 5. X-ray diffraction patterns (Cu Ko) of the sPS/NP clathrate
film with 2 wt % of NP prepared by the same method as UP1 and
UP2, exhibiting g ¢ uniplanar orientation, taken with beam perpen-
dicular (through, A) and parallel (edge, B) to the film plane and
collected on a photographic cylindrical camera, for film placement
parallel to the axis of the camera. The digital reading of the equatorial
profiles of the patterns A and B are reported in A" and B’, respectively.

studies.'®* In order to save considerable computer time, we applied
orthorhombic periodic boundary conditions using a procedure
developed by some of us. The monoclinic @ and ¢ crystal vectors
coincide with the Cartesian x and z directions of the simulation
box, respectively. The y direction of the simulation box forms an
angle 6 of 27° with the b axis and is perpendicular to the ac plane.
In this way, the monoclinic periodic replication properties of the
unit cell could be obtained by quasi-orthorhombic boundary
conditions. The simulated host polymer contains 3072 atoms. A
total of seven penetrating molecules were placed into host cavities.
The system was equilibrated for 500 ps and then sampled for 1 ns.
Molecular dynamics simulations were run at constant temperature
(300 K) and pressure (1 atm). All simulations were monitored to
check for good convergence in terms of energy, temperature, and
density, among other properties.

Results and Discussion

Uniplanar and Uniplanar-Axial Orientation of the
Polymer Co-Crystalline Phases. Figure 4 shows the unit cell
of the sPS/NP clathrate phase, where the unit cell has been
obtained by X-ray diffraction data while the guest location and
orientation by molecular modeling.® The two different views
are (A) along c¢ axis and (B) perpendicular to the ac plane,
respectively. The 10 phenyl rings that confine the NP guest are
represented by stick and balls.

Figures 5 and 6 show that X-ray diffraction patterns of films
having sPS/NP clathrate phase prepared in the exactly same
manner as UP1 (UP2) and UPA1 (UPA2), respectively: they
were taken with beam perpendicular (through) and parallel
(edge) to the film plane and collected on a photographic
cylindrical camera. An intense (210) reflection (at 20c, ko =
10.2°) clearly indicates the formation of the clathrate sPS/NP
phase.$1019

As for the film obtained by chloroform solution casting (like
UP1 and UP2 of Table 1), the edge pattern (Figure 5B) shows
a very intense equatorial arc corresponding to the (010) reflection
(at 20cy koo = 8.2). This clearly indicates that, as usually
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Figure 6. X-ray diffraction patterns (Cu Ko) of the sPS/NP clathrate
with 5 wt % of NP film prepared by the same method as UPA1 and
UPAZ2, exhibiting @ ¢ uniplanar-axial orientation, taken with beam
perpendicular (through, A) and parallel (edge, B) to the film plane and
collected on a photographic cylindrical camera, for film placement
parallel to the axis of the camera. The digital reading of the equatorial
profiles of the patterns A and B are reported in A" and B’, respectively.

observed® " for guest-exchange processes in sPS co-crystals,*
the (010) uniplanar orientation, that is, the orientation of the ac
plane (shown in Figure 4B) parallel to the film plane is fully
maintained. The position of this peak, intermediate between that
one of a completely filled sPS/NP clathrate (d = 1.15 nm,
260cy ko = 7.7°)® and that one of the empty O phase (d = 1.05
nm, 20c, ko = 8.4°)'°* is of course related to the low guest
content.

On the other hand, the through pattern (Figure 5A) shows
only Debye-Sherrer rings, indicating the absence of axial
orientation in the film plane. This information, also present in
the corresponding equatorial profiles of Figure 5A’" and B',
clearly confirms the occurrence of the ¢ ¢ uniplanar orientation
for the cast sPS/NP clathrate film. The corresponding degree
of uniplanar orientation has been evaluated as fyjo &~ 0.75.

As for the uniaxially stretched film (like UPA1 and UPA2
of Table 1), both through (Figure 6A) and edge (Figure 6B)
patterns, present essentially only equatorial reflections (at 26¢,
Ka = 7.7, 10.2, 15.3, 18.5, and 23.1°) as is typical of axially
oriented samples, with reflection arcs centered on layer lines,
whose periodicity is determined by the periodicity of the
polymer helix (0.78 nm for the s(2/1)2 sPS helix). However, as
shown by the visual inspection of the photographic patterns
(Figure 6A,B) and in a more clear way by the digital reading
of their equator (Figure 6A" and B', respectively), the relative
intensities of the reflections are completely different for the two
patterns. In particular, in the through pattern (Figure 6A and
A") the (010) reflection is barely detectable, while the (210)
reflection is the most intense peak. On the other hand, in the
edge pattern (Figure 6B,B’) the (010) is the most intense, while
the (210) reflection is weak. Quantitative evaluations show that
the degree of axial orientation f, is higher than 0.9, while the
degree of @ ¢ uniplanar orientation is not far from 0.7.

In summary, cast films (like UP1 and UP2 of Table 1) present
a high degree of @ ¢ uniplanar orientation, which is schemati-
cally shown in Figure 7A. The stretched films (like UPA1 and
UPA2 of Table 1) present a very high degree of axial orientation
(the ¢ axis preferentially parallel to the stretching direction)
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UPA

Figure 7. Sketch of the orientation of the sPS/NP co-crystals in the
prepared films: (A) g ¢ uniplanar orientation, that is, with ac crystalline
planes preferentially parallel to the film plane (observed for films UP1
and UP2 of Table 1); (B) a ¢ uniplanar-axial orientation, that is, with
ac crystalline planes preferentially parallel to the film plane and ¢ axes
preferentially parallel to the stretching direction (observed for films
UPAT1 and UPA2 of Table 1).
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Figure 8. Fluorescence spectra of NP in aPS prepared by using a spin-
coating method, 10 and 190 are the spectra of polarized fluorescence
when the polarizers were set to measure 10 and 190. The spectra are
for the setting film angle from 0° to 90°. The excitation wavelength
was 280 nm.

associated with a rather high degree of @ ¢ uniplanar orienta-
tion, as schematically shown in Figure 7B. The latter films will
be thereafter named as ) ¢ uniplanar-axial films. In this respect,
it is worth noting that for the case of films with ideal uniplanar-
axial orientation the crystallites cannot be further ordered except
by decreasing their number by joining them into larger ones.”®

Atactic Polystyrene (aPS) Films and Poly(vinyl acetate)
(PVAc) Films Doped with NP. Figure 8 shows polarized
fluorescence spectra of NP in aPS. The spectra for 10 and 190
are those obtained when two polarizers were set so as to measure
10 and I90, respectively. We rotated the films around the
excitation light by every 10° from 0° to 90° and measured 10
and 190 of NP at each position of the film rotation. The spectra
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Figure 9. Angular distribution of 10 (®) and 190 (A) of NP in PVAc.
The excitation wavelength was 280 nm.

"’/;’%A\N\g\{\\‘g.'f %//1 ‘ =
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Figure 10. Angular distribution of 10 () and 190 (A) of NP in sPS/
NP co-crystalline films having (010) uniplanar orientation (UP1 and
UP2). The excitation wavelength was 280 nm.

were found to be perfectly identical with one another both in
the cases of 10 and I90. This indicates that the NP molecules
are distributed uniformly and randomly in the films.

Similar measurements were also conducted on NP molecules
absorbed in PVAc films having a thickness similar to those of
the sPS films of the next sections. Following to the paper by
Nishijima et al., Figure 9 is shown in the circular polar
coordinates, which is convenient to survey the changes of 10
and 190 with a rotation angle. The numbers around the outer
circle show the angles of setting a film from 0 to 360° (=0°),
while the distance from the center of the circle shows the
intensity of polarized fluorescence 10 and 190. Figure 9
demonstrates that the angular distribution of 10 and 190 appears
as a symmetric circle, although surfaces of thick films are
uneven and as a consequence excitation light is more or less
scattered. In any rate, it is no doubt that all the NP molecules
are distributed isotropically all over the film.

sPS/NP Clathrate Crystalline Films UP1 and UP2. Figure
10 shows the angular distribution of 10 and 190 of NP in UP1
and UP2, that is, of films presenting an ¢ ¢ uniplanar orientation
and no axial orientation. In spite of the different content of NP
in UP1 and UP2 (2.4 and 7 wt %), the 190/10 ratios were found
to be extremely similar, namely, 0.83 (UP1) and 0.84 (UP2).
Moreover, the average values of fluorescence anisotropy (r) for
all the angles were almost identical for UP1 (0.052) and UP2
(0.054). The nearly identical values of 190/I0 and r suggest that
the distributions of NP molecules between the amorphous and
the crystalline phases are quite similar for UP1 and UP2.
Thus, the preparation method of UP1 and UP2 is ascertained
to be quite reproducible.

The presently observed r values are a little smaller than the
r value of NP in an aPS film where mobility of NP and
transportation of excitation energy can be neglected.®* However,
as already discussed in our previous paper,®® this relatively low
anisotropy values do not indicate that NP guest molecules are
mobile: here the motion is not referred to translational diffusion
but to local molecular mobility such as rotational motion. The
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(UPA1) (UPA2)

Figure 11. Angular distribution of 10 () and 190 (A) of NP in sPS/
NP co-crystalline films prepared by stretching procedures and having
ay ¢ uniplanar-axial orientation (UPA1 and UPAZ2). The excitation
wavelength was 280 nm.

observed r values of NP are rather close to the r values of NP
in the fibril region of sPS/chloroform gels (~0.06)** and isotactic
polystyrene/cis- and trans-decalin gels (~0.06),>* which are
assumed to be reasonable for immobile guest molecules. In fact,
H NMR studies on sPS samples have shown that the local
molecular mobility of aromatic compounds is reduced when they
are guest of the nanoporous 0 phase rather than dissolved in
the amorphous phase.*” In particular, the local mobility of the
large NP guest molecule is restricted at least at room
temperature.>>® This restricted NP mobility is quite reasonable
because its molar volume (127 A3) is close to the volume of
the cavity (~120—160 A3).!%°

In agreement with the absence of axial orientation, the figures
in the circular polar coordinates demonstrate that the distribution
of all the NP molecules is uniform. In fact, the ¢ axes of the
sPS/NP crystallites are randomly distributed in the film plane,
while the ac planes of crystallites are preferentially parallel to
the surface of the film (Figure 7A). Most NP molecules in
clathrate crystalline regions are considered to take their molec-
ular plane orientation almost perpendicular (Figure 4B) and their
long axis almost parallel (Figure 4A) to the film plane. However,
because the ac planes, although parallel to the film plane, for
different crystallites are randomly rotated in the film plane, the
10 and I90 should not be dependent on the angle of film rotation.

sPS/NP Clathrate Crystalline Films UPA1 and UPA2.
Figure 11 shows the angular distribution of 10 and 190 of NP
for the films UPA1 and UPA2, presenting a @ ¢ uniplanar-
axial orientation of the sPS/NP clathrate phase. For the
crystallites the ¢ chain axes are preferentially parallel to the
stretching direction and the ac planes are preferentially parallel
to the surface of the film. The stretching directions of UPA1
and UPA2 were set to be 0° as the rotational angles of the films.

Both the figures in the circular polar coordinates of Figure
11 after Nishijima’s papers’ demonstrate that the distribution
of NP molecules is not uniform and isotropic. The shape of the
distribution of UPA2 is roughly similar to that of UPAIL,
although it unfortunately shows an asymmetrical shape. This
asymmetry of the intensities of polarized fluorescence observed
for UPA2 is due to a sort of waving of UPA2 film. The waving
surface induces stronger light scattering. Because the scattering
light is polarized, the apparent intensities of 10 and 190 would
depend on the rotation angle of the film.

On the contrary, UPA1 showed perfect symmetric lines by
rotation of the film around the excitation light between 0 and
360°. It is very interesting that the maximum values of 10
appeared at 10° and 190° while the maximum values of 190
appeared at around 60° and 240°. The center of circle figure of
UPA1 shown in Figure 11 is 1300. This means that NP
molecules with a fluorescence intensity of 1300 are distributed
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toward all the directions. These NP molecules can be dissolved
in the amorphous region or can be guest of sSPS/NP crystallites,
being unoriented or presenting only uniplanar or only axial
orientation. Thus, the NP molecules, except the ones showing
the fluorescence intensity of 1300, present high regularity in
their three-dimensional orientation, all over the film. These
ordered NP molecules can be assumed to be guest of the sPS/
NP co-crystalline phase with uniplanar-axial orientation. Now
that we have obtained a special film where sPS/NP clathrate
phase has almost unique arrangement all over the film, we have
tried to determine the three-dimensional arrangement of a guest
NP molecule in the co-crystalline unit-cell by using the angular
distributions of 10 and 190 shown in Figure 11 (UPA1).

Fitting of the Angular Distribution of 10 and 190 of NP
in UPAL. It is worth noting that, for films presenting a purely
axial orientation of the crystalline phase, the figures like Figures
9 and 10 are expected. Figure 11, showing non-uniform angular
distribution of I0 and 190, is instead in agreement with the
presence of uniplanar-axial orientation. Because the degree of
axial orientation of the considered films is very high, most
crystallites present their chain axes along the stretching direction.

We have tried to determine the three-dimensional arrangement
of a guest NP molecule in the co-crystalline unit-cell able to
reproduce the angular distributions of 10 and 190 shown in Figure
11 (UPA1). First, we defined three parameters, sc, Ic, and sa,
which are the angles between the short (s) and long (/) axes of
the NP guest molecule with the ¢ and a axes of the host unit
cell. We have changed the values of these three angles one by
one by every 1° from 0° to 180°, and calculated each 10 and
190. Although all the crystallites present their chain (and ¢) axis
orientation parallel to the stretching direction and the ac plane
parallel to the film plane, the direction of a axes for each
crystallite can be +90° or —90° against the stretching direction
of the film (either upward or downward in Figure 7B). Thus,
the I0 and I90 were obtained by averaging the calculated values
for both cases. We assessed the validity of the trial fitting by
minimizing the sum of the variance. When we set two angle
values and changed another angle, good fitting turned out to
appear near one angle. The best fitting of 10 and I90 can be
obtained for s¢ ~ Ic ~ 80° and for sa ~ 105°. However, some
sets of sc, lc, and sa were found to give the better fitting where
the sum of the variance was nearly the same. Taking into
account the results of the molecular modeling, the calculated
values of 10 and 190 for s¢ = l¢ = 82° and for sa = 104° as an
example are shown with the experimental values in Figure 12.
To show clearly the fitting to reproduce the experimental data,
Figure 12 is drawn in the Cartesian coordinates to demonstrate
the angular distribution of 10 and 190, though the data are
perfectly the same. The fitting reproduced the angles to have
not only the maximum values but also small peak values of 10
and 190.

This guest orientation is compatible with the results of
molecular dynamic simulations shown in Figure 13, as obtained
for NP molecules in a crystal of 0 form sPS. In fact, according
to the molecular simulation, maximum probability for sc, lc,
and sa would correspond to 85, 80, and 112°, respectively. Thus,
the experimental data of 10 and 190 have allowed us to determine
the orientation of the NP guest molecule with respect the axes
of the co-crystal unit-cell (sc =~ Ic =~ 80° and for sa ~ 105°),
in satisfactory agreement with molecular modeling results.

Our previous paper described our trial to determine the
location of the NP guest molecule in clathrate crystalline unit-
cell by infrared dichroism measurements on axially oriented
films.® Infrared dichroism measurements on axially oriented sPS
co-crystalline films allow only to determine the angles between
the crystalline chain axis and molecular axes.”®> Moreover, the
evaluated angles between the NP molecules and the host ¢ axis
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Figure 12. Fitting of the angular distribution of 10 (®) and 190 (A) of
NP in the sPS/NP co-crystalline film, UPA1, whose values are the same
as Figure 11. The solid lines show the fitting curves of 10 and 190
obtained for s¢ = 82°, Ic = 82°, and sa =104°.
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Figure 13. Naphthalene guest orientation in the nanoporous crystalline
O phase of sPS as derived by the molecular dynamics simulation. Angles
sc, Ic, and sa are the angles defined by the a and c crystalline axes of
the polymer host and by the short (s) and long (/) in-plane symmetry
axes of the naphthalene guest (see Figure 2A).

were substantially smaller than those obtained by molecular
simulation. This deviation could be due to the vibrational
mobility of the NP guest molecules with respect to their average
location or more probably to the presence a fraction of NP
molecules in the amorphous regions of the film, which (being
generally unoriented) of course reduce the linear dichroism
values.

The fluorescence method used in the present paper is much
more efficient in determining the guest orientation in the polymer
co-crystalline phase, with respect to the infrared method. In fact,
the possible contribution from unoriented molecules possibly
dissolved in the amorphous phase, rather than guest of the
crystalline phase, can be easily removed (e.g., fluorescence
below 1300 in Figure 11 for the UPA1 film). Note that the
vibrational motion of the NP guest molecules that may affect
infrared dichroism measurements does not influence 10 and 190
at all. As Nishijima pointed out,” some regular orientation
patterns of guest molecules in films can never be distinguished
by means of infrared dichroism measurements even if the
arrangement is unique in the film, because infrared dichroism
is only based on the process of absorption. It is needless to say
but the angular distributions of 10 and 190 are obtained by way
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of both absorption and emission processes, thus this polarized
fluorescence method can get more information.

Conclusions

The orientation of the clathrate co-crystalline phase of
syndiotactic polystyrene with NP, in films prepared by solution
casting and by NP treatments of axially stretched films, has been
thoroughly characterized by X-ray diffraction measurements.

Films presenting the a ¢ uniplanar and « ¢ uniplanar-axial
orientations of the sPS/NP co-crystalline phase have also been
characterized by angular distribution of guest polarized fluo-
rescence.

The reported fluorescence measurements clearly indicate that
the uniplanar-axial orientation of the sPS/NP clathrate crystalline
phase imposes a high three-dimensional regularity of the
orientation of the guest molecules in whole film.

As a consequence, polarized fluorescence measurements for
different film setting angles (the Nishijima’s method) have
allowed obtaining information on the orientation of guest NP
molecules with respect to the polymer host crystalline axes. In
particular, we have established by the fluorescence measure-
ments that the angles formed by the short and the long axes of
NP with the co-crystalline ¢ axis are not far from 80°, while
the angle between the short axis of NP and the co-crystalline a
axis is nearly 105°, in satisfactory agreement with molecular
dynamics simulations.

The fluorescence method used in the present paper is much
more efficient in determining the guest orientation in the polymer
co-crystalline unit-cell with respect to the infrared method. In
fact, first of all, the possible contribution from molecules simply
dissolved in the amorphous phase, rather than guest of the
crystalline phase, can be easily removed. Moreover, the use of
films with uniplanar-axial orientation allows determining the
orientation with respect to all crystalline axes, while the linear
dichroism measurements allows determining the guest orienta-
tion only with respect to the crystalline axis aligned along the
stretching direction. It is also worth adding that due to the high
sensitivity of fluorescence measurements, the method can be
applied also for very low degrees of occupancy of the crystalline
cavities, that is, when the fluorescent guest molecules are present
only in traces. In fact, the present fluorescence method can
operate independently of the degree of occupancy of the
crystalline cavities, for the whole range going from completely
filled co-crystals to essentially empty nanoporous phases.

It is worth noting that this Nishijima’s method has not been
used at all, until now, due to the need of three-dimensionally
oriented, rather than axially oriented, chromophore guests. The
present results suggest that the Nishijima’s method could be
generally applied to guest fluorescent molecules of polymeric
nanoporous crystalline phases as well as of polymer co-crystals,
for which films with a uniplanar-axial orientation are available.
In this respect it is worth adding that, for most semicrystalline
polymers, stretching procedures suitable to achieve at least one
kind of uniplanar-axial orientation can be found.®
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