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ABSTRACT: Syndiotactic polystyrene (s-PS) films including a fluorescent guest (naphthalene, NP) in
their nanoporous δ crystalline phase have been prepared and characterized by X-ray diffraction, infrared
linear dichroism, molecular modeling, and fluorescence depolarization techniques. A nearly perpendicular
orientation of the fused rings of NP guest molecules with respect to the chain axis of the δ crystalline
structure has been established by molecular mechanics and by evaluation of directions of transition
moment vectors of infrared vibrational modes. The fluorescence depolarization is more efficient for NP
guest molecules into the host phase than for NP molecules simply absorbed in the amorphous phase.
This could be due to a more efficient resonance energy transfer between guest molecules, possibly
associated with their ordered positioning and orientation into the host nanoporous polymeric crystallites.

1. Introduction
Recent studies relative to the polymorphic behavior

of syndiotactic polystyrene (s-PS) have shown that one
of its four crystalline forms (the δ form) is nanoporous
and has a density (0.977 g/cm3) definitely lower than
amorphous s-PS (1.04 g/cm3), which is close to that one
of atactic polystyrene.1

The monoclinic structure of δ form of s-PS (space
group P21/a; a ) 1.74 nm; b ) 1.18 nm; c ) 0.77 nm; γ
) 117°) has per unit cell two identical cavities centered
on the center of symmetry and bounded by 10 phenyl
rings (Figure 1A,A′).1,2 By sorption of generally isolated
guest molecules into these cavities, as well as by
different solution crystallization procedures, clathrate
phases1-4 are easily achieved. In particular, the crystal-
line cavities of the nanoporous δ phase are large enough
to absorb as guest, without any substantial distortion
of the host lattice, isolated molecules as large as 1,2-
dichloroethane.2,4 Moreover, associated with small dis-
tortions of the lattice (essentially increases of the b axis
up to 10-15%) bigger guests, as toluene can be hosted.2,3a

Suitable procedures for guest removal, generally involv-
ing its replacement by more volatile temporary guests
(like acetone, CS2 or CO2), allow to easily regenerate
the nanoporous form.5

Sorption studies from liquid and gas phases, have
shown that δ-form s-PS samples are able to absorb
suitable guest molecules, even when present at very low
concentrations.6-9 In particular, it has been clearly
demonstrated that for sorption at low activities, or after
partial desorption, some penetrants can be located
essentially only as guest into the crystalline phase,
while their concentration in the amorphous phase can
be negligible.6b,7

The achievement of s-PS films, being also of high
thickness, which present high degrees of axial1,4,10 or
planar11,12 crystalline phase orientations has been also
described. In particular, for uniaxially stretched films,
by combined infrared linear dichroism and X-ray dif-
fraction measurements and molecular modeling, infor-
mation relative to the orientation and mobility of
different chlorinated guests of the nanoporous δ phase
has been recently achieved.10
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Figure 1. Models of packing and unit cell for crystal struc-
tures of s-PS: (A) nanoporous δ form; (B) s-PS/NP clathrate
phase, presenting the calculated minimum energy location of
naphthalene. In particular, the unit cells are shown for two
different views, along c (A, B) and perpendicular to the ac
plane (A′, B′). The 10 phenyl rings which confine the cavity or
the NP guest are represented by stick and balls. The region
of empty space calculated for the δ phase2 is dotted in A and
A′.
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In this paper analogous infrared dichroism and X-ray
diffraction analyses have been effected for naphthalene
(NP), which is a fluorescent guest molecule. The guest
fluorescence gives the opportunity to get additional
information on the guest microenvironment by using the
fluorescence depolarization technique. In fact, fluores-
cence depolarization is an effective tool to characterize
mobility of guest small molecules as well as dynamic
local motions of macromolecules, though it does not
appear to be applied to polymer characterization so
extensively.13-15 As an example of previous application
of fluorescence depolarization method, some of the
authors doped isotactic polystyrene- (iPS-) decalin gels
with several fluorescent molecules of different molecular
sizes and measured their fluorescence depolarization to
monitor the mobility of the fluorescent molecules.16

In this paper, in the attempt to get additional
information on host-guest interactions in the nanopo-
rous δ phase of sPS, the fluorescence depolarization
behaviors in s-PS films of NP molecules, being a guest
of the nanoporous δ phase or simply absorbed in the
amorphous phase, have been compared.

2. Experimental Section
2.1. Materials. Naphthalene was purchased from Carlo

Erba and used without further purification.
Syndiotactic polystyrene was supplied by Dow Chemical

under the trademark Questra 101. 13C nuclear magnetic
resonance characterization showed that the content of syn-
diotactic 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 Mw ) 3.2 × 105

with the polydispersity index being Mw/Mn ) 3.9.
Unoriented s-PS amorphous films have been obtained by

extrusion of the melt with an extrusion head of 200 mm × 0.5
mm. Unoriented s-PS amorphous films including naphthalene
have been obtained by exposure for 5 days to NP vapors at
room temperature.

Oriented films, 20-30 µm thick, have been obtained by
monoaxial stretching of the extruded ones, at different draw
ratios up to λ ≈ 3, at a constant deformation rate of 0.1 s-1, in
the temperature range 105-110 °C with a Brukner stretching
machine.

Unoriented and axially oriented s-PS/NP clathrate films
have been obtained from unoriented and oriented films, by
exposure to NP vapors at 60 °C.

Axially oriented R form films have been obtained by an-
nealing at 200 °C of stretched s-PS/NP clathrate films. The
NP sorption, in the R form films, was achieved by exposure to
NP vapors at 60 °C.

All samples, after NP treatments, have been maintained in
air at least for 7 days before measurements. The content of
naphthalene molecules, as determined by thermogravimetric
analysis (TGA), in the films which have been used for the
fluorescence measurements, is in the range 0.5-1 wt % for
amorphous and R form films while in the range 1-2.5 wt %
for δ form films.

2.2. X-ray Diffraction. Wide-angle X-ray diffraction pat-
terns with nickel filtered Cu KR radiation were obtained, in
reflection, with an automatic Bruker D8 Advance diffracto-
meter.

For the uniaxially stretched films, the degree of axial
orientation (fc,RX), that is of the orientation of the chain axes
of the crystalline phase with respect to the stretching direction,
has been formalized on a quantitative numerical basis using
the usual Hermans orientation function17

where cos2γ is the squared average cosine value of the angle,

γ, between the crystallographic c (chain) axes and the stretch-
ing direction.

The quantity cos2γ has been experimentally evaluated, for
both NP clathrate and R form films, by

where I(ø002) is the intensity distribution of the (002) diffrac-
tions on the Debye rings and ø002 is the azimuthal angle
measured from the meridian. The diffracted intensities I(ø002)
were obtained by using an AFC7S Rigaku automatic diffrac-
tometer, and were collected sending the X-ray beam perpen-
dicular to the film surface. Because the collection was per-
formed at constant 2θ values and in the equatorial geometry,
the Lorentz and polarization corrections were unnecessary.

In these assumptions, when fc,RX is equal to 1, the c axes of
all crystallites are perfectly parallel to the stretching direction.
The orientation factor is equal to zero for random orientation.

2.3. Infrared Spectroscopy. Infrared spectra were ob-
tained at a resolution of 2.0 cm-1 with a Vector 22 Bruker
spectrometer equipped with deuterated triglycine sulfate
(DTGS) detector and a KBr beam splitter. The frequency scale
was internally calibrated to 0.01 cm-1 using a He-Ne laser.
32 scans were signal averaged to reduce the noise. Polarized
infrared spectra were recorded by the use of a SPECAC 12500
polarizer.

As far as infrared spectroscopy is concerned, the axial
orientation function is given by18

where R ) A|/A⊥ is the dichroic ratio, A| and A⊥ being the
measured absorbance for electric vectors parallel and perpen-
dicular to the draw direction respectively, and R being the
angle between the chain axis and the transition moment vector
of the vibrational mode.

For the evaluation of the R angle relative to transition
moment vectors of the NP vibrational modes, the orientation
factor relative to the helical chains of the host polymer phase
(fc,IR) has been evaluated by the dichroic ratio of the 571 cm-1

infrared band.10

As usual, an order parameter S can be defined as the ratio:

As for the dichroism measurements, only samples presenting
an NP content lower than 2% have been used. This ensures
that for the δ form films the NP molecules are only present as
guest of the nanoporous phase.

2.4. Fluorescence Depolarization Technique. Fluores-
cence spectra, fluorescence excitation spectra, and fluorescence
depolarization were measured at 25 °C on a Hitachi F-4500
spectrofluorometer. Fluorescence measurements for the s-PS
films including NP molecules were carried out by placing the
films between two quartz disks. Films were set at 45° to the
exciting beam whose shape on a film is rectangular with 1.3
cm long and 1 mm high. To determine the values of NP
fluorescence anisotropy a Hitachi automatic polarizer was
attached to a Hitachi F-4500 spectrofluorometer: the aniso-
tropic values were determined by measuring values for 100
sec at some wavelengths more than three times and averaging
them. Excitation wavelength was 280 nm and emission
wavelengths were 326, 337, and 350 nm.

To determine the intrinsic anisotropy values of NP mol-
ecules whose motions are completely suppressed, we measured
the fluorescence anisotropy of atactic polystyrene (a-PS) films
doped with some different concentrations of NP. The films were
prepared on quartz disks by using a spin-casting method from
a 1% THF solution of a-PS (Tosoh Corp.; Mw ) 9.64 × 104,
Mw/Mn ) 1.01), with different amounts of NP, and dried by

fc,RX ) (3cos2γ - 1)/2 (1)

cos2ø002 )
∫0

π/2
I(ø002) cos2ø002sin ø002dø002

∫0

π/2
I(ø002) sin ø002dø002

(2)

fc,IR )
(R - 1)
(R + 2)

(2 cot2R + 2)

(2 cot2R - 1)
(3)

S ) (R - 1)/(R + 2) (4)
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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 and were set
at 45° to the exciting beam for the measurements.

In general, when a chromophore is excited by polarized light,
the emission of the chromophore will be observed to be
polarized if (I) the molecular motion of the chromophore is slow
enough and (II) energy transfer and/or energy migration does
not take place. Therefore, measurement of the emission
anisotropy yields information about the molecular motions
and/or energy transportation. The fluorescence anisotropy, r,
is defined as

where Ip and Iv denote the measured intensities when the
observing polarizer is parallel and perpendicular, respectively,
to the direction of the polarized excitation, and G is a machine
constant. When the motion of a chromophore is fast enough
or if the excitation energy can hop among molecules, the
anisotropy of the emission falls to zero.

2.5. Computational Methods. Vibrational frequencies
calculations have been performed by density functional theory
(DFT) method after geometry optimization at B3LYP/6-31G**
level. The transition moment direction for the i-normal mode
has been obtained from electric dipole moment (µ) derivatives
∂µ/∂Qi° (indicated as µ1

(i) in Figure 4) with respect to the
corresponding i-normal coordinate (Qi).19 Details about mo-
lecular mechanics procedures for the considered host-guest
systems and force field are reported in ref 7d. All calculations
have been performed by the Gaussian98 program.20

3. Results and Discussion
3.1. X-ray Diffraction Characterization. The X-

ray diffraction pattern of an amorphous s-PS extruded
film after absorption of NP vapor at 60 °C for 3 h
(followed by NP desorption at 50 °C for 6 days) and
presenting a NP content close to 5 wt % is shown in
Figure 2A. This pattern presents diffraction peaks at
2θ ≈ 7.7, 10.2, 16.9, 19.5, 23.3, and 28.3° for Cu KR
radiation, corresponding to 010, 2h10, 111, 3h21/301, 4h11/
4h21, and 302/322, respectively, typical of s-PS clathrate
phases,1,3,4 and hence clearly indicates the NP induced
formation of a s-PS/NP clathrate phase. A comparison
with the diffraction pattern of a s-PS/NP clathrate
powder (Figure 2B) indicates that the relative intensi-
ties of the diffraction peaks are poorly altered, thus
showing that the NP induced crystallization on extruded
films, contrary to other guest induced crystallizations,16b

leads to substantially unoriented clathrate films.
As for the uniaxially stretched films, the achievement

of NP clathrate and R phases have been confirmed by
X-ray diffraction photographic patterns (not shown).

Both crystalline phases present a simple axial orienta-
tion; that is, the c axis (corresponding as usual to the
chain axis) is preferentially oriented parallel to the
stretching direction. This is pointed out by the similarity
of the X-ray diffraction photographic patterns taken
with X-ray beam perpendicular or parallel to the film
surface.

X-ray diffraction data of the uniaxially stretched
clathrate films can be used to obtain accured informa-
tion relative to the crystalline structure of the polymeric
host. However, the information, which can be achieved
by X-ray diffraction analysis, relative to the guest
orientation within the host cavity is much less ac-
curate.3,4 In fact, the usual procedure comprises a
molecular mechanics evaluation of the guest orientation
which is subsequently validated and refined by quan-
titative comparison between experimental and calcu-
lated diffraction intensities. However, the accuracy in
this evaluation of guest orientation is low due to the
generally poor dependence of the calculated diffraction
intensity on the guest orientation, to the lack of direct
information on the fraction of filled crystalline cavities
as well as to the guest mobility being much higher than
the host mobility.

For this reason, in the present paper, we have
preferred to get information on the orientation of the
guest molecules into the host cavity by the infrared
dichroism method recently described by some of us, for
some s-PS chlorinated guests.10 It is worth noting that
this procedure gives a direct evaluation of the angle of
the transition moment vector of several guest vibra-
tional modes with respect to the chain polymer axis.
Moreover, this infrared method gives the opportunity
to find film preparation conditions for which guest
molecules are located essentially only into the crystal-
line phase,10 and it also presents the advantage that
the results are independent of the degree of filling of
the crystalline cavities of the nanoporous phase.

3.2. Infrared Dichroism Analysis. FTIR spectra of
the uniaxially stretched (at λ ≈ 3) semicrystalline s-PS
films including NP molecules, for the wavenumber
range 1400-450 cm-1 and taken with polarization plane
parallel and perpendicular to the draw direction, are
shown in Figure 3. The spectra of Figure 3, parts A and
B, refer to films presenting the NP clathrate and the R
phase, respectively, and both present several dichroic
peaks.

In particular, the spectrum of the semicrystalline
sample including the NP clathrate phase (Figure 3A)
presents highly dichroic helical peaks of the polymer
host (labeled by h) at 501(⊥), 548(⊥), 571(|), 769(|), 933-
(⊥), 944(|), 969(⊥), 978(⊥), 1039(|), 1277(|), 1320(⊥),
1353(|) cm-1,10,21,22 as well as dichroic peaks of the NP
guest (labeled by N) at 478(|), 618(⊥), 786(|), 845(⊥),
960(|), 1009(⊥), 1128(⊥), 1211(⊥), 1243(⊥), 1268(⊥),
1389(⊥) cm-1.23-25 On the other hand, the spectrum of
the R phase semicrystalline film (Figure 3B) shows
highly dichroic trans-planar polymer peaks (labeled by
t) at 540(|), 902(|), 1222(|), 1334(⊥), 1350(|) and
1374(⊥)cm-1, 26,27 and a nearly negligible dichroism of
the NP peaks (labeled by N).

These observations can be easily rationalized by
considering that NP molecules are only absorbed in the
essentially unoriented amorphous phase of the stretched
R form films, while they are mostly enclosed as guest
of the highly oriented clathrate phase into the stretched
clathrate films. The dichroism of the NP peaks, for the

Figure 2. X-ray diffraction patterns collected by an automatic
diffractometer (Cu KR radiation) of s-PS samples presenting
the s-PS/NP clathrate phase with a NP content close to 5 wt
%: (A) film; (B) powder.

r ) (Ip - GIv)/(Ip + 2GIv) (5)
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clathrate film, clearly indicates the presence of some
preferential orientation of the guest molecules with
respect to the stretching direction.

As discussed in detail in ref 10, since the transition
moment vector for the helical host band at 571 cm-1 is
parallel to the chain axis, the order parameters for this
host helical band can be directly used as a measure of
the axial orientation factor of the crystalline phase (fc,IR).
In particular, for the uniaxially stretched films present-
ing the NP clathrate phase of Figure 3A, fc,IR is close to
0.96 and well compares with the value of the orientation
of the crystalline phase as obtained by X-ray diffraction
measurements (section 2.2).

3.3. NP Guest Orientation with Respect to the
Chain Axis of the Host Crystalline Phase. Direct
information relative to the orientation of the guest with
respect to the chain axis of the polymeric crystalline host
can be easily achieved by infrared dichroism measure-
ments on films uniaxially stretched at different draw
ratios, as recently reported for some chlorinated guests
of s-PS clathrate phases in ref.10.

Particularly informative are the infrared NP peaks
listed in Table 1, well resolved in the spectra of Figure
3 and attributed to B1u, B2u, or B3u normal modes.23-25

These vibrational modes as well as the calculated
transition moment vector directions µ1

(i) are shown in
Figure 4.

By using a procedure analogous to that one described
in ref 10, a quantitative comparison between dichroic
ratios of a polymer host helical peak and of the guest
peaks of Table 1 is presented in Figure 5. In particular,
the infrared order parameter S, as evaluated by dichroic
ratios of the NP guest peaks are reported vs the
orientation factors relative to the helical chains of the
clathrate phases, as evaluated by the dichroic ratio of
the 571 cm-1 infrared peak (fc,IR). By applying eq 3 to
the data of Figure 5, R values in the ranges 30°-41°
and 58°-67° have been obtained, for all the considered

Figure 3. FTIR spectra for the wavenumber range 1400-450 cm-1, taken with polarization plane parallel (thin lines) and
perpendicular (thick lines) to the draw direction, for uniaxially stretched s-PS films (for λ ≈ 3) including the following: (A) 8 wt
% of NP in the δ crystalline phase; (B) 4 wt % of NP in the amorphous phase and a guest-free crystalline R phase. The labels h,
t, and N refer to absorbance peaks of helical polymer chains of the host δ phase, of trans-planar polymer chains of the R crystalline
phase and of NP, respectively.

Table 1. Infrared Absorbance Peaks of Naphthalene for
Which the Vibrational and Dichroism Analyses Have

Been Effecteda

sym mode calcd (cm-1) exp. (cm-1) R (deg) Rcalc (deg)

B3u ν6 492 478 30 ( 1 16
ν20 981 960 41 ( 1

B2u ν23 1039 1009 64 ( 1 72
ν29 1233 1211 58 ( 1

B1u ν25 1144 1128 67 ( 1 82
ν33 1408 1389 60 ( 1

a For each vibrational mode, R and Rcalc are the angles between
the transition moment vectors and the c axis of the host crystalline
phase, as experimentally evaluated by dichroism measurements
and as evaluated by molecular modeling, respectively.

Figure 4. Vibrational modes and transition moment vector
directions µ1

(i), as calculated for the NP infrared peaks of Table
1.
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NP out-of-plane (B3u symmetry) and in-plane (B2u and
B1u symmetries) vibrational modes, respectively (fifth
column of Table 1).

A molecular modeling analysis, analogous to that one
described in refs 7d and 10, shows that the energy
minimum location of naphthalene into the crystalline
cavity (Figure 1B) presents the fused rings plane
roughly perpendicular to the chain axis. In particular,
the angle between the chain axis and the mutually
orthogonal transition moment vectors of B1u, B2u or B3u
modes are 82, 72, and 16°, respectively (Rcalc, sixth
column of Table 1).

A comparison between the data of the two last
columns of Table 1 shows that, for all the considered
(both in plane and out of plane) peaks, the experimental
R value, obtained by the FTIR dichroism data, are
always located between the corresponding calculated
value and the magic angle (54.7°). Hence, the obtained
results confirm a roughly perpendicular orientation of
the NP fused rings with respect to the chain axis of the
crystalline phase and suggest the presence of some
limited mobility with respect to the average minimum
energy position, as already observed for some chlori-
nated guest molecules.10

A validation of the experimental R values which have
been obtained by the procedure described in Figure 4
is given by evaluation of

where RB1u, RB2u, and RB3u are the average of the R
values (listed in the fifth column of Table 1) obtained
for the NP B1u, B2u, or B3u modes, respectively. In fact,
this sum (eq 6) which in principle has to be equal to 1,
turns out to be equal to 1 ( 0.1.

3.4. Naphthalene Fluorescence Depolarization.
Figure 6 shows the NP concentration dependence of NP
fluorescence anisotropy, r, in a-PS films. At low con-
centrations of NP less than 1%, r values are averaged
to be 0.18. Thus, this value is determined to be the
intrinsic anisotropy of NP when each NP molecule is
isolated from each other. Even at higher concentrations
of NP between 4% and 10%, the r values did not change
so much and settled down to be 0.07. Although the
decrease from 0.18 to 0.07 appears to be induced by
singlet energy migration among NP molecules, this
small reduction is quite reasonable because its efficiency
is low. Förster mechanism28 is thought to describe

singlet energy migration29 and it predicts that even if
the distance between them is just 0.735 nm30 the
possibility for excitation energy of a NP molecule to
migrate to another NP is 50% when they are ramdomly
dispersed.

The fluorescence anisotropy values were measured for
NP molecules absorbed in different types of s-PS films
and summarized in Table 2. The emission anisotropy
value as measured for NP absorbed in amorphous s-PS
films is 0.07 and is substantially identical to that
measured for NP doped in a-PS films at high concentra-
tions of NP. Taking into account thickness of films and
NP concentrations, 0.07 is quite reasonable: the thick-
ness of the a-PS films measured in the present paper is
less than 0.5 µm whereas that of the s-PS films is more
than 60 µm. Essentially the same anisotropy value has
been measured for NP molecules absorbed into R form
semicrystalline films (third row of Table 2), where NP
molecules can only be absorbed into the amorphous
phase.

Definetely smaller r values (r ≈ 0.04) are instead
obtained for NP guest molecules in unoriented s-PS
films presenting the NP clathrate phase, where most
NP molecules are included in the crystalline phase.

This reduction of fluorescence anisotropy for NP
molecules being guest of the s-PS clathrate phase, with
respect to those absorbed in polystyrene amorphous
phases, could have as usual two alternative interpreta-
tions: (i) a larger molecular motion of the chromophore
and (ii) a more efficient energy migration among chro-
mophores.

Recent 2H NMR studies on s-PS samples have shown
that the mobility of aromatic molecules is larger when
they are absorbed in the amorphous phase and lower
when they are guest of the nanoporous δ phase.31,32

Moreover, the mobility of the large NP guest molecule

Figure 5. Infrared order parameter S, as evaluated by
dichroic ratios of the NP peaks of Table 1, for NP guest
molecules, vs the orientation factor of the helical chains of the
host polymer phase (fc,IR). Empty and filled symbols refer to
peaks corresponding to NP out-of-plane (B3u modes) and in-
plane (B2u and B1u modes) vibrational modes, respectively. The
wavenumber of the peaks, as cm-1, are reported close to the
symbols.

cos2 RB1u + cos2 RB2u + cos2 RB3u (6)

Figure 6. Concentration dependence of NP fluorescence
anisotropy, r, in a-PS films prepared by using a spin-coating
method. The excitation wavelength is 280 nm. Each point
shows the average r value of one film.

Table 2. Fluorescence Anisotropy Values of NP Absorbed
into s-PS Films Presenting Different Crystalline Phases

films
crystallinity
degree (%)

thickness
(µm)

amount of
NP (wt %) anisotropy

1 amorphous 60 <1 0.070 ( 0.019
2 amorphous 70 <1 0.064 ( 0.016
3 Ra 40 20 2.5 0.071 ( 0.011

0.069 ( 0.007
4 δ 15 70 2 0.038 ( 0.007

a The R-form semicrystalline film of s-PS was uniaxially stretched.
The anisotropy values were measured for orientation of the
polarized light plane parallel and perpendicular with respect to
the film stretching direction of the R-form film.
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is particularly restricted (at least at room temperature),
with respect to smaller guests like benzene, toluene or
chlorobenzene.32 This is not surprising since its molar
volume (∼130 Å3) is close to the volume of the cavity
(∼120-160 Å3).2 As a consequence, higher anisotropy
values than for NP molecules absorbed by the amor-
phous phase would be expected. The observed reduction
of anisotropy of fluorescence suggests that microenvi-
ronment of NP molecules being guest of the cavities of
δ-form crystal, and in particular their distance and
orientation, could favor excitation energy transfer.

In this respect, it is worth noting that adjacent guest
molecules included in the host crystalline phase present
as possible distances n × 0.77 nm (along the c axis), n
× 0.96 nm (along the 〈101〉 directions) and n × 1.18 nm
(along the b axis), where n is an integer. Moreover, for
a given crystallite, all NP guest molecules present
essentially the same orientation with respect the crys-
talline axes of the δ form. This could be the possible
reason for a more efficient energy transfer, which could
rationalize the observed low values of fluorescence
anisotropy.

Conclusions

The achievement of unoriented as well as of axially
oriented films of syndiotactic polystyrene presenting the
clathrate phase with naphthalene has been shown by
X-ray diffraction measurements.

Infrared linear dichroism measurements on axially
oriented s-PS films show that NP absorbance peaks are
poorly dichroic when NP molecules are simply absorbed
in the s-PS amorphous phase while they are highly
dichroic when NP molecules are guest of the s-PS
clathrate phase. These high dichroic ratios clearly
indicate that the NP molecules, when included into the
polymeric host lattice present a substantial degree of
order with respect to the draw direction.

The order parameter S, as evaluated by the dichroic
ratio of NP guest infrared peaks, results to be always
positive and negative for out-of-plane and in-plane
vibrational modes, respectively. By a quantitative com-
parison between order parameters of infrared absorp-
tion peaks of the helical polymer host and of the NP
guest, the R angles between the transition moment
vectors and the chain axis of the polymeric host lattice,
have been evaluated for guest B1u, B2u, and B3u vibra-
tional modes.

A molecular modeling analysis shows that the energy
minimum location of NP into the crystalline cavity
(Figure 1B) presents the fused rings plane roughly
perpendicular to the chain axis. On the basis of the
calculated energy minimum location of NP into the
crystalline cavity, the Rcalc angles between the transition
moment vectors and the chain axis of the polymeric host
lattice, have been independently calculated.

The comparison between experimentally evaluated
and calculated R angles confirms that, for NP guest
molecules included into the s-PS/NP clathrate phase, a
preferential orientation of the NP fused rings roughly
perpendicular to the host chain axis occurs. The com-
parison also indicated the presence of some limited NP
mobility into the clathrate phase (on the time scale of
the FTIR measurements) with respect to the average
minimum energy position.

As for fluorescence depolarization measurements, it
has been shown that NP molecules absorbed into
amorphous phases, of a-PS and of amorphous and

semicrystalline (R-form) s-PS films, present the same r
values (≈ 0.07). It demonstrates that the microenviron-
ments in amorphous region are the same. Definitely
lower r values (≈ 0.04) have been observed for NP
molecules being guest of the nanoporous δ-form of s-PS.
Since NP guest molecules of the δ form are less mobile
than NP molecules adsorbed in the amorphous s-PS
phase, the observed reduction of fluorescence anisotropy
could be tentatively attributed to a more efficient
resonance energy transfer between guest molecules,
possibly associated with their ordered positioning and
orientation into the host nanoporous polymeric crystal-
lites.
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