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Abstract: Syndiotactic polystyrene (s-PS) films, when crystallized from the amorphous state by
temporary sorption of non-racemic guest molecules (like carvone) not only exhibit unusually high
optical activity, both in the UV-Visible and Infrared ranges, but also present circularly polarized
luminescence (CPL) with high dissymmetry ratios (g=Al/l values in the range 0.02-0.03).
Experimental evidences provide support, rather than to the usual molecular circular dichroism, to a
supramolecular chiral optical response being extrinsic to the site of photon absorption and

emission, possibly associated with a helical morphology of s-PS crystallites.
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1. Introduction

Induction of intense chiral optical responses to racemic polymers, by interactions with non-racemic
solvents, is a well established phenomenon [1-10]. This phenomenon has been also observed in the
solid state [11-24], often associated to co-crystallizations [25] of suitable racemic polymers with
non-racemic guests [11,14-24].

Induction of chiral optical behavior generally occurs by a well established molecular
mechanism, where a non-racemic solvent favors prevalence of a given sense of helicity of polymer
chains. In the solid state, the presence of a non-racemic guest leads to formation of a polymer co-
crystalline phase that exhibits a non-racemic unit cell, with only one-sense of helicity for the
polymer chains. This kind of behavior has been observed for instance for co-crystalline phases of
syndiotactic poly(p-methylstyrene) [26,27] and poly(2,6-dimethyl-1,4-phenylene)oxide (PPO) (Fig.
1A) [11].

Rather unexpected are, instead, intense circular dichroism phenomena (both in the UV-
Visible and Infrared ranges) which have been observed for syndiotactic polystyrene (s-PS) films
[14-25]. In fact, in this case, crystallization induced in amorphous films by sorption of non-racemic
guest molecules (like carvone or limonene) leads to co-crystals where polymer chains with both
senses of helicity are present. The unit cell of the co-crystalline phase of the chiral optical film,
obtained by replacement of the non-racemic guest by an achiral chromophore (azulene), is shown in

Fig. 1B [18].

Fig. 1. Projections along the chain axis (c) of the unit cell of co-crystalline forms of: (A) of
PPO with (15)-(-)-a-pinene, which includes all left handed (L) polymer helices [11]; (B) of s-PS
with azulene, monoclinic 6 clathrate, which includes the same amount of left handed (L) and right

handed (R) polymer helices [18].

All experimental evidences support the idea that s-PS films exhibit chiroptical phenomena,

rather than due to the usual molecular mechanism, due to a supramolecular mechanism
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corresponding to the optical chiral response origin being extrinsic to the site of photon absorption
[28-32] and connected to effects of the material on the light propagation (birefringence,
scattering...). Furthermore, the chiral optical response of s-PS films remains essentially unaltered
up to the polymer melting temperature (=270 °C), not only after the non-racemic guest removal but
also after thermal crystal-crystal transitions [16,17], which involve the change in the molecular
conformation from chiral helical to achiral trans-planar. The extrinsic character of the phenomenon
is confirmed by the extensive nature of the chiral optical response, with large increase of g values
(of both host and guest peaks) by increasing the s-PS film thickness [21]. The supramolecular and
extrinsic nature of the induced chirality has been further confirmed by a recent study on non-
racemic guest molecule, whose chiral response does not depend on their (R) or (S) molecular
chirality but depends essentially only on the polymer host supramolecular chirality [22,23]. This
extrinsic nature of the chiral optical response of s-PS films would be associated with the non-
racemic helical morphology of crystallites, as induced by the chirality of the co-crystallizing non-
racemic guest [18,21].

The supramolecular nature of the chiral response of s-PS is particularly relevant due to the
peculiar property of s-PS of forming nanoporous-crystalline phases [25,33-36] and hence to its
ability to absorb chromophore molecules in its isolated crystalline cavities. This allows obtaining
intense chiral optical absorbance for achiral chromophores, when they replace the non-racemic
guest in the crystalline cavities of s-PS co-crystalline phases [18,21,23].

It is well known that s-PS exhibits a well established fluorescence behavior [37-41].

In this paper, the possible occurrence of circularly polarized luminescence (CPL) of s-PS
films, whose crystallization has been induced by the temporary sorption of non-racemic guest
molecules, is investigated. CPL is indeed a relatively mature technique which has found a recent
fortune [42-47]: it allows one to monitor the chiral properties of molecular excited states [48-51]

and promises for a wide range of possible applications in advanced optical technologies [52-59].

2. Experimental section

2.1. Materials

The s-PS used in this study was manufactured by Dow Chemical Co. under the trademark Questra
101. 13C nuclear magnetic resonance characterization showed that the content of syndiotactic 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 x10° with the polydispersity index Mw/Mn
= 3.9. (-)-(R)carvone [enantiomeric excess (ee) 98%], (+)-(S)-carvone (ee 96%) and fluorescein

were supplied by Aldrich and were used without further purification.
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Amorphous s-PS films with thickness of nearly 10 um were obtained by melt extrusion. s-
PS crystallization was induced by liquid (-)-(R)carvone or (+)-(S)-carvone sorption at room

temperature for 1 h.

2.2. Characterization Techniques

IR and VCD measurements were recorded on a commercial Bruker Tensor 27 FT-IR spectrometer
coupled to a PMAS50 external module (needed to double modulate the infrared radiation) by use of a
linear KRSS5 polarizer, a ZnSe 50 kHz photoelastic modulator (PEM, by HINDS) with a proper
antireflecting coating, an optical filter (transmitting below 2000 cm™), and a narrow-band MCT
(mercury cadmium_telluride) detector. All VCD spectra were recorded for 5 min of data collection
time, at 4 cm™! resolution. According to experimental procedures described in the literature [60,61],
films were tested for satisfactory VCD characteristics by comparison with the VCD spectra
obtained with the film rotated by 45° around the light beam axis. However, to eliminate any
possible linear dichroism influence, the VCD measurements have been conducted by averaging the
spectra as collected for several different in-plane rotation angles.

Absorption and CD spectra were measured on a Jasco J-815SE spectropolarimeter. All
measurements were performed in the range 650-250 nm, at 200 nm/min scanning speed, 2 nm
SBW.

CPL spectra were carried out on a home built instrument [62,63] with depolarized radiation
brought to the sample through an optical fiber either from a commercial fluorimeter (Jasco FP8200)
or from Jasco-815SE (excluding the PEM). Films were placed perpendicular to the beam and the
collected fluorescence was at 0° with respect to the incident beam (forward geometry). Five scans
were accumulated for each spectrum, with the following conditions: excitation bandwidth 20 nm,
emission bandpass approximately 10 nm, scan speed 2.5 nm/s. Recording the AC component at 100
kHz, information on linear dichroism have been gained both in absorption and in emission.

Measurements on fluorescein solution have been obtained with just one scan.

3. Results and Discussion

3.1.Infrared and VCD spectra

FTIR spectra, for the range 1700-400 cm™!, of an extruded s-PS 10 pm thick film, before and after
sorption/desorption of carvone are shown in Fig. 2A and B, respectively. The whole spectra indicate
that the amorphous extruded sample becomes crystalline after treatment with carvone. This is
clearly shown, for instance, by the appearance of intense vibrational peaks at 1352, 1278 cm™! and

571cm™, (shown by h* in Fig.2B), typical of the crystalline helical phase being associated with a
4
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single vibrational mode of the s(2/1)2 polymer helix [64]. Moreover intense carvone absorbance

peaks at 1669, 1247 cm! (labelled as g) are also apparent.

Fig. 2. FTIR spectra, for the range 1700-400 cm™,
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Fig. 3. FTIR and VCD spectra, for the range of 1700-800 cm™, of sPS film after treatments by (R)
(red curve) and (S) carvone (blue curve) before (A,A’) and after guest removal (B,B’). Main
vibrational peaks associated with the polymer, with helical s(2/1)2 polymer conformation and with
carvone guest are labeled by h , h* and g respectively.

Vibrational Circular Dichroism (VCD) and related IR spectra, for the available range of
1700-800 cm’!, as obtained on samples treated with (R) and (S) carvone are shown in Figs.3A’-B’,
as red and blue curves, respectively. In agreement with previous reports [16,17,22-24], the s-PS
crystallization induced by carvone sorption leads to an intense chiral response of the polymer host,
which remains unaltered even after complete non-racemic guest removal Fig.3B’. Quantitative
evaluation of the degree of circular polarization shows that the polymer peaks, when associated
with vibrational modes of the s(2/1)2 helices of the s-PS crystalline phases, present g values even
higher than those observed for the non-racemic guest (e.g., for the helical vibrational peak at 1278

cm’!, the dissymmetry ratio is g = 1x102) [21,23].

3.2.Absorption UV-Visible and CD spectra

CD, UV-VIS and LD spectra of the same extruded s-PS film, after crystallization by
sorption/desorption of non-racemic carvone, are shown in Fig. 4. s-PS crystallization induced by
carvone sorption leads to an intense chiral response of the polymer host, in the spectral range 650-
250nm.

Circular dichroism depends only slightly on sample orientation. Linear dichroism
components, on the contrary, strongly depend on film orientation, changing sign upon 90° rotation
of the sample (as expected).

Results of Figs.3 and 4 clearly confirm induction of stable optical activity in the racemic

polymer thick films , after sorption/desorption of carvone, in agreement with previous results [21-

24].
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Fig. 4. CD (top) Absorption (middle) and LD (bottom) spectra of extruded s-PS films, after
sorption/desorption of (R) carvone (red curve) and (S) carvone (blue curve). CD spectra are
averages over 4 orientations: vertical, horizontal, back and front faces.

The difference in left and right circularly polarized transmission of these films is quite large
over a wide spectral range. Due to the anisotropy and semicrystalline nature of the sample it is
important to test different orientations, since it has been proven that a surface with non-chiral holes
arranged in a plane not exactly perpendicular to the incident beam might give chiral response [65].
The invariance of CD response, with respect to rotation of the sample, is reminiscent of the situation
of metamaterials constituted of intrinsically chiral holes, for which CD is observed also for a beam
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impinging orthogonally to the surface, with amplitude and sign that do not significantly change with
rotation [31]. The intrinsically chiral element in the material herein studied could be the helical
morphology of s-PS crystallites induced by carvone [15,21]. As explained by Shindo [64], in case
of high anisotropy of the sample (evidenced here by intense LD), the superposition of LD and LB
contributions may give an intense apparent CD signal that does not depend on rotation. The fact that
the signal shows little variations upon changing the front and back faces of the film suggests that
the observation is not simply due to cross terms between linear birefringence and linear dichroism
[66-68]. Besides all these considerations, one may notice that intense and broad CD bands in
absence of a real absorption band strongly suggest the possibility of a circular dichroism
phenomenon due to different reflection/scattering of right and left circularly polarized light, as
observed for example in ref. [69], and tested on polyfluorene films by Meskers [70] with an ad hoc
instrumental set-up. So, the existence of a CD signal does not necessary imply circular dichroism at
the molecular level, rather we can state that the material shows different transmission for left and

right circularly polarized light.

3.3 Fluorescence and CPL spectra

In order to characterize the optical properties of the material, steady-state emission spectra
for excitation at 265 nm of the same semicrystalline s-PS film, as crystallized by
sorption/desorption of (S)-carvone or of (R)-carvone, are shown in Fig. 5. Due to film thickness, the
excitation beam is highly absorbed by the sample, but the emitted light can be recorded and
analyzed in its components. The polymer host emission spectrum presents a broad band, nearly
centered at 320 nm [37-41], analogous to those already described for atactic and isotactic
polystyrene films [71-73].

The emission spectra present a remarkable chiral component. Little variations of emission
intensities for films crystallized by (S)-carvone or by (R)-carvone, for four different film
orientations have been recorded, the average is presented in Fig. 5. It is clearly apparent a circularly
polarized luminescence (CPL) with gum= 2(I.— Ir)/(I.+ Ir) value of about 0.03.

In Fig. 5 we show also linear dichroism analysis of the emitted light, which gives a flat
response on the same scale of CPL, so we are allowed to conclude that the observed CPL

components are not due to instrumental mixing of linear and circular components [74].
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Fig. 5. CPL spectra (top) fluorescence spectra (bottom), spectra of the s-PS film, as crystallized by
sorption/desorption of (S§)-carvone or of (R)-carvone: the spectra are averages over 4 orientations:
vertical, horizontal, back and front faces. LD spectra give a null trace as compared to CPL
component.

It is difficult to analyze the origin of the chiral components of the emitted light, particularly
because one should consider the fact that in absorption experiments, transmitted light is highly
chiral in the same range of fluorescence emission, as observed in Fig. 4. We only observe that the
sign of the CPL band is opposite with respect to CD absorption. This is compatible with the
interpretation that fluorescence emission at 320 nm from s-PS exhibits circularly polarized

components undergoing different transmission through the sample; note that excitation light has

been used at quite lower wavelength than the emission band to avoid superposition.
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The observation of chiral components of emitted light (Fig. 5), paralleling the observation of
chiral transmission (Fig. 4), suggests a possible use of these films to obtain chiral light from
emission by (achiral) fluorophores placed before the s-PS films.

In fact, very simple experiments show how a fluorescent solution, followed by an optically
active s-PS film, can be used to obtain emitted light with high chiral components: fluorescence
chirally filtered by the dichroic s-PS films. In particular, we measured the circularly polarized
components of light emitted by a fluorescein slightly basic water solution and passed through s-PS
film sorbed/desorbed with (R) and (S) carvone (Fig.6). In this case the experiment was conducted
with the standard 90° geometry and by polarizing the incident beam parallel to the direction of the
output beam.

In this simple experiment, the “CPL” spectrum resulting from fluorescein emission
transmitted by a chiral sPS film gives a dissymmetry factor of about one third of the one recorded at
about 320 nm (Fig. 5) for s-PS luminescence, the decrease in dissymmetry factor is due to the

decrease of CD signal in the fluorescein emission spectroscopic regions.
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Fig. 6. CPL and fluorescence spectra for excitation at 450 nm of light emitted by a fluorescein
solution and passed through s-PS film sorbed/desorbed with (R) and (S) carvone. Linear dichroism
analysis of the emitted light gives a flat response in the same scale of CPL. Only one scan was
needed to obtain the signal, the measurement set-up was with a 90° geometry.

Hence, s-PS films with induced chirality, due to sorption/desorption of chiral molecules,
have been characterized by considering their emitted light and considering possible applications in
case this material is coupled with a previously arranged layer (in our case simply a solution)
containing fluorophores. This easily permits obtaining chiral emission in different spectral ranges,

depending on the solute compound used.

4. Conclusions

s-PS films with induced chirality, due to sorption/desorption of chiral molecules, exhibit
chiral optical properties that resemble those of liquid crystal or polyfluorene film studies (see for
example ref. [66]), i.e. materials with “macroscopic” chirality. The results obtained recording CD
spectra confirm the presence of an extrinsic (not molecular) chiral effect.

These easily processable polymer films provide a few very peculiar optical properties, and
one of these, namely the enhancement in VCD response (well documented in several previous
papers [14-24]), is somehow similar to what observed in the case of fibrillary systems [75]. To this
instance one can think that this polymeric material can be a good model to understand VCD
enhancement.

In this work the analysis has been mainly focused on a different manifestation of chiral
response enhancement: the high dichroic properties of the material in the UV-VIS range. The
different transmission of right and left circularly polarized light, evidenced with CD experiments,
appears correlated with the observation of CPL with high gum when considering fluorescence
emitted by the material itself in the UV range. Besides, the extension of CD response on a wide
spectroscopic range indicates possible applications of these films coupled with light emitting
devices, optical sensors or in general when orthogonal circular polarizers are needed [76]. To this
instance the use of a polymeric material presenting optical activity with no need to add chiral units

through chemical synthesis is quite advantageous.
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