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eight styrene monomeric units per unit éelhd is promising
for applications in chemical separations and air/water
purificatior? as well as sensoriés.

The d6-phase rapidly and selectively absorbs low-molec-
ular-mass guest molecules even at very low activities,
producing clathrafeand intercalatecocrystals (also referred
to as molecular-complex crystalline phases). The self-
assembling of this polymeric framework and several active
guest molecules into cocrystals can be relevant for several
applications. In fact, polymer-based heguest cocrystals

Nanoporous crystalline structures can be achieved for anot only reduce guest diffusivity and prevent guest self-

large variety of chemical compounds: inorganic (e.g.,
zeolites); metal-organic? as well as organi¢ These materi-
als, often referred as inorganic, metalrganic, and organic
“frameworks”, are relevant for molecular storage, recogni-
tion, and separation techniques.

Recently, a “polymeric framework”, i.e., a semicrystalline

aggregation (without recurring to chemical reactions), but
also allow control of the location and orientation of active
guest molecules, by controlling the orientation (akiat

planat® of the host crystalline phase. On this basis, films
presenting s-PS/active-guest cocrystals have been proposed
as advanced materials, mainly for optical applications (e.qg.,

polymeric material presenting a nanoporous crystalline phase fluorescent, photoreactive, and chromophore matefals).

has also been discoveré&d. In fact, thed-phase of syndio-

Very recently, it has been shown that thghase, although

tactic polystyrene (s-PS) presents two identical cavities and apolar, is also able to absorb, from solutions in suitable
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carrier-solvents, high-polarity guests, eventually leading to
highly stable apolar-host/polar-guest clathrate phisas-
cording to that study, the formation of these cocrystals from
o-form s-PS occurs only for polar-guest molecules having a
volume lower than the limiting maximum value (0:26.26
nm?) observed for s-PS clathrate pha&em particular, the
bulkiest observed guest was trans-4-methgxyjitro-styrene,
which presents a hyperpolarizabiliy = 17 x 10% esu.
Moreover, several X-ray diffractidii® and infrared linear
dichroism studies''212 have shown that, for cocrystals
obtained by guest absorption in theghase, guest molecular
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Figure 2. FTIR spectra taken with polarized light parallel (thin lines) and
perpendicular (thick lines) to the film stretching direction, for four relevant
spectral ranges: (A)-form (B) d-form, and (C)e-form s-PS films treated
with NA. (D) Unpolarized FTIR spectra of s-PS/NA cocrystalline films as
Y obtained by NA absorption iB-form (thick line) ande-form (thin line)

T T T T T T films with (002) uniplanar orientation. Host peaks are labeleti,whereas

5 10 15 20 25 30 35 NA guest peaks are labeled byr o when corresponding to in-plane or
out-of-plane vibrational modes, respectively.

26 (deg)

Figure 1. X-ray diffraction patterns (Cu ¥) of s-PS semicrystalline pow- pattern of theo-form,*2 obtained for instance by guest
?5?573&3?5@?23??c@fé%H(gl)cgcﬁﬁéﬂl gzteerr S;%estzmctﬁgl extrat_:tlon from (_:ocrystals with other guests (like, e.g., carbon
removal ¢-form); (D) o-form. Bragg distancesi( nhm) and Miller indexes disulfide, 1,2-dichloroethane, styrene, toluene, etc.) and
of relevant reflections are indicated closedtoand e-form patterns. shown in Figure 1D. In fact, in the IowHZrange, two well-
defined reflections for Bragg distancds= 1.28 and 1.08
nm (Pcuke ~ 6.9 and 8.2in Figure 1C) are present, whereas
for the 6-form, samples only a peak dt= 1.06 nm (Dcyka

~ 8.4 in Figure 1D) is present. Additional substantial
differences between the diffraction patterns dfand ¢
crystalline structures, observed for s-PS samples with uniaxial
and uniplanar orientations, will be reported in a forthcoming
paper.

By room-temperature treatment with concentrated solu-
tions of 4-nitro-aniline (thereafter NA) in a solvent that is a
volatile guest of s-PS (e.g., acetone or acetonitride)yand
e-films absorb up to 6 wt % NA, wheregsfilms absorb
less than 2 wt % NA.

For uniaxially stretched s-PS films treated by NA, FTIR
spectra with polarized light parallel (thin lines) and perpen-
dicular (thick lines) to the film stretching direction have been
reported in Figure 2. It is apparent that most host peaks
(indicated by h in Figure 2) are dichroic, although indepen-

pattern is shown in Figure 1A. The-form powder after dent of the nature of the polymer crystalline phase, the NA

treatment with liquid chloroform for 20 h (and chloroform P€aks (indicated by i and o in Figure 2, depending on the

desorption at room temperature at least for 24 h), presents 4n-plane or out-of-plane direction of their transition moment
chloroform content of nearly 11 wt %, and its X-ray vectord®) are not dichroic when these molecules are simply

diffraction pattern (Figure 1B, rather similar to that reported 2PSorbed in the amorphous phase of fhtorm sample
in Figure 3b of ref 5a) clearly shows the transformation of (Figure 2A), whereas they are highly dichroic when absorbed

the crystalliney-phase in a cocrystalline s-PS/CH@hase. Py o-form (Figure 2B) ande-form (Figure 2C) films.
By any suitable procedure of guest removal, like for Moreover, surprisingly, the sign of the dichroism of all NA

instance, extraction by carbon dioxide in supercritical condi- P€aKS is opposite for molecules absorbed-irand e-form
tions2® or by volatile guests of s-PS, such as acetone or films. In particular, NA absorption peaks corresponding to

acetonitrile, the chloroform content becomes negligiie.( in-plane vibrational modes maximize their absorption inten-
Wt %) and X-ray diffraction patterns like that one of Figure Sity for light polarization perpendiculaA() and parallel 4)
1C are obtained. This pattern is definitely different from the

to the stretching direction, when absorbed itt@nde-form
films, respectively.
(13) Rizzo, P.; Daniel, C.; De Girolamo Del Mauro, A.; Guerra, G. It. Pat. As discussed in detail for other s-PS guest molectites,

Appl. SA2006A22. ) ) o ) this dichroic behavior indicates that NA molecules are
(14) (a) Immirzi, A.; De Candia, F.; lannelli, P.; Vittoria, V.; Zambelli, A.
Makrom. Chem. Rapid Commui988 9, 761. (b) Guerra, G.;
Vitagliano, V. M.; De Rosa, C.; Petraccone, V.; Corradini, P. (16) (a) Kumar, D. V.; Babu, V. A.; Rao, G. R.; Pandey, G. \@b.

planes are generally oriented (independently of molecular
size and polarity) nearly perpendicular to the polymer host
chain axes.

In this paper, we present a new host crystalline form of
s-PS, thereafter namedt® which is able to form cocrystals
with high-polarity guests for molecular volumes higher than
the above limiting value as well, thus allowing us to obtain
s-PS cocrystals with polar guests presenting larger hyper-
polarizability (at least up t@ = 30 x 10°° esu). Moreover,
this new host crystalline form of s-PS imposes orientation
of guest molecular planes nearly parallel rather than per-
pendicular to the polymer host chain axes, thus allowing us
to obtain orientation of the molecular dipoles perpendicular
to the surface of (also macroscopic) films, as generally
preferred for electrical poling processes.

A suitable procedure to prepateform s-PS samplés
comprises the preliminary preparation of-form sample?14
like for instance, the-form powder, whose X-ray diffraction

Macromolecule499Q 23, 1539. (c) Rizzo, P.; Albunia, A. R.; Guerra, Spectrosc1992 4, 39. (b) Pachler, G. RMerck-FT-IR Atlas VCH:
G. Polymer2005 46, 9549. Weinheim, Germany, 1988; 997. (c) Binder, G.; Scandella, L.;
(15) (a) Reverchon, E.; Guerra, G.; Venditto,V Appl. Polym. Scil999 Kritzenberger, J.; Gobrechy, J.; Koegler, J. H.; Prins].®Rhys. Chem.

74,2077. (b) Ma, W.; Yu, J.; He, Macromolecule2005 38, 4755. B 1997 101, 483.
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enclosed essentially only as spatially ordered guests in oo s
ande-crystalline phases. Moreover, the negative and positive ———— ———————— —
linear dichroism values (LG= A, — Ap) for the in-plane e Ny i

vibrational modes of NA absorbed inte ande-form films € 9 tickaes O }P

clearly indicate that the guest molecular plane is oriented ; ===

nearly perpendicular and parallel, respectively, with respect — " — —

to the chain axes of the polymeric crystalline phase. Figure 3. Schematic presentation of the orientation of the cocrystal chain

Moreover, the large LD values observed (Figure 2C) for axes €) and of NA guest molecules, as obtained by NA absorption in (A)
the stretching peaks of NHsymmetric, nearly at 3400 crd e- and (B)d-form films, presenting an ideal perpendicular (002) orientation.
and of CN (nearly at 1110 cm),'®2indicate that NA guest
molecules present both molecular plane and dipole nearly
parallel to the chain axes of thephase.

The same behavior, i.e., opposite dichroism of infrared
peaks of molecules being guest o6f and ¢ uniaxially
stretched films, is observed for other polar molecules, e.g.,
transp-nitro-styrene or trans-4-metho)gmnitro-styrene.

Bulkier polar molecules, e.g., 4-(dimethyl-amino)-cinna-
maldehyde (molecular volumé, = 0.275 nni and hyper-
polarizability 5 = 30 x 10°° esu), when absorbed ldyform
samples, are present only in their amorphous pHaghis
molecule, on the contrary, when absorbed#grm samples
is prevailingly enclosed in the crystalline phase with its
molecular planes (and dipoles) nearly parallel to the polymer
chain axes, as clearly pointed out by polarized FTIR spectra
analogous to those presented in Figure 2C.

The formation of apolar-host/polar-guest cocrystals gives
the opportunity to prepare polymeric films with polar guest
molecules being spatially ordered also in a macroscopic scale.
In this respect, the unique ability of helical crystalline phases
of s-PS to be formed as films with three different kinds of
uniplanar orientations, which are generally maintained after
crystal-to-crystal phase transformations, are particularly
relevant!®

Just as an example, starting froform films with (002)
uniplanar orientation (i.e., with chain axes of the crystalline
phase nearly perpendicular to the film surfat}, it is
possible to maintain this kind of orientation after transforma-
tion into 6- ande-form films as well as into the corresponding
s-PS/NA cocrystals. This is proved by X-ray diffraction
patterns (not shown), as collected, for instance, by an
f':lutom_atlc powder dlffractometer, which present an high Alexandra Albunia of University of Salerno for useful discus-
intensity of the (002) reflectlc_m located dt,% 0.38 nm sions. Financial support of the “Ministero dell’lstruzione,
(20cuka ~ 23°),1%“ corresponding to the typicalvalue of  ge|runiversitae della Ricerca” and of “Regione Campania”

s(2/1)2 helices, i.e., 0.77 nm. (Legge 5 and Centro di Competenza per le Atti@taduttive)
The unpolarized FTIR spectra of cocrystalline sSPS/NA s appreciated.

films, as obtained by NA absorption (nearly 4 wt %)dn

ande-form films with (002) uniplanar orientation, are shown Supporting Information Available: Experimental procedures

in Figure 2D. As for NA guest molecules 6f ande-form, (PDF). This material is available free of charge via the Internet at
the unpolarized FTIR spectra for the (002) oriented films http://pubs.acs.org.

(thick and thin line of Figure 2D) are similar to the polarized

spectra for uniaxially stretched films, taken with polarized CM071099C

o O -
- =0 =

light perpendicular to the stretching direction (thick lines of
panels B and C in Figure 2, respectively). This unambigu-
ously confirms that NA guest molecules &f and e-form
(002) oriented films present their molecular planes prefer-
entially oriented parallel and perpendicular to the film
surface, respectively (see the schemes in panels A and B of
Figure 3, respectively). Hence, the control of the orientation
of the hostd- and ¢-crystalline phases allows, at a macro-
scopic scale, the orientation control of the guest NA dipoles.
Particularly interesting can be the preferential orientation
of the molecular dipoles perpendicular to the film surface
(achieved starting fronz-form films, Figure 3A), which
makes these new materials suitable candidates for electrical
poling processes, possibly leading not only to nonlinear
optical but also to ferroelectric and piezoelectric properties.
In summary, we have discovered a fifth crystalline phase
(e) of s-PS, which (as the already knowh phase) is
nanoporous and able to form cocrystals with several guest
molecules. For polar guests, the molecular dipoles are nearly
parallel to the chain axes of thephase, whereas they are
nearly perpendicular to the chain axis of thg@hase. Films
presenting guest dipole orientation nearly perpendicular to
their surface, and hence mostly suitable for poling processes,
have been prepared starting freafiorm films with crystal-
line chain axes orientation perpendicular to their surface. The
e-phase with respect to thé-phase also presents the
advantage to form cocrystals with guest molecules of larger
volume and higher hyperpolarizability.
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