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ABSTRACT: The possible formation of molecutacomplex phases of s-PS with styrene dimers has been
investigated by their sorption in amorphous and nanopabefesm films. X-ray diffraction,'3C solid state NMR,

and FTIR analyses have shown that only 1,3-diphenylbutane (dpb), but not 1,4-diphenylbutane, forms a highly
stable molecularcomplex with s-PS. Preliminary structural considerations indicate that this s-PS/dpb metecular
complex phase presents an intercalate structure, with host-monomer-unit/guest stoichiometric ratio of 4/1 and
with a guest conformation with anti GZ3 bond. Guest conformational behavior has allowed to discriminate,

for the first time by a NMR technique, between guest molecules located in crystalline and amorphous s-PS phases.
Presently dpb is the s-PS guest with maximum volury8.86 nn3) and maximum number of non-hydrogen
atoms (1 = 16).

Introduction complex phases have been proposed as advanced materials,

The complex polymorphic behavior of syndiotactic polysty- r_nainly for optical appl_ications_(e.g., as fluorescent, photoreac-
rene (s-PS) has been extensively studiédl.particular, great tive, and chromophorlc_ materialS). .
attention has been devoted to its ability to form molecular However, the for_mat|on of molecuhatcomplex phaS(_es with
complex crystalline phases with a large variety of low molecular $-PS has been limited by the guest size. In fact, until now the

- ; ts with maximum volume aredecané (~0.32 nn%¥) and
weight substances? By suitable removal of the guest molecules 9Y€S Ol . .
from any of these moleculaicomplex phases it is possible to decahydronaphthaleffe(~ 0.26 nnf) while the guests with

obtain a nanoporous metastable polymorph of s-PSj foem, maximum number of non-hydrogen atoms are anthre€ene

a host phase including centrosymmetric crystalline cavities (of — 14) an? 1,4-dim?thylnaphthalé‘?€(n = 12). itativel
nearly 126-160 A% in a molar ratio of 1/4 with respect the Recently some of us reported a route to quantitatively convert

styrene monomeric unifsSince this form is able to rapidly s'FyLenelkiJnto low mg!eﬁularlbweight olégomgrﬁ su”cqh as 1'3'd
and selectively absorb some organic substances from variousiP enylbutane, 1,4-dipheny utane, 1,3,5-triphenylhexane, an
environments (producing crystalline heguest molecular _1,3,6-_tr|phenylhexan%The syntheS|_s proceeds throu_gh a poly-
complexes) its employment in the field of molecular sieves for NSErtion process catalyzed lysazirconocenes activated by

purification of water or gasésr as a sensing film for molecular methyla!qmlnoxane, in the _presence_of hydrogen. The feed
sensorshas been proposed. composition as well as the kind ahsazirconocene employed

For most s-PS moleculaccomplexes, isolated low-molecular- asl cattﬁlysttdgtermlnﬁtes the (I)llgC()jmt(;rS comptc))lsmfon. i f
mass compounds are imprisoned as guest into the cavities of n this study we have explore € possible formation o

. : lecular-complex phases of s-PS with styrene dimers. Our
the nanoporous hostphase, only producing minor changes to 0 '€cU . .
the packi%g of the poF:ymer heli)c/é%.Thesegs-PS molecuglar analysis has shown that s-PS selectively forms a highly stable

complexes have been defined athrate phases and are intercalate molecularcomplex with 1,3-diphenylbutane, which

generally characterized by a guest/monomeric-unit molar ratio IS presen_tly the s-PS guest with maximum volume 36 nn?)

1/4. and maximum number of non-hydrogen atoms< 16).
Only recently, the occurrence of a different class of s-PS Experimental Part

molecular-complexes, defined astercalaterather tharclath-

rate, has been establishé&dn fact, for some s-PS molecutar

complexes (e.g, with norbornadiéher 1,3,5-trimethylbenzefie Schlenk techniques. The styrene was stirred over ;Qagfore
or 1,4-d!methylnaphthgleﬁ‘é) the guest molecules are not igilation under reduced pressure. The commercial methylalu-
isolated into host cavities but contiguous inside layers interca- moxane (30% in toluene from Witco) was dried by removing in a

lated with monolayers of enantiomorphous polymer helices. Of yacuum the solvent and the traces of trimethylaluminum and was
course, these intercalate structures present a higher guest contefiised as a powder.

with respect to the clathrate structures and the guest/monomer- For the synthesis of 1,3-diphenylbutamag-CHy[3-i-C3H7-1-

unit molar ratio generally is 1/2 rather than 1/4. Ind,ZrCl, has been employed, synthesized according to the
The self-assembling of the polymer hdsphase and several literature® A 100 mL steel autoclave thermostated at°€5was

active guest molecules into crystalline molectiaomplexes elvgcuate% a??hthe_n charged V‘i';h 30 .mLtOf a SO_:_‘#'O“ OftMAO

can be relevant for several applications. In fact, polymer-based (12 9) and of the zirconocene (15 mg) in styrene. The reactor was

host_. t lecul | t onl d th ¢ feed with H at the constant pressure of 7 atm and mechanically
ostguest molecularcomplexes not only reduce the guest oo After 8 h, the hydrogen was vented off and the reaction

diffusivity and prevent guest self-aggregation (without recurring  mixture was poured into acidified ethanol. By shaking with water
to chemical reactions), but also allow to control at molecular andn-pentane (%), the organic phase was separated and recovered.
level the location and orientation of active guest molecules. On After anhydrification of the solution with N&O, the pentane was
this basis, films presenting s-PS/active-guest moleeular removed under reduced pressure and a yellow oily mixture of

Materials. Synthesis of the DimersAll manipulations of air-
sensitive compounds have been performed through glovebox or
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oligomers was recovered. A distillation under reduced pressure
afforded pure 1,3-diphenylbutane (bp $0BLO at 1 Torr, yield 5.6

.
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'The 1,4-diphenylbutane was obtained in the presence of the
nium dichloride (purchased from MCAT) activated by methylalu-
minoxane. The hydrooligomerization was carried out under atmo- T / oy
milliliters of the solution of MAO (0.41 g) and zirconocene (3 mg)
in styrene was magnetically stirred for 18 h at ®Dthen poured
diphenylbutane. The distillation, under reduced pressure, afforded
the 1,4-diphenylbutane, which was further purified by crystallization

Syndiotactic polystyrene was supplied by Dow Chemical under ! J
the trademark Questra 1013C nuclear magnetic resonance f"

N

triads was over 98%. The weight-average molar mass obtained by /‘
gel permeation chromatography (GPC) in trichlorobenzene at 135 / A
My/M, = 3.9. 8 12 16 20 24 28 32

Amorphous films, 86-120um thick, have been obtained by melt

20 (deg)

Theo form s-PS films presenting the (010) uniplanar orientation Figure 1. X-ray diffraction patterns of amorphous s-PS films: (A)
have been obtained by casting from 0.5 wt % chloroform solution after immersion in dpb for 3 days at room temperature; (B) after

Characterization Methods. The guest content was determined  °C for 6 days; (C) after treatment for 20 min at 13D.
by thermogravimetric analysis (TGA) carried out by a Mettler TG50
of 10 °C/min. film, after annealing of 3 h at 100C followed by treatment

Wide-angle X-ray diffraction patterns with nickel-filtered CaK under vacuum at 70C for 6 days, and after treatment for 20
diffractometer. :

. . . respectively.

Infrared spectra were obtained at a resolution of 2.0%cwith .

P W ' . The dpb content of the three samples of Figure 1, as evaluated
sulfate (DTGS) detector and a KBr beam splitter. The frequency PY thermogravimetric analysis is 34%, 18%, and 30%, respec-
scale was internally calibrated to 0.01 chusing a He-Ne laser. tively.

Differential scanning calorimetry (DSC) measurements were a solvent-induced crystallization while the pattern of Figure 1B
carried out with a DSC 2920 TA Instruments in a ﬂOW|ng n|trogen ShOWS that b|gger and more perfect Crystallltes are formed as a

13C NMR measurements were performed on Bruker Avance 300 :

1 X o ; and narrow peak observed fof@, k. = 10.6° (corresponding

(75.48 MHz for'3C Larmor frequency). Solution high-resolution to a Bragg distance = 0.83 nm) in Figure 1B, suggests the
acquisition time of 0.7 s with a relaxation delaf bs to ensure . - o
quantitative analysis. Solid-state spectra were acquired using a CP{i-€., such as the crystallographic planespare nearly parallel
sample tube. Pulse length of 9@ «s) and an acquisition time of ~ molecular-complex phases with 1,4-dimethylnaphthalene and
0.049 s with a relaxation delayf @ s were used to ensure with o-xylene, when these guests are absorbed in amorphous
30K transients were accumulated. _ patterns taken with beam parallel and perpendicular to the film

The molecular volume of the guest molecules has been simply hjane and collected on a photographic cylindrical camera, which

catalytic systemrac-ethylenebis(4,5,6,7-tetrahydroindenyl)zirco-
spheric pressure of hydrogen in a 100 mL glass flask. Twenty
into acidified ethanol and treated as above-described for 1,3-
from ethanol (mp 5254 °C), yield 9 g. h
characterization showed that the content of syndiotactic polystyrene

\
°C was found to bé/l,, = 3.2 x 10° with the polydispersity index, e e SE
extrusion.
at room temperature. annealing 63 h at 100°C followed by treatment under vacuum at 70
thermobalance in a flowing nitrogen atmosphere at a heating ratereported in Figure 1A. The X-ray diffraction patterns of the same
radiation were obtained, in reflection, with an automatic Bruker min at 130°C are also reported in Figure 1, parts B and C,
a Vector 22 Bruker spectrometer equipped with deuterated triglycine
A total of 32 scans were signal averaged to reduce the noise. The pattern of Figure 1A clearly indicates the occurrence of
atmosphere, at a heating rate of /min. consequence of annealing at 1GD. In particular, the intense
spectra were collected using a pulse length of&490) and an occurrence of uniplanar orientation analogous to tH®Ydne
MAS pulse sequence with a contact time of 2 ms gsin4 mm to the film plane}! which have been observed for s-PS
quantitative detection. For a typical solid st&%€ NMR spectrum  films.!! This hypothesis has been confirmed by X-ray diffraction
evaluated from their molecular mass (M) and densaly ( are analogous to those shown in Figure 3, parts A and B, of ref

Viges= M/pN, 11, respectively, hence indicating the occurrence of analogous
uniplanar crystalline phase orientations.
whereN, is Avogadro’s number (6,0% 10?2 molecules/mol). The X-ray diffraction pattern of Figure 1C clearly indicates
the presence of a phase with a (200) uniplanar orientation, as
Results usually observed as a consequence of annealing in the temper-

X-ray Diffraction. Sorption of the styrene dimer 1,4- ature range 120170 °C of molecular-complex phases with
diphenylbutane into s-PS amorphous samples as well as inuniplanar (20) orientatiort!
semicrystallined form s-PS samples induces crystallization in Additional information relative to this molecutacomplex
the y phase, as occurs for most solute molecules much biggercan be easily achieved by its formation by dpb sorption in films
than the cavity of the) s-PS phas&: presenting oriented phases. For instance, the X-ray diffraction
Sorption of the styrene dimer 1,3-diphenylbutane (thereafter pattern of ao-form s-PS film presenting uniplanar (010)
dpb) into s-PS amorphous samples, as well as in semicrystallineorientation!? after immersion in dpb for 7 days at 3& (then
0 form s-PS samples, instead generates a stable molecular treated under vacuum for 3 days at °x0), whose dpb content
complex crystalline phase. is close to 20%, has been reported in Figure 2. The pattern
The X-ray diffraction pattern of an amorphous s-PS film clearly shows peaks with Miller indexes (010), (020), and (030),
immersed in dpb for 3 days at room temperature has beencorresponding to three orders of a periodicity of 1.4 nm.c'éﬁv
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right of Figure 3). In particular, for the molecutacomplex
film of lower crystallinity and higher dpb conters=B0 wt %,
Figure 3A) two peaks are observed: one at a chemical shift
value very close to that observed in the solution spectrdim (
22.7 ppm) and a second one situated downfiél@%.7 ppm).
The upfield peak is largely prevalent for theform film (Figure

3C), containing dpb molecules only in the amorphous phase,
H| while the downfield peak is largely prevalent (Figure 3B) for
the molecular-complex film of higher crystallinity and lower

\w dpb content{ 18 wt %).

030

020 These data can be easily rationalized by assuming that the
ﬂ \ upfield peak is due to dpb molecules dissolved in the amorphous

intensity (a.u.)
-
—

phase, having a conformational freedom similar to that one

| / i “ occurring in solution, while the downfield peak is due to dpb
r ;% molecules being guest of the s-PS/dpb molecutamplex
phase.
H The observed downfield shift suggests that the dpb guest
'8 12 16 20 24 28 32 molecules assume a conformation with a reduced number of
C—C y-gauche interactions for the methyl group, while equi-
26 (deg) librium between several conformers is expected to occur for
Figure 2. X-ray diffraction pattern of an s-PS film with (010)  dpb molecules in the s-PS amorphous phase. In particular, the
g’orl'leor\‘,\tggog otfrterft?{\%ﬁ?ieﬁ daéf:e\;;?uﬂﬁ]rsé?%”fg?gfg;7 days at’65 NMR analysis suggests that the dpb guest conformer presents
y ys. an anti C2-C3 bond. It is however worth adding that the
downfield shift of the methyl resonance could in principle be
W/k due to intermolecular packing interactions in the crystalline
C phase, as suggested for the crystalline phase of a styrenefimer.
In this framework we can assume that, for the desiccated and
(\ W annealed film of Figure 3B containing 18 wt % of dpb, most
solute molecules are guests of the molecular complex-phase.
M\A For the same film, the degree of crystallinity, as evaluated by
following the FTIR method described in ref 14, is about 40 wt
%. This indicates that the s-PS/dpb intercalate moleeular
complex phase presents host-monomer-unit/guest stoichiometric
ratio close to 4/1, i.e., a stoichiometry completely different from
that one generally observed for s-PS intercalate structures (2/
1)%aband equal to that one generally observed for s-PS clathrate
structure. This stoichiometry, unprecedented for s-PS inter-
calate structures, could be due to the unusually large bulkiness
of the dimer guest.
It is worth noting that the evaluation of the peak intensities
in the methyl region of thé3C solid-state NMR spectra (inset
of Figure 3) allows a easy quantification of solute molecules
dpb simply absorbed in the amorphous phase and those present as
A\ guest of the molecularcomplex phase. In this respect, it is
150 140 130 12050 40 30 20 worth adding that quantitative evaluations of the guest amount
3 (ppm) in bqth s-PS phases have been already effected, but only by
Figure 3. *3C solid-state NMR spectra of amorphous s-PS films: (A) Fourier transform |nfrared. measuremeﬁépr other guest
after immersion in dpb for 3 days at room temperature; (B) after Molecules (chlorinated), which present different conformational
annealing 63 h at 100°C followed by treatment under vacuum at 70  equilibria in the amorphous and crystalline phases.
;(Crfor gif??yst; (rC]:) a];tterrrgreathmsvrg EﬁeriO ”r‘i” fﬁtc m‘?hpresfr:iﬂrﬁ%]e Fourier Transform Infrared Spectra. FTIR spectra in the
speac){rum ?C(::DOQJ) E:))? tﬁe csipsb ic; shown ?nutﬁe bottomeo?ct)hue ggure. Wavenumb_er ranges 122&1_40 cm* and 606-480 cnt* of
the three film samples of Figure 1A-C are reported as traces

discussed in detail in Figure 4 of ref 6b, this large periodicity A—C in Figure 4. For the sake of comparison, the FTIR
clearly suggests the presence of an intercalate rather than @Pectrum of a nanoporousform film is also shown in Figure

28 26 24 22

>{wio

clathrate molecularcomplex phase. 4, as curve D.
NMR Analysis. 13C solid-state NMR spectra of the three film These spectra give additional evidences of formation of an
samples of Figure 1A-C are reported as tracesCAn Figure s-PS/dpb molecularcomplex phase. In particular, the intensity

3. For comparison purpose, the solutiég@ spectrum (CDG) of the host helical s-PS peak at 1167 s for the amorphous
of the dpb with aliphatic resonances®®2.7 (C-4), 34.2 (C-  sample treated by dpb (curves A and B in Figure 4) definitely
1), 39.7 (C-3) and 40.2 (C-2) and aromatic resonances betweerlarger than for the- ando form films (curves C and D in Figure
0 125.8 and 147.4, is also shown in the bottom of Figure 3. 4), as typical of s-PS molecutacomplex phase¥.

As for the solid state spectra, beside the main signals of s-PS Moreover, the dpb peak (enlarged in the right part of Figure
one can observe some less intense resonances assignable to dgh, which is located at 589 cm both for molecules in diluted
and particularly informative is the methyl region (inset on the solutions of noninteracting solvent (dotted line) as well aségv
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Figure 4. FTIR spectra in the wavenumber ranges 122040 cnt* and 606-480 cnt? of amorphous s-PS films: (A) after immersion in dpb for
3 days at room temperature; (B) after annealifh@ & at 100°C followed by treatment under vacuum at 0 for 6 days; (C) after treatment for
20 min at 130°C, presenting the X-ray diffraction patterns shown in Figure-TA respectively. The FTIR spectrum of the héstorm film is
shown as curve D. Guest peaks have been specifically labeledgland the guest peak at 589 thhas been enlarged in the right part of the

figure.
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Figure 5. DSC scans of amorphous s-PS films: (A) after immersion
in dpb for 3 days at room temperature; (B) after annealihg b at
100°C followed by treatment under vacuum at 70 for 6 days; (C)
after treatment for 20 min at 13, presenting the X-ray diffraction
patterns shown in Figure 1A-C. The initial dpb content is indicated
close to the curves.

solute molecules in the amorphous phase ofjthghase film
(curve C), is shifted at 591 and 592 chfor guest molecules
of molecular-complex phases (curves A and B). This peak shift
to lower frequency clearly indicates the occurrence of fost

p transition (as generally observed fpfform samples when
heated in the presence of highly boiling solveitsy, broad
endothermic peak in the temperature range 1260 °C,
corresponding to the evaporation of the highly boiling dpb
molecules, and a narrow endothermic peak close to °Z70
corresponding to the melting of the s-P$hase, are observed.

The DSC scan of the molecutacomplex film of Figure 5A
shows a well-defined endothermic peak at 225 which (on
the basis of X-ray diffraction spectra like those of Figure 1) is
associated with the transition from the molectiaomplex
phase toward the-phase, also leading to a confinement of the
dpb molecules in the amorphous phase. After this phase
transition, the film behaves as threphase film of Figure 5C:
a narrow exothermic peak at 183, corresponding to thg —
p transition, the broad and intense endothermic peak corre-
sponding to the evaporation of the highly boiling dpb molecules
and a narrow endothermic peak corresponding to the melting
of the s-P$3-phase.

The DSC scan of the annealed molectleomplex film of
Figure 5B is rather similar to that one of Figure 5A. The
endotherm corresponding to the molectiaomplex — y
transition is more intense due to the higher crystallinity (cf.
Figure 1, parts A and B) and presents two peaks, due to the
annealing temperatures used (70 and 10D Moreover, the
dpb broad evaporation endotherm is much less pronounced, due
to its lower dpb content. It is worth adding that, by reducing
the amount of dpb from 34 to 18 wt %, the temperature of the
y — f transition increases from 15& up to 167°C, in good
qualitative agreement with the results reported in Figures 4 and
5 of ref 1c fory-form films with 1-chlorotetradecane.

It is also worth noting that for the s-PS/dpb molecular

guest attractive interactions between s-PS and the styrene dimercomplex phase the transition toward thehase is well apparent
Analogous low-frequency shifts have been observed for guestand not hidden by the guest evaporation, as occurs for most

peaks of molecularcomplex phases of s-PS with chlorofotff,
1,2-dichloroethané’ and n-alkanes.®

Differential Scanning Calorimetry. DSC scans of the three
film samples of Figure 1AC are reported as traces# in
Figure 5.

The DSC scan of the-form film of Figure 5C is typical of
ay-form sample in the presence of a highly boiling solvént.
In fact, beside a minor endothermic peak at nearly 130

s-PS molecularcomplexesab:6¢.19n fact, in the present case
the guest molecules rejected from the crystalline phase remain
in the amorphous phase and evaporate only for temperatures
above 19C°C.

Conclusions

The possible formation of molecutacomplex phases of s-PS
with styrene dimers has been explored by their sorption in

produced as a consequence of the annealing procedure used, @amorphous and nanoporodigorm films. X-ray diffraction,13C

narrow exothermic peak at 15%, corresponding to the —

solid state NMR and FTIR analyses have shown that the styé%\?
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