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The circular dichroism of non-racemic molecules, being guest
of co-crystalline phases of s-PS films, have been studied.
Unexpectedly, the chiral response of non-racemic guest
molecules does not depend on their R or S molecular chirality
but essentially only on the polymer host supramolecular
chirality.

Intense chiral optical responses for racemic macromolecules
interacting with non-racemic guests are well known for polymers
in solution! and have been recently observed also in the solid
state.> The induction of circular dichroism (CD) in racemic solid
polymers is generally associated with formation of polymer co-
crystalline phases,* constituted by helical polymer host and non-
racemic low-molecular-mass guest molecules.

The induction and amplification of chirality in racemic
polymers by co-crystallization with non-racemic guests can occur
by a molecular mechanisms, as observed for syndiotactic poly(p-
methylstyrene)®® and  poly(2,6-dimethyl-1,4-phenylene)oxide
(PPO),” where a non-racemic guest induces the formation of co-
crystals with a non-racemic unit cell, where polymer chains
exhibit only one-sense of helicity.

An alternative supramolecular mechanism, involving the
formation of non-racemic helical crystallites that not require the
presence of polymer molecular helices, has been presently
observed only for syndiotactic polystyrene (s-PS).*> In fact, the
chiral optical response of s-PS remains essentially unaltered up to
the polymer melting (= 270°C), not only after the non-racemic
guest removal but also after thermal crystal-to-crystal transitions,’
which involve the change of the molecular conformation from
chiral helical to achiral trans-planar.

The supramolecular nature of the chiral response of s-PS is
also confirmed by the intense chiral optical response of achiral
chromophores, when they replace the non-racemic guest in the
crystalline cavities of s-PS co-crystalline phases.**¢ Hence, chiral
optical effects of s-PS films are generally extrinsic to the site of
photon absorption,**¢ as for instance observed for achiral
chromophore  molecules ordered in twisted
mesophases.®*®

Non-racemic molecules, of course, also exhibit an intrinsic
chiral optical response, which is expected to be maintained when
guest of polymer co-crystalline phases. In this communication,
the intrinsic (molecular) and extrinsic (supramolecular)
contributions to the circular dichroism of non-racemic molecules,

nematic

being guest of s-PS films, have been evaluated. In particular, to
better discriminate between the chiral optical response of the low-

so molecular-mass guests and of the polymer host, vibrational
circular dichroism (VCD) studies, with quantitative evaluations
of the degree of circular polarization (dissymmetry ratio, g) for
relevant host and guest peaks, are reported.
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Fig. 1 FTIR (A) and VCD spectra (B) of amorphous s-PS films, having a
thickness of nearly 6 um, after crystallization induced by sorption of (S)-

75 (+)carvone (thick blue line) or (R)-(-)carvone (thin red line), with a
carvone content close to 8wt%. FTIR (A, black line) and VCD spectra(C)
of the films, after carvone removal. In (A), the main FTIR peaks of the
carvone guest are labeled by g while the most intense FTIR peaks due to
the polymer host are indicated by h. In (B) and (C), for the sake of

8o comparison with spectra of Figure 2, isolated VCD peaks of the guest (at
1667 cm™) and of the host (at 1601 cm™), corresponding to crystallization
induced by (S)-(+)carvone and (R)-(-)carvone are labeled as gs/hs and
gr/hg, respectively. (A’-C’) Enlargment of the spectra A-C in the range
1720-1570 em™.

Fourier transform Infrared (FTIR) and VCD spectra of melt
extruded amorphous s-PS films, having a thickness of nearly 6
um, after sorption of non—racemic carvone for 1 hour at room
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temperature, with a carvone content close to 8 wt %, are shown
in Figures 1A and 1B, respectively. The FTIR and VCD spectra
of the same films of Figure 1B, after complete carvone removal
by immersion in acetonitrile for 1 h (and acetonitrile complete
desorption in air at room temperature), are shown in Figure 1A
(black line) and 1C, respectively. In particular, the VCD spectra
as obtained after sorption of (R)-(-)carvone and (S)-(+)carvone
are shown, in Figures 1B and 1C, as red thin and blue thick lines,
respectively. For the sake of easier comparison with subsequent
spectra, isolated VCD peaks of the guest (at 1667 cm™) and of the
host (at 1601 cm™), produced by s-PS co-crystallization with S
and R carvone, are labeled in Figures 1B-C as gg/hg and gp/hg,
respectively.

In agreement with previous reports,**¢ the VCD spectra of
Figure 1B show that the non-racemic guest and the racemic
polymer host present similar VCD peak intensities. Quantitative
evaluations of the degree of circular polarization show 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
(gn(1352)= g,(1278)~ 1x107 while g,(1667)= 7x10”*). The VCD
spectra of Figure 1C, show that the chiral response of the polymer
host remains unaltered after complete non-racemic carvone
removal, clearly indicating the induction of stable chirality in the
25 racemic polymer.
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Fig. 2 VCD spectra of chiral optical s-PS films as obtained by
crystallization by (S)-(+)carvone (A, A”) or (R)-(-)carvone (B, B”): (A,B)
after complete carvone removal; (A’,B’) after renewed sorption of (S)-

45 (+)carvone (thick blue line) or (R)-(-)carvone (thin red line), for lh at
50°C.

The VCD spectra of s-PS films made chiral by
sorption/desorption of S (Figure 2A) and R (Figure 2B) carvone,
after renewed sorption of non-racemic carvone (by immersion in

so pure liquid at 50°C for 1h) are shown in Figures 2A’ and 2B’,
respectively. The chiral response of the host remains unchanged
(see, e.g., the intensities of the peaks labeled as hy or hg). The
chiral response of the guest is of kind g or gs, depending on the
chirality induced in the crystalline phase of the polymer host by
ss the first crystallization (Figure 1B), while is independent of the
chirality (S or R) of the newly absorbed carvone. These results
indicate that for non-racemic molecules being guest of s-PS films,
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although the considered peaks correspond to molecular
vibrations, the intrinsic (molecular) contribution to their circular
dichroism is negligible with respect the extrinsic
(supramolecular) contribution.

This conclusion is also supported by VCD measurements on
non-racemic carvone molecules being guest of § clathrate phases
of s-PS films, whose crystallites are racemic, because their initial
crystallization has been induced by achiral guest molecules. In
particular, amorphous s-PS films as crystallized by immersion in
dichloromethane™ (for 1 h at room temperature), exhibit a
monoclinic & clathrate form (Figure 3A).® The high intensity of
the 002 peak (at 29c,k,= 22.8°) indicates the presence of an
orientation of the helices of the crystalline phase, which is
preferentially perpendicular to the film plane’ (more precisely
named ayc,).”° The film of Figure 3A, as a consequence of guest
desorption (by treatment by acetonitrile for 1h at room
temperature), exhibits the X-ray diffraction pattern shown in
Figure 3B. This pattern shows a weak peak at 23¢,x,=8.4° and an
intense peak at 23¢,k,=13.5°, as typical of 010 and 111 peaks of
the nanoporous & form'® with preferential ayc, orientation’ (see,
e.g., the similar pattern shown in Figure 6C of ref.9a). The
immersion of the § form film in the liquid carvone for 1h at 50°C
leads to a sorption of nearly 12 wt% of carvone, with a
substantial change of the X-ray diffraction pattern, as shown in
Figure 3C. In fact, a diffraction peak, which can be indexed as

210 and indicates the formation of a § clathrate form, appears at
29¢cuke = 10°.'° This implies that most carvone molecules are
included as guest of the co-crystalline phase (Figure 3D), rather
than dissolved in the amorphous phase.
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Fig. 3 (A-C) X-ray diffraction patterns (CuKa) of s-PS films having a
thickness of 20 pum: (A) as crystallized from the amorphous state by
immersion in dichloromethane and exhibiting the corresponding &
clathrate form; (B) then extracted by acrilonitrile and exhibiting the
nanoporous 6 form; (C) finally immersed in carvone and exhibiting the
corresponding & clathrate form. (D) Schematic along the polymer chain
projection of the clathrate structure of the & clathrate form of s-PS with
carvone, with the dyj as established in ref.3a.

FTIR and VCD spectra of a racemic clathrate § form film
having a thickness of 6 pm (as prepared with same procedure
used for the film of Figure 3C), after sorption of (S)-(+)carvone
(thick blue line) or (R)-(-)carvone (thin red line) from the pure
liquid at 50°C for 1 hour, with a guest carvone close to 8wt%, are
shown in Figure 4.
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Fig. 4 FTIR (A) and VCD (B) spectra of § clathrate films with (S)-
(+)carvone (thick blue line) or (R)-(-)carvone (thin red line), for a guest
content close to 8 wt%. FTIR (A, dotted black line) of 6 form film, after
carvone removal is also reported.

It is immediately apparent that the chiral response of carvone,
when guest of racemic s-PS crystallites, which hence is only
molecular, is only slightly higher than the spectral noise (VCD
spectrum of Figure 4B). In particular, the g values of the 1667
em’' peak of carvone is close to 1x10, i.e. nearly two orders of
magnitude lower than those observed for the same molecule
when guest of non racemic s-PS crystallites, as obtained by co-
crystallization with non-racemic carvone guest (Figure 1B).

The chiral optical behavior observed for non-racemic carvone
molecules being guest of s-PS co-crystalline films, i.e. the
negligible molecular contribution with respect the overwhelming
supramolecular contribution (see Figures 2 and 4), is also
observed for vibrational bands of different non-racemic guest
molecules, like e.g. limonene and o-pinene (Scheme 1 and
Figures S1 and S2 in the ESIT).

In summary, the chiral optical response (even in the molecular
vibration range) of non-racemic guest molecules does not depend
on their R or S chirality but on the supramolecular chirality of the
host polymer film. This chirality, in turn, is determined by the
chirality of the non-racemic guest molecules which formerly have
induced co-crystallization of the racemic polymer from the
amorphous state. The present study also shows that chiral optical
effects for s-PS co-crystalline films are extrinsic to photon
absorption sites, not only for the host polymer peaks but also for
the guest peaks.

The authors thank Prof. G. Cipparrone of the University of
Calabria, Prof. C. De Rosa and Prof. F. Auriemma of University
of Naples, Dr. C. Daniel and Dr. G. Ianniello of University of
Salerno for wuseful discussions. Financial support of the
"Ministero dell'Istruzione, dell’Universita e della Ricerca"
(PRIN) and of “Regione Campania” (CdCR) is gratefully
acknowledged.

60

65

90

95

100

105

110

115

120

125

Notes and references

¢ Dipartimento di Chimica e Biologia and INSTM Research Unit,
Universita degli Studi di Salerno,via Giovanni Paolo II 132, 84084
Fisciano (SA), Italy Fax: 39 089-969603; Tel: 39 089-969558; E-mail:
gguerra@unisa.it

» Dipartimento di Fisica, Universita della Calabria, Ponte P. Bucci, Cubo
33B, Rende (CS), 87036, Italy; E-mail: eugenia.lepera(@fis.unical.it

1 Electronic Supplementary Information (ESI) available: [Experimental
Section]. See DOI: 10.1039/b000000x/

1 a) M.M. Green, C. Khatri and N.C. Peterson, J.Am.Chem.Soc., 1993,
115, 4941; b) E. Yashima, K. Maeda and Y. Okamoto, Nature, 1999,
399, 449; ¢) M.M. Green, J.W. Park, T. Sato, A. Teramoto, S. Lifson,
R.L.B. Selinger and J. Selinger, Angew. Chem. Int. Ed., 1999, 38,
3138; d) A.R.A.Palmans and E.W. Meijer, Angew.Chem.Int.Ed.,
2007, 46, 8948; e¢) E. Yashima and K. Maeda, Macromolecules,

2008, 41, 3; f) H. Goto, Y. Yokochi and E.Yashima, Chem.
Comm., 2012, 48, 3291; g) S.J. George, R. de Bruijn, Z. Tomovic,
B. Van Averbeke, D. Beljonne, R. Lazzaroni, A.P.H.J. Schenning
and E.W. Meijer, J.Am.Chem.Soc., 2012, 134, 17789.

2 a) D. La Camera, V. Petraccone, S. Artimagnella and O. Ruiz de
Ballesteros, Macromolecules, 2001, 34, 7762; b) G. Esposito, O.
Tarallo and V. Petraccone, Eur. Polym. J., 2007, 43, 1278; c) O.
Tarallo, V. Petraccone, C. Daniel, G. Fasano, P. Rizzo and G. Guerra,
J. Mater. Chem., 2012, 22, 11672.

3 a) AM. Buono, I. Immediata, P. Rizzo and G. Guerra, J. Am. Chem.
Soc., 2007, 129, 10992; b) L. Guadagno, M. Raimondo, C. Silvestre,
1. Immediata, P. Rizzo and G. Guerra, J. Mater. Chem., 2008, 18,
567; c) P. Rizzo, M. Beltrani and G. Guerra, Chirality, 2010, 22,
E67; d) P. Rizzo, C. Daniel and G. Guerra Macromolecules, 2010,
43, 1882; e) P. Rizzo, T. Montefusco and G. Guerra, J. Am. Chem.
Soc., 2011, 133, 9872; f) K. Zheng, R. Liu, H. Kang, X. Gao, D. Shen
and Y. Huang, Polymer, 2011, 52, 3671; g) P. Rizzo, E. Lepera, G.
Tanniello and G. Guerra, Macromolecules, 2014
dx.doi.org/10.1021/ma5000514.

4 a) M. Yokoyama, H. Ishihara, R. Iwamoto and H. Tadokoro,
Macromolecules, 1969, 2, 184; b) S. Horikiri, J. Polym. Sci. A2,
1972, 10, 1167; ¢) L. Paternostre, P. Damman and M. Dosiére,
Macromolecules, 1999, 32, 153; d) S.El Hasri, B. Ray, A. Thierry
and J.M. Guenet, Macromolecules, 2004, 37, 4124; ¢) V. Petraccone,
O. Tarallo, V. Venditto and G. Guerra Macromolecules, 2005, 38,
6965; f) D. Dasgupta, S. Malik, A. Thierry, J.M. Guenet and A.K.
Nandi, Macromolecules, 2006, 39, 6110; g) O. Tarallo, M.M.
Schiavone, V. Petraccone, C. Daniel, P. Rizzo and G. Guerra,
Macromolecules, 2010, 43, 1455; h) C. Daniel, J. G. Vitillo, G.
Fasano and G. Guerra, ACS Appl. Mater. Interfaces, 2011, 3, 969; 1)
G. Guerra, C. Daniel, P. Rizzo and O.Tarallo, J. Polym. Sci. Polym.
Phys. Ed., 2012, 50, 305; j) H. Marubayashi, S. Asai and M. Sumita,
Macromolecules, 2012, 45, 1384.

5 a) A. Immirzi, F. De Candia, P. Iannelli, V. Vittoria and A. Zambelli,
Makromol. Chem. Rapid. Commun.,1988, 9, 761; b) G. Guerra, V.M.
Vitagliano, C. De Rosa, V. Petraccone and P. Corradini,
Macromolecules, 1990, 23, 1539; c¢) Y. Chatani, Y. Shimane, Y.
Inoue, Y. Inagaki, T. Ishioka, T. [jitsu and H. Yukimori, Polymer,
1992, 33, 488; d) P. Rizzo, C. D'Aniello, A. De Girolamo Del Mauro
and G. Guerra Macromolecules, 2007, 40, 9470; ¢) E. B. Gowd, N.
Shibayama and K. Tashiro Macromolecules, 2008, 41, 2541; ) C.
Daniel, S. Giudice and G. Guerra Chem. Mater., 2009, 21, 1028; g)
W. Li and P. Wu, Appl.Spectroscopy, 2009, 63, 926.

6 a) F.D. Saeva, P. E. Sharpe and G.R. Oh, J. Am. Chem. Soc.,1973,
95, 7656; b) F.D. Saeva, and G.R. Olin J. Am. Chem. Soc., 1976, 98,
2709; c¢) M.R. Craig, P. Jonkheijm, S.C.J. Meskers, A.P.H.J.
Schenning and E.W. Meijer Adv. Mater., 2003, 15, 1435; d) G.
Lakhwani, J.Gielen, M. Kemerink, P.C.M. Chhrristianen, R.A.J.
Jansenn and S.C.J. Meskers, J. Phys.Chem., 2009, 113, 14047; ¢) B.
M. Maoz, A. Ben Moshe, D.Vestler, O. Bar-Elli and G. Markovich,

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



20

25

30

ChemComm

Nano Lett., 2012, 12, 2357; f) A. Yokoyama, M. Yoshida, A. Ishii
and Y.K. Kato, Phys.Rev.X ,2014, 4, 1005.

a) M.Kobayashi, T.Nakaoki and N.Ishihara, Macromolecules,
1989, 22, 4377; b) A.R. Albunia, P. Musto and G.Guerra Polymer,
2006, 47, 234; c) F.J. Torres, B. Civalleri, A. Meyer, P. Musto, A.R.
Albunia, P. Rizzo and G.Guerra J. Phys. Chem. B, 2009, 113, 5059.
a) Y. Chatani, Y. Shimane, T. Inagaki, T. lijtsu, T. Yukimori and H.
Shikuma, Polymer, 1993, 34, 1620; b) Y. Chatani, T. Inagaki, Y.
Stimane and H. Shikuma, Polymer, 1993, 34, 4841; c) C. De Rosa, P.
Rizzo, O. Ruiz de Ballesteros, V. Petraccone and G. Guerra,
Polymer, 1999, 40, 2103; d) O. Tarallo; V. Petraccone, C. Daniel and
G. Guerra, Cryst. Eng. Commun., 2009, 11, 2381; e) O. Tarallo; V.
Petraccone, A.R. Albunia, C. Daniel and G. Guerra, Macromolecules,
2010, 43, 8549; f) A.R. Albunia, P. Rizzo, M.Coppola, M. De
Pascale and G. Guerra, Polymer, 2012, 53, 2727, g) F. Kaneko,
A.Radulescu and K.Ute, J. Appl. Cryst., 2014, 47, 6.

a) P. Rizzo, S. Della Guardia and G. Guerra, Macromolecules, 2004,
37, 8043; b) A.R. Albunia, L. Annunziata and G. Guerra,
Macromolecules, 2008, 41, 2683; c) A. R. Albunia, P. Rizzo, O.
Tarallo, V. Petraccone and G. Guerra, Macromolecules, 2008, 41,
8632.

a) C. De Rosa, G. Guerra, V. Petraccone and B. Pirozzi,
Macromolecules, 1997, 30, 4147; b) G. Milano, V. Venditto, G.
Guerra, L. Cavallo, P. Ciambelli and D. Sannino, Chem. Mater.,
2001, 13, 1506; c¢) E. B. Gowd, N. Shibayama and K.Tashiro,
Macromolecules, 2006, 39, 8412; d) M.R. Acocella, P. Rizzo, O.
Tarallo and G. Guerra in preparation.

11 a) G. Shanmugam and P. L. Polavarapu, J. Am. Chem. Soc.,
2004, 126, 10299; b) A. G. Petrovic and P.L. Polavarapu, J. Phys.
Chem. B, 2006, 110, 22826.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 4



