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Investigation of Photo-Responsive Chiral 
Polyisocy anates 

JIE LIa. GARY B. SCHUSTERb and MARK M. GREENb 

aSchool of Chemistry and Biochemistry Georgia Institute of Technology Atlanta, 
GA 30332-0200 and bHerrnan E Mark Polymer Research Institute Polytechnic 

University Six Metrotech Center Brooklyn, NY 11202 

A new class of polyisocyanates incorporating the 8-phenylmethylenebicyclo r3.2. 
Iloctan-3-one chromophore through three different linkage patterns to the polymer backbone 
was synthesized. Photoresolution and photoracemization experiments were conducted to test 
its response to circularly polarized light (CPL). Irradiation of the polymers with CPL leads to 
the partial photoresolution of the bicyclicketone chromophore. This enantiomeric excess 
causes the polyisocyanate chain to favor one helical sense over the other. The handedness of 
the polymer chain can be switched with the sense of the circularly polarized light, leading to 
novel photoresponsive polyisocyanates. 

Introduction. Polyisccyanates are an unusual class of macromolecules, since 

they are one of the few types of synthetic polymers that adopt a stable helical 

chain conformation in solution as well as in the solid state.]-3 In the absence 

of chiral pendants, the polyisocyanate chain exists as a racemate with 

dynamically interconverting equal populations of P and M helical backbone 

c~nformations.~ However, when a stereogenic center is present in a pendant 

7 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

57
 1

6 
A

ug
us

t 2
01

2 



8 JIE LI ct ul. 

group, the polymer helices are related as diastereomers with different energy, 

and the helical sense with the lower free energy will predominate, leading to 

an optically active polyisocyanate.5*6 For this case, Green and coworkers 

have shown that, due to the highly cooperative helix structure of the 

polyisocyanate, the equilibrium between the M and P helices of the 

polyisocyanate shows a nonlinear response to the concentration of chiral 

pendant groups of different t y p e ~ . ~ - l O  The helical excess of 

copolyisocyanates formed from a mixture of (R) -  and (8-enantiomers 

responds strongly to slight differences in the concentrations of the 

enantiomers and the net helical sense is controlled by the enantiomer that is 

i n  the majority.[ More recently, it was shown that terpolyisocyanates 

composed of as little as 1.6 % of a chiral unit with only a 2.8 % enantiomeric 

excess and 98.4 % of achiral units shows a strong preference for one helix 

sense of the polymer, resulting in a striking amplification of the chiral 

information of the chiral pendant group. I The helical excess can be detected 

by circular dichroism (CD) spectroscopy in the absorption range of the 

polymer's amide backbone (ca. 255 nm).13 The magnitude of the induced 

optical activity of the polyisocyanates is interpreted by statistical physics 

based on the one-dimensional king 

control of chiral amplification. 

which offers insight on the 

The potential of using CPL to switch between binary states of 

organic photochromic material has been recognized previously. I 8 * I 9  This 

goal requires the reversible photoresolution and photoracemization of a chiral 
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PHOTO-RESPONSIVE CHIRAL POLY ISOCYANATES 

photochromic compound in a photochemical reaction. The excited state of 

the photochromic compound causes interconversion between the R and S 
enantiomers. Due to the different absorption of these enantiomers with CPL, 

a photostationary state develops with the enantiomer having the smaller 

absorption predominating. The enantiomeric excess at photostationary state 

(ypsr) of the chiral photochromic compound is determined by the Kuhn 

anisotropy factor20T21 (pi = Ad&),  according to: ypsr = V i  g k  Unfortunately, 

the enantiomeric excess at the photostationary state for most organic 

photochromic compounds is ca. 104.22-24 Chemists have been trying to 

improve the enantiomeric excess from photoresolution by designing 

photoresolvable compounds with unique s t r ~ c t u r e s . ~ ~ - ~ 8  Schuster and 

coworkers discovered a new photochromic compound, axially chiral 

bicyclo[3.2. IIoctan-3-one. 1, which can be photoresolved to ca. 1.5% 

enantiomeric excess upon irradiation with CPL.29 

f 

para-terpolymer (r = 0.06) 
Mw = 226,000 

mrra-copolymer (r = 1) 
mera-ierpolymer (r = 0.02) Mw = 623. OOO 

Mw = 27. OOO 

9 

onho-copolymer (r = I )  Mw = 16, OOO 
onho-terpolymer (r = 0.02) Mw = 405. OOO 
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10 JIE LI et al. 

The discovery of the stereochemical amplification of polyisocyanates 

and the development of photoresolvable ketone 1 presents an opportunity for 

the generation of novel photoresponsive chiral polyisocyanates by the 

incorporation of the photoresolvable bicyclo[3.2. IIoctan-3-one moiety into a 

polyisocyanate. This must be accomplished without the sacrifice of the 

required photochemical properties of the chromophore. Such systems may 

be of interest for optical data 

Results. Three types of polyisocyanates were synthesized having the 

bicyclo[3.2. IIoctan-3-one moiety incorporated through different linkage 

patterns to the polymer backbone (Chart I ) .  The chiroptical properties of the 

polymers were investigated to learn the effect of the chiral bicyclicketone 

pendants on the polymer chain conformations. 

Polymerization of the isocyanate monomers followed Shashoua’s 

using NaCN as the initiator. The molecular weights otthe 

polymers were determined by gel permeation chromatography (GPC). The 

compositions of the terpolymers were determined by ‘H NMR spectroscopy. 

The photoresolution of the bicyclicketone pendants on the 

polyisocyanate was accomplished by exposing Nz-saturated solutions of the 

polymers to circularly polarized light. CPL having wavelength >300 nm was 

generated by passing the light from a IOOOW Hg (Xe) lamp through a cutoff 

filter, a Glan-Taylor linear polarizer, and a Fresnel rhomb. CD spectra in  the 

amide backbone absorption region (ca. 255 nm)I3 were used to detect the 

shift in equilibrium between the M and P helices of the polyisocyanate chain 

caused by the photoresolution. 

The mcfu and ortho-terpolymers show a CD signal around 255 nm 

region while the pro-terpolymer does not have a measurable CD spectrum 

after irradiation with CPL. The appearance of a CD band in the mefu- 

terpolymer and orfho-terpolymers indicates the successful chirality transfer 
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PHOTO-RESPONSIVE CHIRAL POLYISOCYANATES 

from bicyclicketone pendants to the polymer main chain, leading to one hand 

of the helix dominating the other. It is interesting to observe that the sign of 

the CD for the mera-terpolymer is opposite to that of the orrho-terpolymer 

although both polymers were irradiated with the same circularly polarized 

light. The opposite CD sign of metu-terpolyrner and ortho-terpolymer 

indicates an opposite twisting sense of the polymer chains. 

The meru-terpolymer was employed to test the photo-switching of 

the helical sense of the polymer with circularly polarized light. Rotation of 

the linear polarizer by 90" converts (+)CPL to (-)CPL. Racemic meta- 

terpolymer in an n-hexane solution was irradiated with (+)CPL and (-)CPL 

alternatively, and the reaction was followed by CD spectroscopy. 

The samples show a mirror image relationship in their CD spectra 

demonstrating that the mera-terpolymer is capable of being switched. The 

helical sense of the polymer chain changes with the handedness of the 

circularly polarized light. Furthermore, irradiation of this solution with 

unpolarized light racemizes the ketone and causes the polymer to return to its 

racemic state. Similar results were observed for the mera, and ortho- 

copolymers and the orrho-terpolymer. 

Discussion. Previous studies by Green and coworkers showed that a 

predominant helix sense in polyisocyanates can be detected by CD 

measurements in the polymer main chain absorption region at ca. 259 

nm.7,9,10 However, a complication might arise in the systems studied here. 

The appearance of the CD signal at ca. 2.55 nm in the sample may not 

represent that of the polymer's amide backbone since the absorption of the 

backbone overlaps with the absorption of bicyclicketone monomer. Thus, 

the CD signal at ca. 255 nm of the irradiated polymer might be due to the 

bicyclicketone pendants or the polymer backbone. 

The oppositely signed CD spectra observed for the mefa-terpolymer 

and orrho-terpolymers after irradiation with the same CPL sense shows that 

the CD signal at 255 nm come from the polymer backbone. The sign of the 
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12 JIE 1.1 et ( I / .  

CD spectmm of the bicyclicketone pendants generated from irradiation with 

the same handed CPL will be the same. 

Chirality transfer from the bicyclicketone chromophore to the polymer 

backbone. The transfer of chirality from the bicyclicketone pendants to the 

polymer backbone is determined by the diastereomer free energy difference 

between (M-helix + R-pendant) and (P-helix + /?-pendant) interactions.I4-l7 

This free energy difference is highly dependent upon the distance between 

the chiral pendants and polymer backbone. One can expect that with a large 

distance between the bicyclicketone chromophore and the polymer backbone 

(i.e. the paru-polymer case) the bicyclicketone chromophore chirality will be 

independent of any interaction with the polymer backbone, leading to a zero 

free energy difference of the diastereomers. 

Conclusion. C h i d  bicyclicketone chromophores have been successfully 

incorporated into the polyisocyanate system through different linkage pattern 

to build novel photoresponsive polymers. Photoresolution of the 

bicyclicketone chromophore in the polymer by circular polarized light has 

been achieved. The chirality transfer from the chiral bicyclicketone pendants 

to the polymer backbone is found dependent upon the distance between the 

chiral pendants and the polymer main chain. Upon irradiation of the 

polymers having as little as 2% of ortho-linked or rneta-linked bicyclicketone 

pendants with circularly polarized light, the small enantiomeric excess that 

results in the ketone is able to induce one helix sense in the polymer. The 

handedness of the helical polyisocyanate with ortho- or rneru-linked 

bicyclicketone pendants is switchable with the sense of the circularly 

polarized light. The orrho-linked bicyclicketone pendants in the terpolyrner 

system are found to have an opposite helical preference than the rnera-linked 

system. Irradiation of the photoresolved polymer with the unpolarized light 

results in the racemization of the bicyclicketone group, returning the helical 

polymer to its racemic state. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

57
 1

6 
A

ug
us

t 2
01

2 



PHOTO-RESPONSIVE CHIRAL POLYISOCYANATES 13 

Acknowledgement: This work was supported by the grants from the 

National Science Foundation, the Office of Naval Research and Molecular 

Design Institute, for which we are grateful. 

References 
[ I ]  Shmueli, U.; Traub, W.; Rosenjeck, K. J.  Polym., Parr A-2 1969, 7,515. 
[2] Troxell, T. C.; Scheraga, H. A. Macromolecules 1971,4, 528. 
[3J Itou, T.; Chikiri, H.; Teramoto, A.; Aharoni, S. M. Polymer J.  (Tokyo) 1988,20, 143. 
[4] Tonelli, A. Macromolecules 1974, 7, 628. 
[5] Goodman, M.; Chen, S.  Macromolecules 1970,3, 398. 
[6] Goodman, M.; Chen, S. Macromolecules 1971,4, 625. 
[7] Green, M. M.; Andreola. C.; Munoz, B.; Reidy, M .  P.; Zero, K. J.  Am. Chem. Soc. 

1988,110, 4063. 
[8J Lifson, S.; Andreola, C.; Peterson, N. C.; Green, M. M. J .  Am. Chem. SOC. 1989, 111, 

8850. 
[9] Green, M. M.; Reidy, M. P.; Johnson, R. J.; Darling, G.; O'Leary, D. I.; Willson, G. J ,  

Am. Chem. SOC. 1989, I l l ,  6452. 
[ 101 Green, M. M.; Peterson, N. C.; Sato, T.; Teramoto, A,; Cooks, R. G.; Lifson, S.  Science 

1995,268, 1860. 
[ l l ]  Green, M. M.; Garetz, B. A.; Munoz, B.; Chang, H.; Hoke, S.; Cooks, R. G.  J.  Am. 

Chem. SOC. 1995, I I  7,418 1. 
1121 Green, M. M.; Selinger, J. V.; Jha, S. K.; Cheon, K.-S. J .  Am. Chem. SOC. 1999, 121, 

1665. 
[I31 Deutsche, C. W.; Lightner, D. A.; Woody, R. W.; Moscowitz, A. A m .  Rev. Phys. Chem. 

1969,20,407. 
[I41 Selinger, J. V.; Selinger, R. L. B. Phys. Rev. Len. 1996,58, 76. 
[I51 Selinger, J. V.; Selinger, R. L. B. Mol. Crysf. Liq. Crysr. 1996, 33, 288. 
[16] Selinger, J. V.; Selinger, R. L. B. Phys. Rev. E 1997, 55(2), 1728. 
[17] Selinger, J. V.; Selinger, R. L. B. Macromolecules 1998,31, 2488. 
[IS] Stevenson, K. L.; Verdieck, J. E J .  Am. Chem. Soc. 1968,90, 2974. 
[I91 Stevenson, K. L.; Verdieck, J. F. Mol. Photochem 1969, I ,  271. 
[20] Kuhn, W.; Knopf, E. Z. Phys. Chem. 1930,7, 292. 
[21] Kuhn, W. Natunvissenschujien 1930,I8, 183. 
[22] Buchardt, 0. Angew. Chem. Int. Ed. Engl. 1974,13, 179. 
[23] Rau, H. Chem. Rev. 1983,83, 535. 
[24] Inoue, Y. Chem. Rev. 1992,92, 741. 
[25] Feringa, B. L.; Huck, N. P. M.; Jager, W. F.; de Lange, B. Science 1996,273, 1686. 
[26] Feringa, B. L.; Huck, N. P. M.; Schoevaars, A. M. Adv. Mater: 1996,8, 681. 
[27] Zhang, M.; Schuster, G. B. J.  Am. Chem. Soc. 1994,116, 4852. 
[28] Zhang, Y.; Schuster, G. B. J.  Org. Chem. 1994,59, 1855. 
[29] Zhang, Y.; Schuster, G. B. J .  Org. Chem. 1995,60, 7192. 
[30] Turro, N. J. Modern Molecular Photochemistry 1978. 
[31] Eigler, D. M.; Lutz, C. P.; Rudge, W. E. Nature 1991,352, 600. 
[32] Ball, P.; Garwin, L. Narure 1992,355, 761. 
[33] Feringa, B. L.; Jager, W. F.; de Lange, B. Tetrahedron 1993,49, 8267. 
[34] Bumham, K.; Schuster, G.  B. J. Am. Chem. SOC. (submitted). 
[35] Green, M. M.; Selinger, J. V. Science 1998,282, 880-881, 
[36] Shashoua, V. E. J .  Am. Chem. Soc. 1959,81, 3156. 
[37] Shashoua, V. E.; Sweeney, W.; Tietz, R. F. J.  Am. Chem. Soc. 1960,82, 866. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

57
 1

6 
A

ug
us

t 2
01

2 




