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ABSTRACT: Vacuum-UV circular dichroism (CD) (210-140 nm) spectra of optically active poly(alky1 vinyl 
ethers) are reported and compared with those of low molecular weight analogues. In spite of the ordered 
structure of the macromolecules, no particular CD feature connected with the polymer conformation is evident. 
However, the CD is sensitive to even subtle differences in the isotacticity degree of the polymeric samples. 

Introduction 
The stereochemical properties of isotactic chiral syn- 

thetic polymers have been widely investigated by chirop- 
tical techniques, and the relationship between the con- 
formation in solution of the macromolecules and their 
optical activity has been established by experimental and 
theoretical studies.’ As far as optically active poly(alky1 
vinyl ethers) are concerned, the aforementioned relation- 
ship has not been properly investigated because of the 
instrumental difficulty in measuring far-UV optical rota- 
tory dispersion (ORD) and circular dichroism (CD) spectra. 
In fact, the chiroptical properties of poly(alky1 vinyl ethers) 
were investigated down to 185 nm and only the lowest 
energy band related to the ethereal chromophore was 
detected.2 The same occurred for optically active poly- 
(oxiranes), in which the ethereal oxygen is located in the 
main chain.3 The data reported on the chiroptical prop- 
erties of the poly(alky1 vinyl ethers) indicate that in so- 
lution the macromolecules assume a helical conformation 
with a predominant screw sense, as proposed for poly(a- 
 olefin^).^ 

More recently, the CD of the ether chromophore was 
reconsidered, thanks to the availability of special far-UV 
CD spectrometers. Some papers appeared in the literature 
concerning the far-UV CD of poly[ (R)-oxypropyleneI5 and 
of low molecular weight ethers.sa Therefore, it appeared 
interesting to investigate the vacuum-ultraviolet spectral 
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region also for the poly(alky1 vinyl ethers), with the aim 
of more properly establishing the relationship between 
optical activity and conformation in solution. 

Experimental Section 
Synthesis of Polymers. Poly(menthy1 vinyl ether) (IA-C) 

samples were obtained by polymerization of (-)-menthyl vinyl 
ether by using different catalytic systems and experimental 
conditions that have been described e l ~ e w h e r e . ~ J ~  The polymers 
were purified by several reprecipitations with methanol from 
hydrocarbon or chloroform solutions (Table I). Poly[ @)-I- 
methylheptyl vinyl ether] (IIA,B) samples were obtained by 
polymerization of the corresponding monomer in the presence 
of a catalyst based on the A1(0-i-C3H7)3,”zS0, system and 
BF3.0Etz, respectively, according to the procedure previously 
described.1° 

The model compounds for the isolated chromophore, (-)- 
menthyl ethyl ether and (-)-(S)-1-methylheptyl ethyl ether, were 
prepared by hydrogenation of the corresponding vinyl ethers in 
the presence of Raney Ni according to a procedure described 
elsewhere.” 

13C NMR Spectra. NMR spectra were recorded on a Bruker 
HF-90 and the evaluation of the isotacticity degree was done for 
polymer I samples on the basis of the signal at 48.5 ppm (Me4Si),12 
whereas for polymer I1 samples no definitive attribution has been 
so far performed. 

C D  Measurements. CD spectra were recorded with a vacu- 
um-ultraviolet ~pectrometer’~ by using standard cylindrical quartz 
cells of 50- and 100-hm path length for the bulk of the mea- 
surements. Sandwich-type cells with aluminum foil spacers were 
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Table 1 
Physical Properties of the Optically Active Poly(alky1 vinyl ethers) and Low Molecular Weight Structural Models 

poly(alky1 vinyl ethers) 
polymerization conditions 
monomer sam- 

Ple structure [ ~ l z s ~ ,  deg 
IA (-)-menthyl vinyl - 7 3 . 6  (neat) 
IB ethera 
IC 
IIA (-)-(S)-1-methylheptyl -0.84 

IIB 
vinyl ether 

catalyst 
C, H, SbCl, 
BF;OEt, 

model compounds 
[“Iz5D, 

deg dL/g IDC type [ a I z 5 ~ ,  deg 
-196 0.34 75 (-)-menthyl ethyl -89.0 (CHC1,) 
-208 0.45 75  ether 

BF;OEt, t 68.2 d (S)-1-methylheptyl -10.3 (CHCl,) 
AlC1,Et -208 0 . 5 6  80 

ethyl ether 
Al( O-Z-C,H,),- + 8 2 . 7  e 

HZSO, 
a Optical purity 100%. Optical purity 90.9%. Isotactic degree; determined by NMR. Partially isotactic. e Semi- 

crystalline isotactic. 

IA-C IIA,B 
H-CHz-$H-H H-CH2-CH-H 

I 
? 

I 
? 

IV I11 

also used to further extend the spectra into the vacuum UV. 
Suprasil windows from Amersil Inc. were used for measurements 
above 160 nm and CaF, windows from Frank Cook Inc. for 
measurements below 160 nm. Pentane, isooctane, dodecane, and 
perfluorohexane solutions were used (C = 1.3 X lo-, mol/L). Films 
of the polymers were obtained by slow evaporation of the solvent 
from a dilute (C = 1 X lo-, mol/L) solution of the samples 
dissolved in hydrocarbons. All the films were tested to exclude 
any orientation dependence of the CD signals. In all cases the 
total optical density of the cell, solvent, and sample was kept below 
1.0. The spectral slit width was a constant 1.6 nm. 

Results and Discussion 
In the present paper the CD spectra recorded for solid 

film and solution are reported for three samples of poly- 
[(-)-menthyl vinyl ether] (IA-C; Chart I) prepared by 
different catalytic systems and characterized by a com- 
parable isotacticity degree (75-8070 isotactic dyads). Two 
different samples of poly[ (S)-1-methylheptyl vinyl ether] 
(IIA,B) prepared in the presence of two different catalytic 
systems, leading, respectively, to partially isotactic (IIA) 
and isotactic semicrystalline (IIB) poly(alky1 vinyl ether),1° 
are also studied. The investigation extended the CD down 
to 140 nm, and the measured spectra are compared with 
those of the corresponding model chromophores, (-1- 
menthyl ethyl ether (111) and (S)-1-methylheptyl ethyl 
ether (IV). In Table I are collected the data relevant to 
the characteristics of the polymer samples investigated and 
the corresponding structural models. 

The UV spectra of the poly(alky1 vinyl ethers) and the 
model ethers do not show any significant difference in the 
profile of the absorption that steeply increases in the 
180-150-nm range (not shown). 

CD spectra of polymers I and I1 wera recorded either 
as solid films or in hydrocarbon solution, whereas the 
structural models, I11 and IV, were analyzed in hydro- 

I ,  

5 t  A 

I V 
I 

I 1  ’ I I I ,  , I  

140 160 180 200 
I(nm) 

Figure 1. CD of IA in pentane (---) and as a film (---) and 
of I11 in perfluorohexane solution (-). 

1 8  I I I 

140 160 180 200 
I h m )  

Figure 2. CD of IIA in pentane (- . -) and as a film (- - -) and 
of IV in perfluorohexane solution (-). 

carbon or perfluorohexane solution. Due to the insolubility 
of the polymers in fluorinated hydrocarbons, their CD 
spectra in solution were limited by the absorption of the 
hydrocarbon solvents to 170 nm as the shortest wavelength. 
The CD spectra measured for the polymers in hydrocarbon 
solution show dichroic bands a t  the same energy as the 
bands measured for the films, even though the intensities 
are rather different. 

The comparison between the polymers and the corre- 
sponding structural models shows a similarity between 
their CD spectra as far as the number and the sign of the 
bands are concerned (Figures 1 and 2). On the contrary, 
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Table I1 
CD Characterization of Poly[(-)-menthyl vinyl ether] (I), Poly[(S)-1-methylheptyl vinyl ether] (11), and the 

Corresponding Structural Models (-)-Menthyl Ethyl Ether (111) and (S)-1-Methylheptyl Ethyl Ether (IV) 

IA pentane 

IB pentane 

IC pentane 

film 

film 

film 
IIA pentane 188 +0 .19  

film 188 + 0.03 
IIB pentane 187 +0.35 

film 188 +0.10 
I11 pentane 

perfluorohexane 
IV pentane 1 9 5  + 0.02 

perfluorohexane 194 + 0.02 

1 I 

150 170 190 170 190 

Figure  3. CD dependence of I on the tacticity degree. (a) CD 
as a film: (-e-) IA; (---) IB; (-) IC. (b) CD in pentane solution: 

il(nm) 

(---) IA; (---) IB; (-) IC. 

a noticeable difference is recognizable in the position and 
relative intensity of the bands (Figures 1 and 2). The 
lowest energy band in I11 is centered at  about 185 nm, but 
it is blue shifted nearly 5 nm in the corresponding polymer 
(I). This band has been assigned to a Rydberg-type 
transition of a nonbonding electron of the oxygen in ali- 
phatic ether.6J4 The same band is centered at  181 nm in 
IV, whereas a blue shift of 10 nm is observed in 11. The 
intensity of this band is higher in the low molecular weight 
models than in the corresponding polymers. 

A very low intensity band is also present in the CD 
spectra of I1 and IV at about 190 nm, which has been 
identified as a "hot band" because of its marked en- 
hancement with increasing temperat~re. '~  Within the 
limitations of the presented data, no clear evidence of 
exciton coupling interactions among the side-chain chro- 
mophores can be put forward, in contrast to what is ob- 
served in the case of other synthetic16 rind natural poly- 
m e r ~ . ~ ~  The high perturbability of the ethereal chromo- 
phore by environmental effects might cause the bands in 
the structural models to blue shift in the polymers. 
However, no significant information can be drawn from 
the CD on the conformation of the macromolecules in 
solution. 

Even if the general trend of the spectra is the same in 
solution and in the solid state, the poor reproducibility of 
the latter does not allow us to draw any definitive con- 
clusion on the relationship between the intensity of the 
CD bands and the degree of stereoregularity. A more 
reliable feature can be obtained from measurements car- 
ried out in solution, which show that a higher dichroic 

179 
180 
178  
180 
177 
180 
170 
170  
170  
170  
1 8 5  
184 
182  
181 

+ 3.4 
+0.7 1 5 8  (sh) -2.4 144 -4.2 
+3.6 
+ 0.9 158 (sh) -2.7 144 -5.0 
-I- 3.9 + 1.0 1 5 8  (sh) -2.8 144 -5.1 
-2.9 

-3.6 
-1.2 1 5 5  (sh) +1.5 1 4 3  +4.2 

-1.3 1 5 5  (sh) + 2.0 143  t 5.2 
+ 6.8 
t 5 . 5  1 7 1  (sh) -2.0 159  -12.9 
-7.1 1 7 0  +4.4 
-6.1 1 6 9  + 3.7 151 +5.0  

+ ' 170 ' 190 170 190 
I(nrn) 

Figure  4. CD dependence of I1 on the tacticity degree. (a) CD 
as a film: (-) IIA; ( -e - )  IIB. (b) CD in pentane solution: (-) 

absorption is obtained for polymeric samples having a 
higher isotacticity degree (Table 11) as determined by 
NMR on a quantitative basis in the case of samples I and 
on a qualitative basis for samples I1 (Table I). In this 
connection it is worth mentioning that sample IA, prepared 
under free ion cationic conditions, shows chiroptical 
properties and tacticity degree not appreciably different 
from those of samples IB and IC prepared under conven- 
tional stereospecific polymerization conditions, thus clearly 
confirming the peculiar behavior of (-)-menthyl vinyl ether 
in the cationic polymeri~ation.~ 
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ABSTRACT: High molecular weight, soluble poly@-hydroxy-a-methylstyrene) has been synthesized for the 
first time by cationic polymerization of p- [ (tert-butoxycarbonyl)oxy]-a-methylstyrene with boron trifluoride 
etherate as an initiator in liquid sulfur dioxide followed by thermolytic deprotection. Cationic polymerization 
of p-acetoxy-a-methylstyrene in dichloromethane followed by hydrazinolysis afforded the title compound, 
but the polymerization was accompanied by partial cleavage of the protecting group. Conventional cationic 
polymerization of p- [ (tert-butoxycarbonyl)oxy]-a-methylstyrene in dichloromethane resulted in formation 
of low molecular weight polymer accompanied by partial cleavage of the protecting group. Ether monomers, 
such as p-methoxy- and p-(ethoxymeth0xy)-a-methylstyrenes, readily underwent cationic polymerization, 
while the p-(2-methoxyethoxy)methyl derivative suffered from partial deprotection and cross-linking. Removal 
of the ether protecting group was, in all cases, accompanied by chain degradation and/or cross-linking. Chemical 
modification of poly(a-methylstyrene) and poly@-bromo-a-methylstyrene) by lithiation followed by hy- 
droxylation produced cross-linked materials. 

Introduction 
The preparation of linear polymers containing phenolic 

functional groups has attracted a great deal of attention 
recently due to the potential use of these materials as 
antioxidants, resist resins for microlithography, etc. While 
high molecular weight poly@-hydroxystyrene) has been 
successfully prepared,'V2 the synthesis of the corresponding 
poly(a-methylstyrene) analogue, namely, poly(p- 
hydroxy-a-methylstyrene) (poly[p-(1-methyletheny1)- 
phenol] (VIII)), has remained very elusive and only low 
molecular weight oligomers have been reported in the 
l i t e r a t ~ r e . ~ , ~  Thus, Kamagami and Hamashima3 obtained 
short oligomers of degree of polymerization (DP) 4-5 by 
UV or y-ray irradiation of the solid monomer, p- 
hydroxy-a-methylstyrene (( 1-methyletheny1)phenol (I)), 
a t  room temperature. However, no polymerization of I 
whatsoever was observed in solution. The cationic po- 
lymerization of I produced mostly dimers and trimers, with 
a very small amount of oligomers of DP up to 17.4 Similar 
results, characterized by the formation of only 1-3% yields 
of higher oligomers (DP up to 16), were obtained by Braun 
and Meier in the cationic polymerization of 2,6-di-tert- 
butyl-4-(l-methylethenyl)phenol.5 Better results were 
obtained in the radical copolymerization of I with vinyl 
comonomers.3~6~7 Thus, copolymerization with acrylonitrile 
produced a highly alternating copolymer with number- 
average molecular weight (M,) -50 OO0.3 

The successful synthesis of high molecular weight VI11 
is difficult mainly due to the fact that a-methylstyrenes 
are reluctant to undergo radical homopolymerization and 

that the p-hydroxyl group reacts with cationic initiators 
and growing ends as a Lewis base and with anionic initi- 
ators and growing ends as a Brernsted acid. In conse- 
quence, our approach to the synthesis of VI11 involves the 
polymerization of monomers with the hydroxyl group 
protected followed by removal of the protecting group to 
generate the free phenolic polymer. This paper reports 
the synthesis of VI11 by cationic polymerization of several 
new protected monomers (IV) and subsequent chemical 
modification of the polymers (V) by deprotection. At- 
tempts to prepare VI11 directly by chemical modification 
of poly(a-methylstyrene) (VI) and its p-bromo derivative 
(VII) are also described. 

Results and Discussion 
Monomer Synthesis. A number of procedures have 

been reported for the preparation of I, including thermals 
or base-catalyzedg cracking of 2,2-bis(p-hydroxyphenyl)- 
propane and catalytic dehydrogenation of p-(1-methyl- 
ethyl)phenol,1° but few polymerizations of the derivatives 
of I have been reported. Aliev and co-workers prepared 
the allyl and glycidyl ethers of I and succeeded in their 
copolymerization with styrene to yield cross-linked ma- 
teria1s.l' 

A. Ester: p -Acetoxy-a-methylstyrene (IVa). Fol- 
lowing the successful work of Arshady et a1.2 describing 
the preparation of poly@-hydroxystyrene), our first ap- 
proach to the synthesis of VI11 was based on the synthesis 
of esters of I followed by polymerization and then hy- 
drolysis to provide the free phenolic polymer (VIII). We 
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