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INTRODUCTION 
OptiCal act iv i ty ,  defined as the rotation of the plane of plane- 

polarized l ight passing through a material, is a property found in 
molecules and supramolecular structures which lack a plane of 
symmetry (ORCHIN, JAFFE 1971). The type of optical act iv i ty  of 
most frequent concern to chemists derives from a carbon atom or 
other atom, such as nitrogen, phosphorous or silicon, with four 
(or in some cases three) di f ferent substituents. Optical act iv i ty  of 
compounds containing asymmetric carbon atoms is generally mea- 
sured in solution and expressed as degrees of rotation per unit 
concentration per unit length. However, many types of crystals 
also exhibi t  optical act iv i ty  in the solid state. These crystals are 
of two major types. The f i rs t  type includes crystals of small mole- 
cules which are themselves molecularly dissymmetric and show opt i-  
cal act iv i ty  in solution, such as camphor and sucrose. The second 
and more interesting type is composed of crystals,  not containing 
optical ly active small molecules or ions, whose optical act iv i ty  is 
produced only by the dissymmetry of the crystal structure i tsel f  
and which disappears upon destruction of the crystal structure. 
These crystals include those of ionic sodium chlorate, bromate and 
quartz, which is polymeric, as well as a number of other mostly in- 
organic substances (LOWRY 1935). 

The silicon and oxygen atoms of alpha-quartz are arranged in 
helices with the d- and I-form containing helices of opposite chiral-  
i ty .  This dense-packing-of dissymmetric helices in the solid state 
results in very high optical act iv i ty  along the optical axes of single 
crystals of d- and I-alpha-quartz, with the optical rotation ranging 
from about 2-0~ nearly 400~ depending on the wave- 
length. Optical act iv i ty  is found in quartz, because lef t -  and 
right-handed helices are dissymmetric, whereas carbon atoms with 
four di f ferent substituents, the usual causes of optical act iv i ty  in 
organic compounds, are asymmetric. Both are chiral,  possessing 
lef t -  or ri~lhthandedness. 
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Many invest igators observed the phenomenon of optical ac t i v i t y  
associated with asymmetric carbon (or other) atoms in small mole- 
cules. The f i r s t  recorded work to incorporate optical ac t i v i t y  into 
synthet ic  polymers through an asymmetric carbon atom is that of 
Walden (WALDEN 1896), who polymerized the bis ( - ) - 2 -me thy l -  
bu ty l )  ester of methylenesuccinic acid to form a polymer no d i f f e r -  
ent in optical rotation from the s tar t ing monomer. 

Many subsequent attempts to synthesize opt ical ly  act ive poly-  
mers, however, fai led because of uncer ta in ty  as to the t rue def in i -  
tion of an asymmetric carbon atom, par t i cu la r l y  in polymers, and as 
to what s t ructures were capable of producing optical ac t i v i t y .  Sev- 
eral attempts were made to produce opt ical ly act ive o rd inary  v iny l  
polymers through polymerization of opt ical ly  act ive monomers and 
subsequent removal of  the asymmetric side chains (MARVEL, OVER- 
BERGER 1946) (OVERBERGER, PALMER 1967) or by in i t iat ion of a 
monomer such as s tyrene with an opt ical ly act ive in i t ia tor  (MARVEL 
et al. 1943). However, a f ter  the opt ical ly  act ive side chains or in-  
i t ia tor  residues were removed, the remaining polymer was not op- 
t ica l ly  act ive. 

The absence of optical ac t i v i t y  in these polymers was explained 
(FRISCH et al. 1953) by showing that asymmetric carbon atoms 
could not be generated from ord inary  v iny l  monomers CH 2 CXY in 
high polymers. The CXY carbon atoms in the polymer in the center 
of a heterotact ic t r iad ,  between two CH^ CXY d i f fe r ing  in conf igur -  

/ . 

ation only,  were shown to be not asymmetric but pseudoasymmetrlc 
and incapable of cont r ibut ing to the optical ac t i v i t y .  The central 
carbon atoms in a tact ic t r iad could be regarded as asymmetric only 
insofar as the two subst i tuents forming the polymer chain were of 
d i f fe ren t  lengths, which could contr ibute to optical ac t i v i t y  only in 
the lowest molecular weight oligomers. 

Isotactic polymers were prepared from a number of chiral  ~-ole- 
f ins (PINO et al. 1960), such as (+ ) - (S ) -3 -me thy l - l - pen tene ,  4- 
methy l - l -hexene ,  and 5-methy l - l -hep tene,  opt ical ly  act ive poly 
( v iny l  ethers) (SCHMITT, SCHUERCH 1960), and opt ical ly act ive 
aldehydes (GOODMAN, ABE 1962). In most cases, optical rotat ion 
per monomer uni t  for the polymer was found to be considerably 
h igher than molar optical rotation for low molecular weight saturated 
model compounds. The amount of excess rotat ion for the polymer 
was found to vary  with distance of the asymmetric carbon atom from 
the chain backbone, reaching a maximum for p o l y ( 4 - m e t h y l - l - h e x -  
ene) and becoming qui te low as the asymmetric atom was moved sev- 
eral carbons from the chain, The observed excess optical rotat ion 
in such polymers was found to increase with decreasing so lub i l i ty  
and presumably increasing isotact ic i ty  of the polymer (PINO et al. 
1960) (PINO, LORENZI 1960) (PINO et al. 1961) (PINO et al. 1963) 
(PINO et al. 1968). The rat io of molar rotation of polymer to model 
compound s imi lar ly  decreased at greater distances of the asymmetric 
carbon atom from the main chain, and th is rat io increased with in-  
creased isotact ic i ty  of the polymer chain for polymers with asymmet- 
r ic carbon atoms. 
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As a resu l t  o f  many of  the above observat ions,  Pino and co- 
workers  have proposed that  these polymers ex is t  in solut ion pr imar-  
i ly  in the helical conformat ion of  one screw sense, wi th  the he l i c i t y  
s t rong ly  con t r i bu t i ng  to the opt ical rotat ion (PINO et al. 1968). 
They  (GOODMAN et al. 1967) (ABE 1968) (PINO, NEUENSCHWAN- 
DER 1975) considered he l i c i t y  of the polymer chain in solut ion as 
an important  con t r i bu t i ng  factor  in causing the excess opt ical rota-  
t ions observed for  these polymers. However,  in cont rast  to the 
long and r ig id  helices observed for  po lypept ides,  the helical re-  
gions in these polyolef ins and similar polymers were considered as 
being shor t - range  and cons tan t ly  co i l ing and unco i l ing ,  a l though 
the total helical content of a 13olymer solut ion would remain constant  
over  time at constant  condi t ions.  Fur thermore,  i t  was tnough t  
that  the excess opt ical rotat ion noted in the polymers was not due 
p r imar i l y  to opt ical rotat ion by the ch i ra l  helices themselves, ra th -  
er i t  was fel t  that  the ster ic  ef fect  of  the adjacent he l ix  forced the 
subs t i tuen ts  around the asymmetric carbon atoms to assume pre-  
fer red conformations which in t u r n  increased the observed optical 
ro ta t ion,  Indeed, the speci f ic rotat ion of  cer ta in  h i gh l y  c r ys -  
ta l l ine polyolef ins was found (BONSlGNORI,  LORENZl 1970) (BASSl 
et al. 1971) to be qu i te  d i f f e ren t  in solut ion from that  in the c r ys -  
s ta l l ine state, in which c rys ta l l i ne  helical forms ex is t  exc lus i ve l y .  

Isotact ic polymers,  due to energy  considerat ions,  c rys ta l l i ze  in 
helical forms (NATTA  1956). However,  i f  these polymers are pre-  
pared wi th  opt ica l ly  inact ive  or racemic in i t ia to rs ,  equal amounts of  
le f t -  and r igh thanded  helices wi l l  be formed. The overal l  ef fect of  
th is  in the c rys ta l  s t r uc tu re  is c rys ta l l i za t ion  of  a 50:50 mix ture  of  
the two types of  helices in all isotact ic polymers (except for  cer ta in 
polymers (BASSl et al. 1971) which contain asymmetric carbon 
atoms in the side cha ins ) ;  normal isotact ic polymers have c rys ta l  
s t ruc tu res  conta in ing equal numbers of  le f t -  and r igh thanded  hel-  
ices in the un i t  cel l .  Hence, the c rys ta ls  do not show optical ac- 
t i v i t y  based on helical d issymmetry.  Fur thermore,  even i f  a hel i -  
cal polymer w i thou t  asymmetric carbon atoms were in i t ia ted 
asymmetr ical ly  to g ive an excess of  one form of  he l i x ,  the specif ic 
rotat ion in solut ion could not then be measured, since the opt ical 
ac t i v i t y  would be destroyed upon d issolut ion as the dissymmetr ic 
helices rear ranged to random coi ls. Hence, for  isotact ic polymers 
in so lut ion,  opt ical ac t i v i t y  can be demonstrated on ly  when the 
equ i l ib r ium of  le f thanded he l ix :  random coi l :  r i gh thanded  hel ix  is 
sh i f ted by some charac ter is t i c  of  the molecule such that  one sense 
of  he l ix  predominates over  the o ther .  The standard means of  
accompl ishing th is  in the past has been by i n t roduc ing  asymmetric 
groups into the side chains of  polymers such that  one helical 
arrangement became more stable than the other  because of  bet ter  
pack ing of  the side chains.  However,  i f  a polymer could be syn-  
thesized hav ing  the fo l lowing c r i te r ia ,  the existence of  opt ical ac- 
t i v i t y  due pu re l y  to he l i c i t y  in the polymer would appear possible. 
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( I )  The polymer must have a r ig id  helical s t ruc tu re ,  I t  must 
be to ta l ly  isotact ic wi th  no he l ix  reversals ,  or  else there must be a 
s ign i f i can t  length of he l ix  between the in i t ia t ion site and the f i r s t  
reversa l ,  so that  the amounts of  r i g h t -  and lef thanded he l ix  formed 
wi l l  not be ident ical  and opt ical rotat ion wi l l  be caused by the pres-  
ence of one form of he l ix  predominant ly  or  exc lus i ve l y ,  as is the 
case in quar tz .  

(2) The opt ical ac t i v i t y  of  the polymer must be measured in the 
solid (c rys ta l l i ne  or amorphous) state. I f  measurement in solut ion 
is attempted, the opt ical ac t i v i t y  would be destroyed by unco i l ing  
of  the helices and reequ i l ib ra t ion  to equal p ropor t ions  of  the two 
helical forms. For the same reason, the solid polymer cannot be 
contacted wi th  a solvent  in which i t  is soluble before opt ical ac t i v i t y  
is measured. 

The polymer which would seem best to f i t  these c r i te r ia  are 
polymers conta in ing side groups which are ve ry  bu l ky  adjacent to 
the polymer chain,  which could be obtained in the completely iso- 
tact ic form. 

A polymer family w i th  bu lky  side groups which can be prepared 
easi ly is that  of  the t r iha loaceta ldehyde polymers,  pa r t i cu la r l y  po ly -  
chloral  (VOGL 1969) (VOGL et al. 1972) (KUBISA,  VOGL 1977). 
Only  one form of  po lych lora l  has been descr ibed in the l i t e ra tu re ;  
these polymers are best prepared w i th  anionic in i t ia to rs  [Equat ion 
I ]  by cryotachensic  polymer izat ion,  are insoluble in all solvents 
which have been tested and are isotact ic as shown by x - r a y  c rys ta l  
s t r uc tu re  determinat ion (WHITNEY, VOGL 1966) (WASAI et al. 
1964). No soluble or atact ic forms of po lych lora l  have yet  been ob- 
served.  

0 
II 

AO+ CCI3CH - . 
cc'3 I I o 

I 
H H H (I) 

EXPERIMENTAL PART 
Opt ica l ly  act ive in i t i a to r  salts and po lych lora l  samples were pre-  

pared as descr ibed in detai ls elsewhere (CORLEY 1978). 

Polar imetr ic measurements were made wi th  a Perk in-Elmer  141MC 
or 241MC Polarimeter (e lectronic)  or a Carl Zeiss 369415 v isual  
polar imeter.  Optical rotat ions of  soluble materials were measured on 
solut ions in appropr ia te  so lvents;  rotat ions of insoluble polymers 
were measured on swollen f i lms between glass plates. For the la t ter  
measurements, a cell was const ruc ted of two c i r cu la r  pieces, 27 mm 
in diameter, of  I / 8 "  aluminum sheet. The cell could be screwed to 
the mount ing platform in the Perk in-Elmer 141 MC polar imeter so 
that  opt ical rotat ion could be measured at angles of or ientat ion of 
the cell d i f f e r i ng  by 120 ~ . The empty cell (w i th  a drop of  l i qu id  
between the plates) showed zero opt ical ro tat ion.  



215 

RESULTS AND DISCUSSION 
We have succeeded in p repar ing  samples of  polychlora l  in i t ia ted 

by anionic polymerizat ion in i t ia tors  where the opt ical ac t i v i t y  is 
e i ther  in the anion or in the cat ion. Polymers of opposite optical rota-  
t ion were synthesized.  We do not claim at this time that the optical 
ac t i v i t y  induced in the samples of  isotactic polychlora l  is at a max- 
imum. The optical ac t i v i t y  is, however,  not the resul t  of  in i t ia to r  
residue, which was care fu l ly  ext racted (and even when left  in the 
polymer would con t r ibu te  to about 1% of  the optical ac t i v i t y  because 
of  the low in i t ia to r  concentrat ion used) ; even i f  the optical ac t i v i t y  
in the polymer came from a high con t r ibu t ion  of  opt ica l ly  act ive 
endgroups,  it would have to be ex t rao rd ina r i l y  large to account for 
the extent  of  optical ac t i v i t y  that we measured in our  polychloral  
samples with optical ac t i v i t y .  

Polychloral films were cut into a number of discs of  12 ram. d i -  
ameter and annealed in d iphenyl  ether  at 50~ for from two days 
to one week. The discs were then laminated (wi th d iphenyl  ether) 
w i th in  the polar imeter film cell and the thickness of  the cell was 
measured at three points along its per imeter ,  wi th an average value 
taken. The thickness o f  the laminated film sandwiches used was 
genera l ly  0.5 to 1.5 mm. ; in all cases the t ransparency of the films 
laminated with cl iphenyl e ther  was good. The thickness of  the ind i -  
v idual  films used was genera l ly  on the order  of  0.05 mm. 

Polarimeter measurements on the cell conta in ing the laminated 
fi lms were then performed at three or ientat ions at O ~ 120 ~ and 
240 ~ . Average rotat ions for  the fi lms, and average absolute ro ta-  
t ions, were determined, together  with average specif ic rotat ions 
per mil l imeter (Table 1). 

TABLE 1 

Optical Rotation Data for  Polychloral Films (a) 

Thickness Average rotat ion values at 
o f  lami- cell angles of  Average 
nated films rotat ion 

I n i t i a t o r ( b )  in mmo O~ 120~ 240o (per mm.) 

Ph3P 0.83 + 0.17 + 0.05 + 0,26 +0.16 ~ 

1.50 - 0.41 - 0.22 - 0.89 -0.58 ~ 

PhCH2~h3  BP%~/ 1.04 + 0.35 - 0 . 6 2  - 0 . 7 5  -0.34 ~ 

Brucine 0.26 - 0.98 + 1.68 - 0.80 -0.03 ~ 

(CH3) ,~  Ket~(c) 0.59 + 0.18 - 1.45 - 0.59 -0.62 ~ 

(CH3)4 ]q't~ KetG(c,d ) 0.65 + 62.4 + 42.4 + 32.8 +45.9 ~ 

(+)-(CH3)(n-C3H7)~)l.4q7~ - 50.1 - 55.5 - 48.8 -51.5 ~ 

(C6H 5) (C6HsCH2)Pcl 

(a) Films CH OH ext rac ted,  then annealed for  2-6 days in d iphenyl  ether at 50~ 
optical ro3tation measured as laminates moistened with d iphenyl  e ther .  

(b) 0.4 mole ~ (with respect to chloral)  of  in i t ia tor  used as 0.qM solutions in CHCl 3. 

(c) Ket @= (+)-Ketopinate.  (2-oxo-7,  7 -d imethy lb icyc lo (2 .2 .1 )heptane- l -carboxy la te )  

(d) Sulfolane used as initiator solvent. 
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Films in i t iated with opt ical ly  inact ive in i t ia tors  such as t r i -  
phenylphosphine and benzyl t r iphenylphosphonium bromide showed 
small apparent optical rotat ions which were due to b i re f r ingence.  
However, two of the opt ical ly  act ive in i t ia tors ,  tetramethylammon- 
ium (+)-ketopinate where the optical ac t i v i t y  is in the anion (Equa- 
tion 2) and (+) -methy l -n-propy lpheny lbenzy lphosphonium chlor ide 

*A G cat~ n CCI3CHO ) ~DA_~_CH(CCI~O~CH(CCI~OG cared 

(2) 
where the optical ac t i v i t y  is in the cation (Equation 3) have been 
used as anionic in i t ia tors in chloral polymerization and have given 

Ae~i~cat ~ n CCI3CHO 
. A (CC, O IC. (CC. Oe a. 

(3) 
f i lms with ve ry  high optical ac t i v i t y  of the same sign (though d i f f -  
er ing somewhat in magnitude) at all three rotat ion angles of the 
cell. Because of the strong optical rotation of the same sign at all 
three cell angles in cells containing from 10 to 30 laminated fi lm 
discs, we believe we have demonstrated that opt ica l ly  act ive poly-  
chloral has been formed. 
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